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EDITORIAL

The forgotten clockwork of the brain: Untangling accelerated aging
in substance use disorders

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

Genomic Psychiatry May 2025;1(3):1–2; doi: https://doi.org/10.61373/gp025d.0035

When the scaffolding of biology is hurried by pathology, we are forced to
confront time, not as chronology but as degeneration. The elegant study
by Kluwe-Schiavon et al. plunges into precisely this conceptual breach:
where substance use disorders (SUDs) hijack the natural rhythm of aging,
pushing the clock forward with biochemical violence and neuroepigenetic
insistence (1). The new article buils on a body of work in this area (2–4).
This is not just a question of whether drugs kill. We already know they
do. The deeper question, provocative and new, thanks to this anatomically
grounded work, is whether drugs age the brain (5). And if so, how (see
Fig. 1). There is also a quieter dimension here: one that lives outside the
elegant research presented in this article. In this same issue of Genomic
Psychiatry, a personal interview with Dr. Consuelo Walss-Bass sheds light
on the emotional and intellectual backdrop to this research (6).

With rigor and restraint, the authors dissect the transcriptomic and
epigenetic landscapes of the dorsolateral prefrontal cortex (DLPFC)—a
brain region central to decision-making and executive control, but also
particularly vulnerable to the long shadows cast by addiction. Using post-
mortem brain tissue from individuals with alcohol, opioid, and stimu-
lant use disorders, the authors deploy not one but three specialized epi-
genetic clocks calibrated for cortical tissues. These include DNAmClock-
Cortical, CerebralCortexClockcommon, and PCBrainAge; each of them
represents a fine-grained chronometer that ticks not with seconds, but
with methylation.

The central insight of the study is unsettling in its clarity: individuals
with SUDs exhibit signs of accelerated biological aging, and this aging is
neither cosmetic nor metaphorical. It is cellular. It is molecular. And it is
coded into the methylated terrain of the genome (7, 8). That these effects
were observed specifically in the brain—rather than peripheral tissues—
deepens their clinical gravity. We are not speaking here of graying hair
or stiffening joints, but of the cognitive architectures that underlie judg-
ment, memory, and behavioral restraint.

What the Data Whispered
The authors’ analytical choreography is both sophisticated and honest.
Samples were stratified into those with and without accelerated ag-
ing (AA), allowing for within-cohort comparisons that illuminate rather
than blur. The transcriptomic profiles revealed overlapping and unique
gene expression changes across SUD subtypes. These alterations were
not vague or diffuse. They were concentrated in specific biological path-
ways: mitochondrial function, cellular metabolism, immune modulation,
and neuroinflammation (9).

Of particular interest is the mitochondrial signature that emerges
across all SUDs, suggesting a shared mechanism of neuroenergetic decay
(10). If mitochondria are indeed the powerhouses of the cell, then sub-
stance use seems to be the arsonist. The implication is grim: that addic-
tion robs the brain of its metabolic youth.

Equally fascinating is the differential enrichment across substance
types. For instance, alcohol and stimulants shared vascular and oxygen
transport system disruptions, while opioids and stimulants converged

Received: 21 April 2025. Accepted: 24 April 2025.
Published online: 29 April 2025.

Figure 1. The biological clock of addiction. This conceptual image illustrates
the central theme of accelerated biological aging in substance use disorders.
A human brain model positioned alongside an analog clock and substance
residue (cocaine) visually represents how substance use disorders can accel-
erate the biological aging process of neural tissue, highlighting the “ticking
clock” metaphor discussed throughout the editorial. Image generated by Grok
(xAI, 2025) with active author input.

on inflammatory pathways. Alcohol and opioids, in contrast, intersected
within cellular signaling and neurodevelopmental tracks. These diver-
gences underscore a point that psychiatry often ignores in its pharma-
cological zeal: that not all addictions are created equal at the molecular
level. There is no “one SUD to rule them all”—only overlapping morbidities
traversing unique biological corridors.

Bravery in Limitation
The authors, commendably, resist the temptation of over-interpretation.
They acknowledge the limitations inherent to cross-sectional post-
mortem studies. They admit the absence of causality, the specter of
confounding, the constraints of nominal significance thresholds. Most
notably, they point out that no differentially expressed genes (DEGs) sur-
vived false discovery rate (FDR) correction, a humbling reminder of the
statistical rigor demanded by genomic inquiry.

Yet, science often advances not through definitive answers, but
through the elegance of an intelligent question. And this study asks
many—quietly but insistently. Why do some brains crumble faster than
others under the same pharmacological siege? Could there be predis-
posing genomic signatures: either genetic susceptibilities or epigenetic
scars left by early-life adversity, that make some individuals biologi-
cally fragile to the insult of drugs? What role might immune priming,
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neurovascular shifts, or hormonal derangements play in this neurobiolog-
ical acceleration?

The Policy Reverberations
It would be a mistake to leave this study in the quietude of the laboratory.
Its implications are vast, reaching into public health, addiction medicine,
criminal justice, and even education policy. If substance use induces pre-
mature biological aging, then we must treat it not merely as a moral lapse
or behavioral choice, but as an accelerant of neurodegeneration. What we
call relapse may sometimes be the cognitive exhaustion of a prematurely
aged cortex. What we term non-adherence might instead be mitochon-
drial collapse.

In an era that fetishizes longevity and “healthspan,” it is almost tragi-
comic that we ignore entire populations whose biological age far out-
paces their years. Youth, in the statistical sense, is no shield when the
brain is decades older than the body it inhabits.

A Call Forward
This study opens the door to a field that remains embryonic but urgent:
the psychiatry of aging in young people. It calls for longitudinal investiga-
tions that follow individuals through abstinence, relapse, remission, and
decay. It demands integrative biomarker panels that combine methyla-
tion, gene expression, and neuroimaging. It proposes, albeit implicitly, a
new taxonomy for SUD, not just based on behavior or drug class, but on
biological decay signatures.

If one is to be optimistic, and one must be, even in the face of molecular
entropy, then perhaps these findings mark the beginning of a therapeu-
tic redirection. Anti-aging interventions, long the obsession of cosmetic
medicine and Silicon Valley biohackers, might soon find their most ethi-
cally urgent application in addiction psychiatry.

Julio Licinio1

1Editor-in-Chief, Genomic Psychiatry, Genomic Press, New York, NY 10036, USA
e-mail: julio.licinio@genomicpress.com
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Dr. Jeremie Poschmann leads a research group at INSERM and
Université de Nantes, where he investigates the human immune
system with a focus on the circulating immune compartment. His
work combines multi-omics and data-driven approaches to uncover
immune mechanisms that influence disease susceptibility and patient
outcomes, particularly in infectious and psychiatric conditions.
Trained originally as a nurse, Dr. Poschmann entered science driven by
a deep curiosity for the unresolved complexities of human biology. His
career has taken him through Germany, Belgium, Canada, Singapore,
the UK, and France, shaping his collaborative and cross-disciplinary
mindset. A self-taught bioinformatician, he values independence in
research and actively fosters a diverse and inclusive team. In this
Genomic Press Interview, he reflects on pivotal moments in his
journey including an early fascination with genome-wide discovery
and shares how pre-existing immune states may help explain why
individuals respond differently to disease exposure. Outside the lab,
he finds balance through surfing and chess, which keeps his thinking
sharp. Committed to translating research into real-world impact,
Dr. Poschmann is equally passionate about mentoring emerging
scientists and building a culture that supports innovation and
integrity.

Part 1: Jeremie Poschmann – 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 not especially interested in science in school. To be honest, I was a
bit lazy and not particularly curious at the time. But I always liked math-
ematics. I was drawn to its clarity and how you could arrive at a solution
that stood on its own, regardless of who you were or what you believed.

Things changed when I entered nursing school. I realized that the more
I asked, the more there was to uncover and that, for all we know, so much
remains unexplained. That moment of realization sparked something in
me. Curiosity took over, and I found myself wanting to dig deeper. That
was the beginning of my path to research.

We would like to know more about your career trajectory leading up
to your current role. What defining moments channeled you toward
this opportunity?
One of the earliest pivotal moments in my career was realizing the
power of discovery research through “omics” profiling. I was working on
ChIP-on-chip experiments studying RNA polymerase II in yeast, before
NGS was available. I was struck that a single experiment could give you
a genome-wide view of what was happening in the cells. From that data
alone, I could start forming hypotheses. That ability to follow the data
rather than impose a question on it was deeply compelling.

Another shift for me was when NGS became available. Suddenly, we
could do genome-wide ChIP in humans in a single experiment. That blew

Received: 7 April 2025. Accepted: 9 April 2025.
Published online: 22 April 2025.

Figure 1. Jeremie Poschmann, PhD, Université de Nantes, France.

my mind. I remember thinking, “This is it—this is what I want to do.” It was
clear to me that the future of biology was here, and I was determined to
be at the forefront of it.

The final turning point came during my postdoc. Each experiment gen-
erated massive amounts of data, and I constantly waited for bioinformati-
cians to analyze it. The delays were frustrating, and I realized they were
not necessarily as driven as I was to analyze my data. So, I decided to take
matters into my own hands. I began learning coding and data analysis in-
dependently, teaching myself the computational side of the work. I was
fortunate to be surrounded by a strong bioinformatics environment sup-
porting this transition. Looking back, that decision was transformative.
It allowed me to run my projects independently, from experimental de-
sign to analysis and interpretation. This laid the foundation for starting
my own lab with full independence.

Please share with us what initially piqued your interest in your
favorite research or professional focus area.
What hooked me early on is the idea that data itself can lead the way. Af-
ter seeing how much could be uncovered in an unbiased, genome-wide
approach, I became fascinated by the potential to let patterns in the data
guide the next question rather than relying on predefined hypotheses. It’s
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the interplay between exploration and insight where the unexpected be-
comes visible. There is something uniquely exciting about being able to
ask, "What is the system telling us?"

What impact do you hope to achieve in your field by focusing on
specific research topics?
My journey started in nursing, moved through developing genomic ap-
proaches in yeast, and has since progressed to doing omics profiling in
patient cohorts. What drives me now is the hope of making it full cir-
cle. My dream is that one day, the discoveries I help make will be directly
relevant to real patients. Whether identifying molecular signatures, pre-
dicting treatment response, or uncovering new mechanisms, I want the
science I do to inform care, not just ultimately understanding. That is the
dream.

Please tell us more about your current scholarly focal points within
your chosen field of science?
My research spans various diseases, from host-pathogen interactions to
psychiatric disorders. However, the common thread is the immune sys-
tem, focusing on the circulating immune compartment. I work with blood
because it is accessible and offers a dynamic window into systemic pro-
cesses. I aim to identify molecular signatures and mechanisms linked to
different disease states through a discovery-driven approach using vari-
ous omics technologies.

A central hypothesis in my work is that pre-existing immune states sig-
nificantly influence disease susceptibility and outcomes. I am particularly
interested in how immune memory-like mechanisms contribute to het-
erogeneity. For example, why do some individuals exposed to the same
pathogen, such as SARS-CoV-2, develop severe illness or die, while others
remain asymptomatic or recover easily? These differences reflect a form
of environmental imprint, an individual’s personal immune history, that
we can now begin to explore through functional genomics.

What habits and values did you develop during your academic studies
or subsequent postdoctoral experiences that you uphold within your
research environment?
Research has taken me across continents, from becoming a Nurse in Ger-
many and studying in Belgium to doing my PhD in Canada, a postdoc in
Singapore, and working in the UK before settling in France. Each place has
taught me something different, not just scientifically but also in terms of
how people think, collaborate, and approach challenges. I have learned to
truly value those cultural differences and the distinct ways of doing things
that come with them.

In my group, I foster that same openness. Diversity makes science
stronger. I do not necessarily choose team members based on grades, I
look for what makes someone unique, their experiences, mindset, and
how they think differently. Those qualities greatly contribute to a more
dynamic and original research environment.

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 deeply
stirs your passions?
One profoundly troubling issue is the growing divide between permanent
and non-permanent scientific positions in France and elsewhere. Increas-
ingly, only principal investigators hold permanent roles, while postdocs,
engineers, and technicians are hired on short-term contracts, often with
very little security or long-term prospects. As a PI, this makes it incredi-
bly difficult to retain talented people, not because of work or science, but
because of structural instability and chronic underfunding.

This goes against the very nature of research. It is a team effort.
Progress depends on continuity, shared expertise, and trust built over
time. We should invest in our teams, not cycle through them. I believe
strongly that if we want sustainable, high-quality science, we need to of-
fer stability and recognition to everyone contributing to the work, not just
those at the top.

What do you most enjoy in your capacity as an academic or research
rising star?
Mentoring has become one of the most rewarding aspects of academic
life. Watching students grow from their master’s projects to their Ph. D.s
and beyond is incredibly fulfilling. It’s not just about guiding them scien-
tifically but about seeing their confidence, independence, and curiosity
evolve over time.

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?
Outside of the lab and family life, surfing is where I find the most joy and
balance. It is physically demanding and mentally absorbing. Surfing re-
quires grit, patience, endurance, and strength. You paddle hard, some-
times for nothing, but then a perfect set rolls in, and you must be ready
to catch it. That mix of challenge and anticipation keeps me sharp and
grounded. Also, being surrounded by nature out in the water, away from
everything, offers a perspective I don’t find anywhere else. It clears my
mind, resets my energy, and reminds me to stay connected to the moment.

When I am not in the water, I also enjoy playing chess. It is a different
kind of focus, but I can get fully immersed in it. Chess helps me slow down
and shift into a reflective mindset. Each position requires me to reeval-
uate my prior decisions. I like the balance it demands between intuition
and calculation.

Part 2: Jeremie Poschmann – Selected questions from the Proust
Questionnaire1

What is your idea of perfect happiness?
For me, it’s something as simple as having a picnic with my family at the
beach when we’re traveling together, or being alone in the ocean, sitting
on my surfboard, watching the sunset.

What is your greatest fear?
Right now, my greatest fear is the global rise of fascism and autocracy,
while environmental issues continue to be neglected.

Which living person do you most admire?
Volodymyr Zelenskyy, for the way he transformed from a comedian into a
steadfast defender of his people. I deeply admire his courage, adaptabil-
ity, innovation, and strong sense of responsibility in the face of relentless
pressure.

What is your greatest extravagance?
Taking a weekend off to go surfing on my own.

What are you most proud of?
That I have passed on my passion for travel and foreign cultures to my
kids.

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. Jeremie Poschmann after a surfing session on France’s Atlantic coast,
where he finds balance away from the laboratory. This passion reflects his phi-
losophy of combining scientific rigor with personal renewal, as he describes
surfing as requiring “grit, patience, endurance, and strength” – qualities that
mirror his approach to scientific discovery.

What is your greatest regret?
I wasted a few years as a teenager and young adult, not knowing what I
wanted and drifting without direction. Looking back, I wish I had used that
time more intentionally.

What is the quality you most admire in people?
Unprovoked compassion.

What is the trait you dislike most in people?
Self-centered, me-first mindset.

What do you consider the most overrated virtue?
Intelligence

What is your favorite occupation (or activity)?
Surfing and playing chess.

Where would you most like to live?
Somewhere I can surf and do science in the same day.

What is your most treasured possession?
I don’t know: I am not very attached to material things.

When and where were you happiest? And why were so happy then?
When I am in the zone, writing, thinking, or focusing deeply.

What is your current state of mind?
Focus on what I can change and leave the rest aside.

What is your most marked characteristic?
I can hold strong opinions but also change them quickly if the arguments
change.

Among your talents, which one(s) give(s) you a competitive edge?
I am good at playing chess, and logical deduction and calculating options
give me an edge in scientific reasoning and interpreting results.

What do you consider your greatest achievement?
Getting myself up from a lazy teenager to becoming a scientist.

If you could change one thing about yourself, what would it be?
To find the correct answer immediately, not at three in the morning.

What do you most value in your friends?
Friendly competition.

Who are your favorite writers?
Terry Pratchett.

Who are your heroes of fiction?
Sam Vimes, a Terry Pratchett character. He is a cynical but deeply moral
policeman who always does the right thing, even when it is hard or thank-
less. He stands for justice in a corrupt world.

Who are your heroes in real life?
Ludovico Einaudi, for creating music that is both beautiful and deeply
moving.

Jonathan Mill, for combining strong scientific work with real kindness
and respect for his team members.

Jay Shendure, for his brilliant ideas and major contributions to molec-
ular biology and genomics.

What aphorism or motto best encapsulates your life philosophy?
Daily action makes progress.

Better done than perfect.

Nantes, France
7 April 2025

Jeremie Poschmann1

1Center for research in transplantation and translational immunology,
Université de Nantes, INSERM, 44000 Nantes, France

e-mail: jeremie.poschmann@univ-nantes.fr
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Dr. Melissa Perreault, Professor in the Department of Biomedical
Sciences at the University of Guelph and member of the College of
New Scholars, Artists, and Scientists in the Royal Society of Canada, is
participating in the Genomic Press Interview, sharing her unique
insights and experiences. As a neuroscientist and citizen of the Métis
Nation of Ontario, Dr. Perreault’s work bridges Indigenous
perspectives with Western neuroscience, focusing on elucidating
sex-specific neurobiological mechanisms underlying neuropsychiatric
and neurodevelopmental disorders. Her research aims to identify
novel biomarkers and therapeutic targets. At the same time, her
advocacy extends to promoting Indigenous representation in STEM
fields through initiatives like the Indigenous STEM Mentorship
Program at the University of Guelph. Dr. Perreault’s efforts also
encompass promoting ethical engagement with Indigenous
communities in neuroscience research globally, championing the
integration of Indigenous knowledge into brain science through
international collaborations. Her multifaceted approach to
neuroscience, combining rigorous scientific inquiry with cultural
sensitivity and inclusivity, positions her at the forefront of a new era
in brain research that embraces diverse perspectives and holistic
understanding.

Part 1: Melissa Perreault – Life and Career
Could you give us a glimpse into your personal history, emphasizing
the pivotal moments that first kindled your passion for science?
Neither of my parents finished secondary school. I was raised in a one-
parent home, and my mother worked odd jobs to supplement being on so-
cial assistance. I had a good childhood, though. We rented a small home
near a forest, and I spent a lot of time there. I remember wanting to be
a medical doctor from a very young age, though I cannot say whether a
specific moment or event triggered my passion for the field. But I do re-
member thinking that as I got older and understood the family situation
better, my life would be different from that of my mother’s, and I would
grow up to be a financially independent woman. I never expected that try-
ing to achieve that goal would be challenging.

I went into the honors Biology program at McMaster University in On-
tario. I loved biology; it was a good program that would get me closer
to becoming a medical doctor. It was not easy being a first-generation
university student. Still, it was not until I heard the stories and experi-
ences of my classmates that I realized how much I was at a disadvan-
tage. I was unaware of awards or scholarships to apply for, and I did
not know whether any academic support was available or how to access
them. But I persevered, and I did well, all things considered. In my last
year of university, I was first introduced to research in my thesis project. I
worked in an evolutionary biology lab focusing on growth and reproduc-
tive tradeoffs with Dr. C. David Rollo. It was here that I found my pas-

Received: 21 February 2025. Accepted: 25 February 2025.
Published online: 4 March 2025.

Figure 1. Melissa Perreault, Ph.D., University of Guelph, Canada.

sion for research. I realized then that although I had thought I wanted
to be a medical doctor, I was happiest when I had the opportunity to ask
innovative scientific questions and be able to take steps toward finding
the answer.

I stayed for an MSc in the same lab but did not receive a stipend, only a
teaching assistantship that paid for my tuition, so I supplemented my in-
come by working the night shift on weekends at a donut shop. I loved my
lab and project, but when I finished with my degree, I was not sure what
to do. I worked for a wildlife removal company for a time, got married, and
had my first child. I eventually went into radiation therapy school to treat
cancer patients but did not feel I was stimulated enough in such a role. It
was excellent timing that my past MSc supervisor reached out to try and
coerce me back to graduate school for a PhD as he felt I had a strong ap-
titude for research. He had a colleague who worked in the Psychiatry and

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-07-13 via free access

https://gp.genomicpress.com
https://doi.org/10.61373/gp025k.0011


gp.genomicpress.com

Behavioural Neurosciences department, Dr. Henry Szechtman, who hap-
pened to be looking for a student. It was my first exposure to translational
behavioral neuroscience research. I still do translational neuroscience
research to this day.

My PhD project used a rat model to study obsessive-compulsive dis-
order. I had the opportunity to collaborate with excellent scientists
including Dr. Philip Seeman and Dr. Jane Foster. Working in Jane’s lab
introduced me to molecular and cellular neurobiology, and I really en-
joyed this mechanistic research. I decided that when I completed my PhD,
I wanted to continue to build on these skills.

In my last year of my PhD training, I had my second child and then
joined Dr. Susan George’s laboratory at the University of Toronto shortly
after graduating. Her expertise in neuropharmacology and her focus on
dopamine signaling was an excellent fit for me. It was also during my PhD
training that my father told me I was Indigenous. I sat with that informa-
tion for a long time as I was not sure what to do with it.

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?
My postdoctoral training with Dr. George was highly beneficial to my ca-
reer. I not only had the opportunity to learn about neuropharmacology, I
learned what it was like to be part of a team. I had independence and lead-
ership opportunities. She played an important role in the development of
the person I am today, and I am grateful for all of the opportunities that
she provided. Unfortunately, despite having several high-impact publica-
tions and what I believed to be a strong skill set and good ideas, I could
not find employment as an independent investigator. It took over eight
years.

There were two defining moments in my training, one that gave me an
edge toward scientific independence and one that hindered my progress.
Through a scholarship from the Canadian Institutes of Health Research, I
had the opportunity to spend three weeks in Italy attending the Neuro-
science School of Advanced Studies. There, I met Dr. Anthony Grace, an in-
structor for the course. I subsequently spent some time in Tony’s lab learn-
ing systems electrophysiology, which provided an additional approach I
could use in my program. Tony was also a research mentor for my appli-
cation for a NARSAD Young Investigator Award, which I was successful in
attaining. He had a significant impact on my career progression. He was
not only a mentor, but he became a dear friend.

Outside of my research, I began looking into my Indigenous lineage. I
spent time at Indigenous events and connected with my Métis culture. I
kept this side of myself apart from my work. It was a different time, and
being Indigenous was not something you announced. To my knowledge,
there was no one like me, which is not surprising given the extremely low
representation of Indigenous peoples in neuroscience. As mentioned, I
had been applying for faculty positions for years and had yet to get a sin-
gle interview. I was discussing my frustration with a senior faculty mem-
ber one day when she asked me if I had my Indigeneity on my applications.
I told her I did. She responded that I should remove it. I cannot say conclu-
sively whether removing my Indigeneity from my applications was directly
responsible for the interviews I was suddenly able to get. I have thought
a lot about it over the years.

I began at the University of Guelph in 2017. I had lost so much time
that I had catching up to do. Combining all my technical skills, I was able to
develop a successful research program. I excelled at my job and was pro-
moted to Associate Professor with tenure in 2021. However, research was
not all I was doing. I developed the Indigenous STEM Mentorship Program
and received funding to develop other supports for Indigenous students
and to Indigenize the science building through art and renaming. I found a
strong ally in Dr. T. Ryan Gregory, who supported me and my initiatives. My
efforts in this domain began to be noticed by people who wanted to learn.
I was approached by hospitals, universities, and neuroscience organiza-
tions to educate on decolonization, Indigenization, and Indigenous capac-
ity building. I was also recruited by the Canadian Brain Research Strategy
to be on the Indigenous Knowledge Holder’s Advisory Group. In this role, I

had (and still do!) the privilege of working with Dr. Judy Illes from the Uni-
versity of British Columbia, who was also Director of Neuroethics Canada
and Chair of the International Brain Initiative. Judy allowed me to expand
on my initiatives, build collaborations, and start working towards inte-
grating Indigenous knowledge into neuroscience on a global scale.

Today, as a University of Guelph Research Leadership Chair, I balance a
full multidisciplinary research program in translational neuroscience with
my work in neuroethics and my Indigenous initiatives. It is difficult, but af-
ter many years, I believe that I have finally managed to successfully com-
bine the neuroscientist with the Indigenous woman.

Please share with us what initially piqued your interest in your
favorite research or professional focus area.
Over the course of my career, I identified important knowledge gaps not
only in the neuroscience research we do but also in how we do it. I also
experienced a general lack of cultural humility that was particularly pro-
nounced in neuroscience regarding valuing other knowledge and world
views. These realizations slowly led to the development of three gen-
eral research areas that I work on today. The first is the identification of
sex-specific biomarkers and therapeutic targets in neuropsychiatric and
neurodevelopmental disorders with the goal of moving the field toward
more personalized medicine. My second focus is on "complexity science,"
or holistic research. Though there have been substantial benefits to us-
ing reductionistic approaches in neuroscience, there needs to be a better
understanding of how neuroscience fits into the broader picture. My fi-
nal focus is neuroethics, where I educate on ethical Indigenous commu-
nity research approaches and advocate for integrating Indigenous ways
of knowing and doing into neuroscience.

What impact do you hope to achieve in your field by focusing on
specific research topics?
I hope scientists will begin to take more real-world approaches to solve
real-world problems. This can be achieved through inclusivity in what we
study and how we study it. For example, there has been significant growth
in whole plant and mushroom use by the public, and this use will only con-
tinue to grow in an era of climate change, pandemics, and economic and
political uncertainties. These organisms contain hundreds of molecules,
many of which are bioactive. As researchers, however, we rarely study the
whole organism, with a predominant focus on the major chemical con-
stituents. Entourage effects are overlooked, contraindications with pre-
scription medications are not examined, and the therapeutic value of low-
abundance molecules is, for the most part, ignored. Traditional uses for
these plants, knowledge acquired over millennia and validated through
experience, are also rarely acknowledged. Other examples include the
recent widespread acceptance of the need to include sex and gender in
neuroscience research or the acknowledgment of the importance of other
organ systems on brain health.

From an Indigenous community research perspective, strength-based
approaches that are inclusive of communities as research partners in-
stead of research subjects are only now being embraced following a long
history of exploitation and stereotyping, and this is by no means restricted
to Indigenous communities. We have a long way to go, but perceptions are
changing, and alternative views and approaches to our science and how
we do it are becoming more accepted.

Please tell us more about your current scholarly focal points within
your chosen field of science.
My translational research currently centers around sex-specific biomark-
ers and therapeutic target identification in depression and autism spec-
trum disorders, the role of infection in maternal immune activation and
its impacts on neurodevelopment, and the neurobiological effects of
whole psilocybin mushrooms and other traditional medicines. I also work
with Indigenous and non-Indigenous researchers from across the globe
on ethical engagement with Indigenous communities in neuroscience
research.
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Figure 2. Dr. Perreault loves scuba diving in her spare time. Although there are many things to see under the ocean, sharks are among the most exciting creatures.
Here, she is diving in the Bahamas with black-tip reef sharks.

What habits and values did you develop during your academic studies
or subsequent postdoctoral experiences that you uphold within your
research environment?
In academia, rejection is common at all training and career stages. I talk
about my rejections with my trainees and how I do not let them affect me.
Until we reach such a stage where there are more scientific resources, it is
my responsibility to help my trainees develop resilience to rejection and
to help them understand that rejection does not equal failure. I have also
always been averse to the idea of “imposter syndrome”. Coming from a
smaller institution, I always talk to my trainees about academic privilege
and how not to compare themselves to those with more resources and
support systems.

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 deeply
stirs your passions?
Three things require more transformative scrutiny. First, we need to take
more time to evaluate impactful science for scholarships, awards, grants,
promotions, etc. Only by taking this time can we promote scientific qual-
ity over quantity. Second, we need to start expressing cultural humility,
recognizing the value of traditional knowledge and world views, and ap-
preciating that embracing multiple perspectives puts us in a better posi-
tion to develop new connections and ask more innovative scientific ques-
tions. Lastly, we need to start studying plants and mushrooms in the way
that they are being used in a population. We need to invest in infrastruc-
ture to ensure that the relative abundance of the chemical constituents in
these organisms is maintained so studies can be replicated and entourage
effects can be considered.

What do you most enjoy in your capacity as an academic or
research leader?
For me, it is all about building connections with my trainees, colleagues,
and those from the community that I have the privilege of meeting. I also

enjoy knowing that my work will make a difference to those who come
after me.

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?
If it were possible, I would spend every free moment on a beach by the
ocean in a tropical location. I scuba dive when I am able, and I am some-
what of a shark chaser. I have a motorcycle that I ride to help me unwind
in the summer, but I also spend time hiking or at the gym for exercise. I
am a fan of science fiction and fantasy books and settle in to read when I
have the opportunity.

Part 2: Melissa Perreault – Selected questions from the Proust
Questionnaire1

What is your idea of perfect happiness?
I am still trying to figure that out.

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 greatest fear?
Starting so late as an independent investigator, I worry I will never be able
to afford to retire.

What is your greatest extravagance?
My annual vacation with my adult children.

What are you most proud of?
Against all odds, getting my PhD.

What is the quality you most admire in people?
Authenticity.

What is the trait you most dislike in people?
Dishonesty.

What is your favorite occupation (or activity)?
I have the best occupation.

Where would you most like to live?
I dream about owning a home close to the ocean on a tropical island.

What is your most treasured possession?
My memories and joyful experiences.

When and where were you happiest? And why were so happy then?
I was scuba diving off the coast of Barbados and found myself in a school
of small squid. I was diving with two others, but they were not nearby as
they were doing training, and so I was alone. It was so peaceful and awe-
inspiring, a feeling of pure contentment.

What is your most marked characteristic?
Resilience.

Among your talents, which one(s) give(s) you a competitive edge?
Perseverance. I have overcome many barriers to achieve success. I never
give up, and I don’t sweat the small stuff.

What do you consider your greatest achievement?
My children.

If you could change one thing about yourself, what would it be?
I would be less shy around new people.

What do you most value in your friends?
That they listen, are honest, and are supportive.

Who are your favorite writers?
Steven Erikson and Brandon Sanderson.

Who are your heroes of fiction?
Not a hero but more someone I admired. Avasarala from the tv show The
Expanse. That woman embodied power.

Who are your heroes in real life?
I do not have any real-life heroes.

What aphorism or motto best encapsulates your life philosophy?
Never give up.

Guelph, Ontario, Canada
20 February 2025

Melissa Perreault1

1Department of Biomedical Sciences, University of Guelph, 50 Stone Rd. E.,
Guelph, Ontario CANADA, N1G 2W1

e-mail: perreaum@uoguelph.ca
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Anthony A. Grace: Elucidating the circuitries that underlie schizophrenia and
depression may reveal the impact of stress during development and identify novel
treatment targets
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Keywords: major depression, schizophrenia, electrophysiology,
pharmacology, neuroscience.

After finishing his postdoc at NYU in the Physiology Department
under the direction of Rodolfo Llinas, Dr. Grace started as an Assistant
Professor of Psychology and Psychiatry at the University of Pittsburgh
in the fall of 1985. He was promoted early in the fall of 1991 to
Associate Professor of Behavioral Neuroscience and Psychiatry and to
Professor of Neuroscience and Psychiatry in July 2003. In September
2010, he was again promoted to Distinguished Professor of
Neuroscience and Professor of Psychiatry and Psychology, his current
position. He is the Editor-in-Chief of the International Journal of
Neuropsychopharmacology, the journal of the Collegium
Internationale Neuropsychopharmacologicum (CINP, International
College of Neuropsychopharmacology). Dr. Grace has offered insights
into his personal and professional journey.

Part 1: Anthony Grace – Life and Career
Could you give us a glimpse into your history, emphasizing the pivotal
moments that first kindled your passion for science?
When I started my college degree at Allegheny College, I had planned to
be premed; however, this was not my passion, and my grades could have
been better. However, in the fall of my Sophomore year, I took the course
Physiological Psychology and was hooked! I became the lab assistant for
the course, teaching rodent surgery to my peers and performing my own
experiments. From then on, I made straight As because I had a future for
which I was enthused, mainly when I learned I could do this for a living!
I did a project for my senior project on the role of dopamine in locomo-
tion, designing and constructing an injection cannula to infuse a GABA
agonist into the substantia nigra and measuring rotation. Even though I
scored in the 98th percentile in biology and 93rd in psychology in my GREs,
after applying to twelve graduate schools I received ten rejections imme-
diately, probably because no one had heard about Allegheny College (a
small school with only 1700 students in total). I was accepted to the psy-
chology program at Duke and was on the waiting list in the Pharmacology
Department at Yale. It came down to me being at the top of the waiting
list and one person to hear from, but as luck would have it, I was accepted!
When I arrived, I wanted to work with the scientist who had written a very
influential paper that guided my undergraduate project. This was a paper
by Walters, Bunney, Roth, and Aghajanian. Coming from a small under-
graduate college, I knew nothing about authorship, but I decided to work
with the most important person – Judy Walters, the first author! But, of
course, she was a postdoc who had left for an independent position, so
I went to the second author, Steve Bunney! It turned out that Steve had
just finished his residency with George Aghajanian and had started his
own lab, so I was his first graduate student and had extensive access to
him during my training.

Received: 12 February 2024. Accepted: 13 February 2024.
Published online: 15 February 2024.

Figure 1. Anthony A. Grace, University of Pittsburgh, USA.

We would like to know more about your career trajectory leading to
your most relevant leadership role. What defining moments
channeled you toward that leadership responsibility?
When I began in Steve Bunney’s lab, I showed early skills for recording
from dopamine neurons. I was progressing brilliantly until, all of a sud-
den, I could not find a single dopamine neuron in my recordings! Unbe-
known to me, the postdoc, Lana Skirboll, was performing studies on the
effects of chronic haloperidol on the striatum. It turns out that I was acci-
dentally using her treated rats! When I was taking a graduate course from
Dr. Gordon Shepherd, I learned about overexcitation-induced depolariza-
tion block. This gave me the idea that the dopamine neurons were in a
depolarization block due to overexcitation by haloperidol. I found that
giving apomorphine, which usually inhibits the neurons, restored activ-
ity in the midbrain. This led to my first publication as a first-year gradu-
ate student. I had also developed an interest in physiology and setup and
was the first to perform in vivo intracellular recordings from identified
dopamine neurons. I was having fun in the lab, and not knowing what was
typically expected of a graduate student, I kept working and publishing,
having published 22 papers as a graduate student. My interest in phys-
iology led me to work as a postdoc for Rodolfo Llinas, who is a very tal-
ented physiologist and appreciates the philosophical aspects of how the
brain works, which I found fascinating. After a short 2 1

2 year postdoctoral

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-07-13 via free access

https://gp.genomicpress.com
https://doi.org/10.61373/gp024k.0010


gp.genomicpress.com

experience and with many publications under my belt, I applied for and
was selected as an Assistant Professor at the University of Pittsburgh,
where I stayed for my entire career.

Please share with us what initially piqued your interest in your
favorite research or professional focus area.
Studying the brain fascinated me from my initial days in college. Tak-
ing a physiological psychology course and finding out that the brain had
“parts” with functions, I was hooked! This was an intersection between
biology and philosophy, which I found fascinating. It was highly unusual
for a sophomore to get into this course, as it was a small course with lim-
ited enrollment that was usually reserved for Senior psychology majors.
But as luck would have it, the professor in the course had a mental break-
down over the summer, and they hired a new faculty member, Ken King.
Because he was new, all psychology majors dropped the course, and only 4
remained. This means we all got to work on our own stereotaxics to learn
surgery, stimulation, and lesion techniques. Because I did so well, Dr. King
chose me to lead the lab for 3 years in college. I read voraciously, and it
was my readings about dopamine and schizophrenia that turned me on
to studying a system that was responsible for recognizing reality and its
disruption in schizophrenia and has been the focus of my research ever
since.

What kind of impact have you hoped to achieve in your field by
focusing on your specific research topics?
I chose to work in the field of neuropsychopharmacology for two reasons.
First, it was trying to understand the most complex puzzle in the universe –
how the brain can take in information, process it, and, through this, un-
derstand advanced thought processes. However, beyond the intellectual
interest, the possibility of helping people suffering from these devastat-
ing disorders for which there were not highly effective treatments was
also a significant draw. Also, having a love for electronics since grade
school, performing electrophysiological recordings was a way to imple-
ment my technical background.

Please tell us about your current or most important scholarly focal
points within your chosen field of science.
My primary focus is on the biological bases of psychiatric disorders, with
an emphasis on schizophrenia and depression, although I have published
on OCD and anxiety. The focus is on the circuitry that underlies disorders,
their etiology in terms of development and impacts of stress during de-
velopment, novel treatment targets, and the potential of prevention in
susceptible individuals.

What habits and values did you develop during your academic studies
or subsequent postdoctoral experiences that you upheld within your
research environment?
A saying I heard first from Dr. Ralph Adams, a pioneer in voltammetry, is
“the rat is always right.” This is a good mantra to remember when frus-
trated with experimental outcomes. Indeed, I always tell my students that
the results you get that differ from what you expect are the most inter-
esting because they tell you something new about the system. I also let
the people working in my lab know that they should contribute to all dis-
cussions about our research, that I am not omniscient, and that everyone
has a significant contribution. I also believe strongly in trainees “owning”
their projects – I do not put them on a segment of a multi-author paper; I
prefer that they take ownership of the whole project. I also allow trainees
to choose their projects since they are most passionate and productive
when working on something that interests them rather than me.

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 deeply
stirs your passions?
We need to have better outreach to third-world countries and under-
represented minorities. Everyone has unique backgrounds, experiences,

and expertise, and bringing those together into an interactive environ-
ment is positive for everyone.

What have you most enjoyed in your capacity as an academic or
research leader?
I enjoy interacting with colleagues – some of the best ideas come from
conversations over dinner or on the beach rather than at a formal sem-
inar. I find that the best scientists are also the most likable people with
whom to interact since they are not always trying to prove they are bet-
ter. I also very much enjoy what Peter Kalivas has called “Neuroscience
Philosophers” – those individuals who think beyond the box and relate
their findings to the “big picture” – i.e., what is likely transformative in
how we think of the brain.

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?
There are several things I enjoy. One passion that I developed early on was
photography. Indeed, in high school, my two close friends and I worked
for a professional photographer and photographed weddings! I also enjoy
cooking – this is a stress-free way to express myself. Moreover, I love to
travel – to learn about other cultures, histories, and beautiful scenery.

Part 2: Anthony Grace – Selected questions from the Proust
Questionnaire1

What is your idea of perfect happiness?
To be content with my achievements and to share my joy with others. To
know I have done my best and lived life to the fullest. And to be recognized
as a good person and a good scientist.

What is your greatest fear?
Fear of failure; being able to provide funds for those in my lab to continue
their careers and to be able to keep positively contributing to the field.
Additionally, I do not want my ego to be out of control: it is essential to
remain humble and know that good fortune has helped me a lot.

Which living person do you most admire?
Scientifically, Peter Kalivas has demonstrated the perfect balance of a
brilliant and productive scientist, a friendly and supportive person, and
someone who focuses on their family. As far as famous people, I think
that may be Taylor Swift – not only a brilliant musician but someone
who is soulful, kind, and very generous to those around her and the
disadvantaged.

What is your greatest extravagance?
I love to cook and also love to travel; the best part of traveling is the ability
to form lasting friendships with colleagues from different countries and
get the chance to explore new places.

What are you most proud of?
I am very proud of my children and the incredible and thoughtful human
beings they have become.

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. 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 celebrities:
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 as-
pirations and inspirations.
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What is your greatest regret?
Spending more time with my parents while they were still alive.

What is the quality you most admire in people?
Compassion and honesty.

What do you consider the most overrated virtue?
Achieving wealth – especially when it comes at the expense of others.

What is your favorite activity (physical or intellectual)?
I love to walk; it is healthy and gives me time to think and explore. And
music – I am very passionate about listening to new music.

Where would you most like to live?
I love living in Pittsburgh – where I grew up, and it is the perfect mix of a
small-town attitude with big-city facilities. I also love to be in Italy; it is
part of my ancestry, and the people are so lovely, the history incredible,
and the food amazing!

What is your most treasured possession?
It is challenging since possessions are such transient things: probably my
home, where I raised my kids, and where I feel most safe and comfortable.

When and where were you happiest? And why were you so happy then?
Graduate school was a great time of discovery, personally and profession-
ally, when I grew in so many dimensions.

What is your most marked characteristic?
Being able to talk to anyone and appreciate people for who they are rather
than what they have.

Among your talents, which one gives you a competitive edge?
Easy – being passionate about my work and discovering things that can
help others in their lives.

What is a personality/characteristic trait you wish you had?
Patience – I have some, but I need to lay back and reflect more.

What do you consider your greatest achievement?
The people who have come through my lab and the success they have had
as independent investigators.

What do you most value in your friends?
Honesty and a great sense of humor.

Who are your favorite writers?
I love science fiction, so Isaac Asimov and Frank Herbert.

Who are your heroes of fiction?
I always liked Batman – because of his intellect and compassion for
people.

Who are your heroes in real life?
I think that Keanu Reeves is a person I would emulate – he is humble and
generous despite being through a rough life.

What aphorism or motto best encapsulates your life philosophy?
I like to trust everyone explicitly until they show me that they cannot be
trusted. And be kind to everyone; you do not know what trauma they are
carrying.

Anthony A. Grace1

1University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
e-mail: graceaa@pitt.edu
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Consuelo Walss-Bass: Why does my sister have schizophrenia and I do not?
Understanding how a person’s unique genetic makeup interacts with their
environment to shape behavior is one of the final frontiers in medicine
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In this Genomic Press Interview, Dr. Consuelo Walss-Bass, a
groundbreaking researcher in psychiatric genetics, explores the
fundamental question that has shaped her scientific journey: “Why
does my sister have schizophrenia and I do not?” As the John S. Dunn
Foundation Distinguished Chair in Psychiatry at the University of
Texas Health Science Center at Houston, Dr. Walss-Bass has dedicated
her career to unraveling the complex biological mechanisms
underlying severe mental health disorders. Her groundbreaking work
integrates genomic, proteomic, and clinical research to translate
genetic discoveries into practical applications for patient care. Born
and educated in Torreón, Mexico, Dr. Walss-Bass overcame significant
barriers in engineering to become a distinguished scientist,
establishing the UTHealth-Houston Brain Collection as an invaluable
resource for studying the molecular foundations of mental illness.
Her innovative work with induced pluripotent stem cells has opened
new avenues for personalized psychiatric medicine, while her
integrated approach to understanding how genetic makeup interacts
with environmental factors represents one of the most promising
frontiers in psychiatry. Beyond her research contributions, she
demonstrates a profound commitment to mentoring the next
generation of scientists, particularly those from underrepresented
backgrounds. Through this comprehensive interview, Dr. Walss-Bass
shares insights into both her personal connection to mental illness
that motivated her transition from cancer research to psychiatric
genetics and her vision for destigmatizing mental health disorders by
uncovering their biological underpinnings, ultimately aiming to
improve diagnosis, treatment, and public understanding of conditions
like schizophrenia and bipolar disorder.

Part 1: Consuelo Walss-Bass – 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 discovered my love for science during middle school, when my chem-
istry professor introduced the atom; I could picture the electrons in their
orbitals in my mind. I also loved biology and was amazed by how a mi-
croscopic cellular organism functioned intricately. I wanted to study bio-
chemistry, the combination of chemistry and biology, but no biochemistry
degree was offered in my hometown of Torreon, Mexico. My father did not
have the money to send me to college elsewhere, and the fact that at that
time, girls my age did not usually leave home in Mexico pushed me to pur-
sue the closest thing available at the university in Torreon: Chemical En-
gineering. I actually liked engineering and thought I would get a job in
industry after college, but I soon found a harsh reality: back then, no in-
dustrial company in Torreon would hire a woman engineer. So, I decided

Received: 10 March 2025. Accepted: 14 March 2025.
Published online: 25 March 2025.

Figure 1. Consuelo (Chelo) Walss-Bass, MS, PhD, University of Texas Health
Science Center at Houston, USA.

to go to the U.S. and pursue a Master’s Degree in Chemistry. I was nervous
about leaving my family, my friends, and my country, so I decided to go
to the University of Texas in San Antonio because I had a close childhood
friend who lived in San Antonio, and this was not too far from home. It
was during my master’s that I found out I loved doing research and work-
ing with my thesis mentor on nucleotide-metal complexes. I also redis-
covered my passion for biochemistry. My next step was to pursue a Ph.D.
in Biochemistry at San Antonio’s Health Sciences Center. After all these
years, it is still amazing that life allowed me to fulfill my childhood dreams
of becoming a biochemist.

Please share with us what initially piqued your interest in your
favorite research or professional focus area.
Until the end of my PhD, I did not have a plan for my future. I loved to learn
new things, and I loved science, so it had been natural for me to continue
studying as long as I could. For my dissertation, I worked on cancer-related
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Figure 2. The Walss Family, a source of strength and inspiration. From left to right: Mom, sister Jenny, Chelo, brother Leo, sister Paty, Dad.

research. It was not until I was about to finish that I knew I had to look for
a postdoctoral fellowship and that this would likely be what I would do
for the rest of my life. I decided to do psychiatric research. My mother has
schizophrenia. I wanted to know: what caused this? Why did she behave
the way she did? However, my mentors did not like my decision. “There is
no basic science research going on in psychiatry”, they said. “What are you
going to do?” They thought that pursuing this path would be the end of my
career. I looked up to my mentors, and I knew they had my best interest in
mind, but I decided to follow my heart. This was one of the best decisions
I have ever made. I joined the Department of Psychiatry as a postdoctoral
fellow in 2001, when the human genome was about to be fully sequenced,
and the search for causative genes in psychiatry was about to take off. It
turned out I was in the right place at the right time. Because of my train-
ing in basic science research, I started collaborating with many clinicians
in the department to correlate their patient’s clinical measures with ge-
netics, and I was soon promoted to Assistant Professor. This has been the
basis of my work ever since, researching the interface between the bench
and the bedside.

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?
I believe a defining moment in my career was my decision to combine the
psychiatric genetics training I received as a postdoctoral fellow with my
graduate training in protein biochemistry and cellular biology to be able
to investigate the functional relevance of genetic variants that were start-
ing to be implicated in psychiatric disorders, and this allowed me to be-
come an independent investigator.

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?
I took an 8 month break after finishing my PhD. I was initially concerned
the break was too long and that it would be hard to come back to research.
However, this turned out to be a very good decision because I was really
burnt out at the time. Taking a break allowed me to refocus, get my energy
back, and think about what I wanted to do next. It was during this break
that I made the final decision to follow my heart and change the direction
of my career from cancer to psychiatric genetics.

What habits and values did you develop during your academic studies
or subsequent postdoctoral experiences that you uphold within your
research environment?
My academic journey as a basic science researcher has taught me that a
true scientist can pursue any area of research they want. Scientists should
not put themselves in a box and should not be afraid of pursuing different
areas of research. If they do not know how to do something, they can ask
for help and collaborate with others who have expertise in that area. It is

important not to be afraid to go where science leads. However, collabo-
rating with others also means that one should not always insist on being
the leader of a project or study. I have learned that being in the passenger
seat is sometimes the best way to move forward and advance your own
career.

Please tell us more about your current scholarly focal points within
your chosen field of science.
Throughout my career I have used my diverse multidisciplinary training
towards increasing the understanding of the biological underpinnings of
mental health disorders. In addition to managing my research labora-
tory and all the work associated with it, I have had the honor of lead-
ing diverse programs. I highlight two examples here. 1) Upon my ar-
rival at UTHealth Houston in 2014, in close collaboration with the Harris
County Institute of Forensic Sciences, I established the UTHealth Hous-
ton Brain Collection, a state-of-the-science center for utilizing human
postmortem brain, blood, and skin biopsies, to help study brain disor-
ders. Brain tissue provides a crucial resource for understanding the bio-
logical causes of substance misuse and mental illness. We preserve high-
quality tissue in combination with extensive clinical information to drive
evidence-based research. This effort involves working closely with family
members, medical examiners, toxicologists, and clinical psychologists to
obtain detailed clinical and behavioral information that can be used to
connect biological processes within defined brain circuitry with behavior
and personality measures. The brain tissue, medical records, and clinical
information are available to other investigators to perform research. 2)
Because of my strong experience in working at the interface between ba-
sic and clinical sciences, I was recently named Director of the Biobehav-
ioral Health Research Core at the Cizik Nursing Research Institute at UT
Health Houston, charged with establishing a model of collaboration and
dialogue between investigators working in the laboratory and nurses who
are working directly with patients and are interested in doing research. In
this role, I hope to help nurse scientists advance their research and be-
come successful in obtaining funding to bridge biology with behavioral
outcomes.

What impact do you hope to achieve in your field by focusing on
specific research topics?
I am trained as a researcher and have a strong passion to work towards
unraveling the mysteries underlying behavioral disorders. I want to find
cures, I want to find better treatments, but I also want to identify what
is causing these disorders so I can help explain this to people that are
suffering from them, to families and to communities, and perhaps in this
way demystify the experience of these illnesses for both patients and the
public. I want to educate the community at large to reduce the stigma
associated with these disorders, to help people see them as they do cancer
or diabetes.
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What do you most enjoy in your capacity as an academic or
research leader?
What I enjoy the most is the opportunity to collaborate with scientists
from all over the world. These collaborations provide a rich source of re-
sources to advance my research and enrich my personal life because I
have grown so much by learning from other people’s backgrounds and
experiences.

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?
I am passionate about mentoring students and encouraging them to pur-
sue their dreams. Many students think that science is too hard and that
they will not be able to go far in this field. I believe that by having a
role model, students can see that they can achieve anything they strive
for. I am particularly focused on mentoring women and underrepresented
minorities.

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 to read. It takes me a while to finish a book because I sometimes
read a page repeatedly, trying to imagine and live out what I am reading.

Part 2: Consuelo Walss-Bass – Selected questions from the Proust
Questionnaire1

What is your most marked characteristic?
Loyalty.

Among your talents, which one(s) give(s) you a competitive edge?
I am very good at doing puzzles. I can see things from different angles and
put them together.

If you could change one thing about yourself, what would it be?
I have trouble enjoying the moment, not thinking about what I must do
next. I want to be able to turn this off and just enjoy the ride more.

What is your current state of mind?
At peace.

What is your idea of perfect happiness?
Enjoying a cup of hot coffee in the morning.

When and where were you happiest? And why were so happy then?
I am the happiest right now. I have two amazing sons, a loving and sup-
portive husband, and a great career.

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.

What is your greatest fear?
That one of my sons will have schizophrenia.

What is your greatest regret?
Not recognizing my sister Paty needed help years before she was diag-
nosed with schizophrenia.

What are you most proud of?
My children.

What do you consider your greatest achievement?
Helping my sister Paty to be stable.

What or who is your greatest passion?
Social justice. I believe we still have a long way to go to achieve true equal-
ity for all, and I want to do whatever I can to help in this cause.

What is your favorite occupation (or activity)?
Reading a good book.

What is your greatest extravagance?
A day at the spa.

What is your most treasured possession?
My mind.

Where would you most like to live?
Somewhere where the temperature is never too hot or too cold.

What is the quality you most admire in people?
Honesty.

What is the trait you most dislike in people?
Unwillingness to accept responsibility.

What do you consider the most overrated virtue?
None, we need to value all of them more.

What do you most value in your friends?
Getting an honest opinion from them, not what they think I want to hear.

Which living person do you most admire?
Pope Francis. His empathy.

Who are your heroes in real life?
My father. He taught me everything by saying very little.

If you could have dinner with any historical figure, who would it be
and why?
Marie Curie. As a woman scientist she was a trailblazer, way ahead of her
time.

Who are your favorite writers?
Charles Dickens and Alexandre Dumas.

Who are your heroes of fiction?
Superman. He was always ready to go to the rescue.

What aphorism or motto best encapsulates your life philosophy?
Do not leave for tomorrow what you can do today.

Houston, Texas, USA
10 March 2025

Consuelo Walss-Bass1

1University of Texas Health Science Center at Houston, 1941 East Road,
Houston, Texas 77054, USA

e-mail: Consuelo.walssbass@uth.tmc.edu
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It is well established that both genetic and environmental factors
contribute to risk for schizophrenia (SCZ), and much progress has
been made in identifying the specific factors conferring risk.
However, the nature and extent of interactions between them has
long been a topic of debate. Both the data and methods available to
address this have evolved rapidly, enabling new prospects for
identifying gene–environment interactions in SCZ. To date, there is
limited evidence of strong gene–environment interactions, with
environmental factors, molecular genetic risk, and family history
simultaneously contributing to risk of SCZ. Still, there are several
enduring challenges, some of which can likely be addressed with new
tools, methods, and approaches for investigating gene–environment
interplay. Consequently, advancements in this field will enhance our
capacity to identify individuals most vulnerable to specific
environmental exposures, which is pivotal for targeted prevention
and intervention.

Recent Findings from Molecular Genetics Studies
Family, twin, and adoption studies robustly support the role of genetic
factors in schizophrenia (SCZ) (1–4). While early attempts to identify spe-
cific genetic markers through candidate gene studies faced challenges in
reproducibility, these studies highlighted the importance of properly con-
trolling for multiple testing to reduce the risk of false positives, as well as
the need for large samples to detect variants with small effect sizes (5,
6). In the past 15 years, genome-wide association studies (GWAS) and the
subsequent cascade of downstream analyses have made great strides in
elucidating the genetic foundations of SCZ. Large-scale international col-
laborations have been instrumental in pooling resources, with the latest
study amassing over 76,000 SCZ cases, and this has facilitated compre-
hensive investigation into the genetic basis of SCZ (7). It is now clear that
SCZ is highly polygenic, with risk stemming from the cumulative influence
of common and rare variants with small to moderate effect sizes (odds
ratios 0.78–1.24) (7), and rare copy-number variants with strong effects
(2 to >60x higher risk) (8, 9).

Concomitant with the emergence of genetic associations of high-
confidence with SCZ, polygenic risk scores (PRS) were developed to quan-
tify a person’s predisposition for a disorder which is attributable to the
additive impact of multiple common genetic variants (10). This risk is ex-
pressed as a single score, with single nucleotide polymorphisms (SNPs)
weighted by their effect sizes from GWAS. SCZ-PRS offers a statistically
significant but modest level of prediction and has been used to explore
nosology and establish common genetic underpinnings with other psy-
chiatric and somatic disorders (11). PRS methodologies are continually
refined to enhance predictive power and improve performance across di-
verse populations (12, 13).

Received: 23 May 2024. Revised: 20 June 2024. Accepted: 11 July 2024.
Published online: 7 August 2024.

Established and Emerging Environmental Risk Factors
The majority of SCZ risk stems from genetic effects but 19%–36% of the
risk arises from environmental sources (1, 2). Several environmental risk
factors for SCZ have been consistently identified in large-scale epidemi-
ological studies, including cannabis use, pregnancy and birth complica-
tions, infections, winter birth, migration, urban upbringing, stressful life
events, and childhood adversity (14–17). Air pollution is an emerging risk
factor (18) that is complex and typically entwined with social inequality,
and there are likely other unexplored environmental and chemical-based
risk factors awaiting discovery. While the prevalence of these environ-
mental factors varies across populations, they often disproportionately
affect more disadvantaged groups. Some of the identified risk factors
are quite common, for instance, childhood adversity (which encompasses
parental separation) and adverse perinatal factors each have a popula-
tion prevalence of ∼40% in modern western cohorts (19, 20). Despite
the widespread occurrence of environmental risk factors, only a subset of
exposed individuals develops SCZ, which strongly suggests differential
sensitivity due to underlying genetic predisposition.

Investigations of environmental risk have predominantly involved pur-
suing individual risk factors in a hypothesis-driven manner, somewhat
echoing the early genetic approaches. Just as genetic risk exerts effects
through the cumulative impact of multiple genetic factors, it has been
proposed that environmental risk may similarly arise from accumulated
exposure to a range of adverse environmental factors (21). Over the life
course, individuals are subjected to myriad interconnected environmen-
tal exposures at different developmental stages, each potentially having
protective, neutral, or negative impacts on psychiatric risk. This concept,
termed the “exposome,” encompasses the entirety of environmental ex-
posures from conception onward (21).

Mirroring PRS approaches, there have been attempts to generate
an exposome score weighted by the effect sizes of the environmental
factors for SCZ phenotypes (22–25). Unlike genetic studies, which typi-
cally require only a single blood sample to derive genetic risk, exposome
research requires richly phenotyped, longitudinal, population-based
cohorts. While this research is still in early stages, there is optimism that
embracing the complexity and dynamic nature of environmental expo-
sures will deliver further elucidation of their collective influence on SCZ.

Is Gene-Environment Interplay the Missing Link?
Exploring gene-environment interplay, which encompasses both gene-
environment correlation (where genotype influences exposure to en-
vironmental factors, termed rGE) and gene–environment interaction
(where the effect of the genotype depends on the presence of an envi-
ronmental factor, or vice versa, termed G × E), holds promise for gaining
further insight into the etiology of SCZ.

The SNP-based heritability of SCZ identified in GWAS accounts for
∼24% of the variance, a stark contrast to the estimates of ∼80% from
twin studies (2, 4, 7). While rare genetic variation accounts for some of
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the discrepancy, G × E has been theorized to at least partially explain this
heritability gap, and this is supported by one recent study (26).

Early G × E studies in SCZ relied on proxies such as family history for
genetic risk assessment, or examined single candidate genes, as summa-
rized by earlier reviews (17, 27, 28). These studies encountered similar
power issues and biases as candidate gene association studies and of-
ten failed to replicate. Genome-wide approaches are considered superior
to hypothesis-driven methods for genetic associations but require pro-
hibitively large samples for G × E studies. Therefore, gene prioritization
strategies are essential. In one successful example, a genome-wide envi-
ronment interaction study used a two-stage design to reveal a significant
interaction between in utero exposure to cytomegalovirus infection and
a variant within the CTNNA3 gene (29). First, the association between the
exposure and the complete set of SNPs was assessed, then these priori-
tized SNPs were examined further to identify interaction effects for the
outcome. This variant was not previously linked to SCZ, and this interac-
tion was subsequently replicated (30).

In recent years, a few studies have investigated G × E interactions us-
ing PRS as an indicator of genetic liability to SCZ. Most of these studies
report independent effects of PRS and environmental exposures and no
evidence for multiplicative interactions, including for infections (31), ad-
verse perinatal factors (32, 33), and childhood adversity (34). One study
found evidence for an additive interaction effect between SCZ-PRS and
childhood adversity on psychosis phenotypes—but it was mediated by
a measure of affective dysregulation (35). Even for cannabis use, which
demonstrates modest genetic correlations with SCZ (36–38), G × E stud-
ies report null interactions. Similarly, for urbanicity, studies support a de-
gree of rGE (39, 40), but null interaction effects for birth in densely popu-
lated areas on SCZ risk (41). Still, large-scale genetic studies have rarely
considered the impact of variation in environmental risk, highlighting the
need for further research in this area.

On the other hand, positive additive interactions have been observed
between dichotomized SCZ-PRS and certain environmental factors such
as lifetime regular cannabis use and early-life adversities (42). These
findings suggest a synergistic effect, indicating that the combined influ-
ence of genetic predisposition and environmental exposure exceeds the
sum of their individual effects. There was no evidence of interaction ef-
fects for winter birth, hearing impairment, or child abuse. Positive addi-
tive interactions have also been identified for exposome risk scores and
SCZ-PRS for SCZ spectrum disorders (24, 43, 44). Still, there is the need
for confirmatory studies in large cohorts and different populations.

Presently, findings from PRS studies do not support the classic G × E
(multiplicative) interaction model, whereby genotype and environmen-
tal factors only exert effects when both are present. Instead, current ev-
idence suggests that genetic and environmental factors both contribute
to risk through either independent or additive effects. However, statisti-
cal considerations for detecting and interpreting G × E interactions, such
as choice of scale and model selection, are often overlooked. These issues
have been extensively discussed, with recommendations for best practice
(45, 46). Furthermore, it would be premature to entirely reject G × E hy-
potheses on the basis of PRS, which capture only a small portion of the ex-
pected genetic liability, among other methodological limitations (47, 48).

Future Focus
The extent to which there is interplay between genetic, familial, and en-
vironmental factors in the development of SCZ is still largely unknown.
While we now possess a wealth of data on genetic and environmental risk
factors, the challenge lies in making connections between them and then
translating findings into clinically useful insights.

Challenges with GWAS and PRS Studies
Although findings from GWAS have provided useful biological insights
into SCZ, they have yet to translate into tangible improvements in di-
agnosis and treatment. Despite their powerful impact on research, PRS
have little clinical utility. Moreover, variations between the top and bot-
tom percentiles might be exaggerated due to the case–control design of
GWAS, with more modest risk prediction found in other real-world set-
tings such as electronic health records (49). Assortative mating and rGE

can also contribute to inflation of GWAS estimates (50). To address this,
family-based GWAS designs have been utilized for several disorders by
constructing PRS from non-transmitted parental alleles, albeit not yet
implemented for SCZ (51). These designs can help identify rare variants
and provide less biased estimates of direct genetic effects by reducing
confounding from assortative mating and population stratification (51);
however, they pose challenges in terms of recruitment of family members
of individuals with SCZ, acquiring informed consent, and limited statisti-
cal power.

As GWAS sample sizes have increased, so has the proportion of the
variance explained by PRS, nevertheless a ceiling effect is impending,
whereby further increases in sample size will yield diminishing returns in
explanatory power (52). However, these scores may have other useful ap-
plications, through correlations with symptoms and clinical features they
may prove valuable in distinguishing between psychiatric disorders and
optimal treatment approaches (53, 54).

Expanding the Analytical Toolkit
Although they minimize the multiple testing burden, PRS are likely too
broad to be useful for more specific G × E interactions, necessitating
more focused approaches and methodological tools. For instance, two-
step designs which reduce the initial pool of target SNPs are a resource-
ful way to circumnavigate the prohibitive multiple testing burden (29,
55, 56). Fine-mapping methods reduce GWAS-derived loci to a smaller
set of likely causal variants and can aid prioritization of genes for down-
stream G × E analyses (7). Modified PRS approaches endeavor to enhance
polygenic risk prediction by leveraging correlated phenotypes (57), while
others focus on enrichment of genetic variants at the biological pathway
level (58).

Beyond genomics, various omics technologies have been applied to
examine different aspects of SCZ pathogenesis and may yield further
insights about the intermediary paths between genotype and environ-
mental factors (59). These advancements offer novel avenues for cap-
turing genetic risk and biomarkers for downstream application in gene-
environment studies.

Other Sources of Genetic Variation
While recent focus has been on identifying common genetic variants asso-
ciated with SCZ, rare genetic variants remain relatively unexplored in the
context of G × E interactions. Only recently have large-scale collabora-
tions, like the Schizophrenia Exome Sequencing Meta-Analysis (SCHEMA)
consortium, amassed sufficient sequence data from many studies to iden-
tify rare genetic variants with exome-wide significance. The study iden-
tified ultra-rare coding variants in 10 genes with strong effect sizes
(odds ratios 3–50, P < 2.14 × 10−6) and overlapping findings with the
most recent GWAS (60). However, several rare copy-number variations
(CNVs), involving deletions or duplications of large segments of DNA, have
been identified which can have substantial impact on risk of SCZ. Indi-
viduals carrying associated CNVs, such as the 22q11.2 deletion, may be
more likely to be exposed to adverse environmental exposures due to
the impact on medical, social, and cognitive aspects (61). It has been
reported that lifetime stress may influence psychosis risk symptoms in
22q11.2 deletion carriers, suggesting that it may be worth further in-
vestigating the role of environmental factors in the expression of psy-
chosis risk among those with CNVs (62). Rare variants could be a promis-
ing avenue of exploration in a precision medicine context given that they
are a single locus of strong effect, yet their rarity poses methodological
challenges in terms of garnering adequate statistical power for scien-
tific investigation. The scarcity of G × E studies using rare variants lim-
its the field’s current comprehension of the genetic component of the
interaction.

The spotlight on molecular methodologies in human genetics should
not overlook the significance of familial phenotypic records in genetic
medicine and genetic epidemiology (63). There are several recent and
emerging methods for model-based estimates of liability from family
records, such as family genetic risk scores (FGRS) (64), the liability thresh-
old on family history (LT-FH) (65), and Pearson-Aitken family genetic
risk scores (PA-FGRS) (66). FGRS have already been used to evaluate
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diagnostic stability, genetic architecture, and clinical features of several
psychiatric disorders (67, 68). Although counterintuitive, PRS and indi-
cators of family history have low correlations and appear to contribute
independently to SCZ prediction (66).

Increasing Ancestral Diversity
The overwhelming majority of molecular genetic studies have been con-
ducted in populations of European ancestry, potentially exacerbating
health inequalities and impeding scientific progress (69). Several initia-
tives are underway to diversify these samples (7, 70), which will provide
opportunities to increase our understanding of genetic risk across differ-
ent environments, cultures, and ancestries.

As with the genetic findings, the bulk of the reliable evidence on envi-
ronmental risk factors primarily stems from European and North Ameri-
can studies. Nordic registers, documenting numerous medical, social and
demographic factors for the entire population from birth, are a rich re-
source for investigating the impact of environmental risk factors in rare
psychiatric disorders and have provided some of the most robust epidemi-
ological estimates (20, 71, 72).

Exploring more diverse settings and countries with greater environ-
mental variability will likely clarify whether there are key cultural dif-
ferences and aid understanding of true etiological associations. The
challenge persists that to comprehensively investigate the genetic and
environmental contributions to SCZ requires the rare combination of
large, genotyped cohorts with longitudinal assessments of several envi-
ronmental exposures over the life course.

Conclusion
There is still much to uncover regarding the interplay between genetic,
familial, and environmental factors in SCZ. Undoubtedly, there are ad-
ditional environmental factors and gene–environment interactions yet
to be discovered. Given the high degree of shared genetic and environ-
mental risk among psychiatric disorders, exploring G × E may help to
isolate disorder-specific associations and pinpoint mediating or mod-
erating biological pathways. Advancements in genetic and statistical
tools will likely accelerate G × E research and maximize the utiliza-
tion of existing datasets. The prospect of identifying individuals most
vulnerable to specific environmental exposures underscores the impor-
tance of further exploration, offering opportunities for prevention and
intervention.
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Indigenous data protection in wastewater surveillance: balancing public health
monitoring with privacy rights

Melissa L. Perreault1 , and Lawrence D. Goodridge2

Wastewater-based epidemiology (WBE) has revolutionized public health surveillance by enabling real-time monitoring of disease patterns
across populations through analysis of community wastewater. This innovative approach provides precise geographical tracking of pathogen
levels and disease spread by detecting viral RNA and bacterial DNA signatures. Beyond pathogen detection, wastewater analysis reveals
comprehensive community health data, including human genomic information and biomarkers of prescription medication and substance use
patterns. For Indigenous populations, whose communities often occupy distinct geographical areas, this detailed biological data collection
raises significant privacy and ethical concerns, particularly given historical patterns of research exploitation. By examining international case
studies, we analyze instances where Indigenous genomic data and traditional knowledge have been misused in psychiatric and neuroscience
research contexts, highlighting violations of informed consent principles, data sovereignty rights, and reinforcement of harmful stereotypes.
The current regulatory gap in wastewater surveillance ethics necessitates the development of specialized WBE protocols for Indigenous
communities. These guidelines must balance public health benefits with stringent privacy protections through authentic community
engagement and Indigenous data governance rights recognition. This framework supports both epidemiological research advancement and the
protection of Indigenous communities’ autonomy in the age of genomic surveillance.

Genomic Psychiatry May 2025;1(3):22–27; doi: https://doi.org/10.61373/gp025p.0008

Keywords: Epidemiology, genomics, indigenous, policy, psychiatry, wastewater surveillance

Introduction
It is widely accepted that genetic factors contribute to the risk of devel-
oping a neuropsychiatric or neurodevelopmental disorder such as depres-
sion, schizophrenia, autism spectrum disorders, and addiction, among
others (1–4). In 2023, for instance, a large multivariate genome-wide as-
sociation meta-analysis showed 19 independent single-nucleotide poly-
morphisms (SNPs) significantly associated with general addiction risk and
47 SNPs for select substance disorders in individuals of European ancestry
(5). In those of African descent, however, only a single SNP was associated
with general addiction risk and another for risk of alcohol use disorder.

This study has a couple of noteworthy points. First, the authors were
careful to point out that, despite interesting associations between poly-
genic risk scores and substance use disorders, their findings are not
prognostic of future disease risk. This is an essential statement as past
genomic studies have been used to promote the idea of genetic deter-
minism, leading to racism and stereotyping (6, 7). For example, there has
been a (not so) historical belief that alcoholism in Indigenous peoples was
biological and that substance use and dependence in these communities
was heritable (8), without any consideration of the transgenerational im-
pacts of colonization and the colonial power structures that exist to this
day. The second point of note is that the sample size for those of Euro-
pean descent (>1 million) was over 10 times higher than that of African
descent, and those of Indigenous descent were not included in the study.
This highlights the lack of participation of those from marginalized com-
munities, and especially Indigenous communities, in genomic studies (5).
There are reasons for this, a predominant one being a lack of transparency
in many genomics research investigations that has led to a long-lasting
mistrust of both research and researchers.

Wastewater-based surveillance and epidemiology (WBE) is an innova-
tive public health approach that analyzes biological and chemical markers
in wastewater to monitor the health of communities. Initially developed
to assess trends in illicit drug use, WBE has expanded to include infectious
disease surveillance, antimicrobial resistance tracking, and environmen-
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tal monitoring. The COVID-19 pandemic highlighted the utility of WBE, as
it served as an early warning system for outbreaks and a valuable tool for
tracking viral variants in communities (9, 10). WBE provides critical in-
sights into public health by enabling early detection of disease outbreaks
through analyzing nucleic acid and other biomarkers in wastewater. This
capability allows health authorities to implement timely interventions,
potentially mitigating the spread of infections (11, 12). Beyond infectious
disease monitoring, WBE assesses the presence of environmental pollu-
tants, such as pesticides and pharmaceuticals, offering a holistic view of
anthropogenic impacts on ecosystems (13).

DNA degradation in wastewater is influenced by a combination of
chemical, biological, and environmental factors, including temperature,
pH, microbial activity, and exposure to ultraviolet light. While wastewa-
ter treatment processes are designed to degrade organic materials, stud-
ies have shown that extracellular DNA can persist through various stages
of treatment, raising concerns about the potential for recovering sensi-
tive genetic information. Additionally, if nucleic acids are extracted from
wastewater and stored in purified form at −80°C, they can remain intact
indefinitely. For instance, Farkas et al. (14) demonstrated that while ex-
tensive decay of viral nucleic acids was observed during the storage of raw
unprocessed wastewater, purified nucleic acid extracts stored at −80°C
for 8–24 months showed little signs of degradation. Additionally, Acharya
et al. (15) observed that specific bacterial DNA sequences exhibit resis-
tance to degradation, especially in disinfected systems. This persistence
has significant privacy implications, particularly in the context of WBE,
where the unintended capture of human genomic material could threaten
individual privacy if data are not adequately anonymized (16).

WBE holds significant potential for public health, but it also carries
the risk of misuse, particularly in closed or marginalized communities
such as Indigenous communities. Due to the substantial amount of hu-
man DNA in wastewater, detailed genomic analysis can reveal sensitive
information about the genetic makeup, ancestry, health predispositions,
and disease prevalence within a population. Those data could be used in
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closed communities to reinforce stereotypes, stigmatize groups, or exert
control through targeted policies that disproportionately affect these
populations. For example, genetic data could be linked to the prevalence
of certain conditions to justify discriminatory health care practices or
policies that ignore social determinants of health. Further, the small pop-
ulation sizes in these communities increase the risk of re-identification,
breaching individual privacy despite aggregate-level analyses. Without
stringent ethical guidelines, such practices could erode trust, infringe on
autonomy, and exacerbate historical inequities faced by Indigenous peo-
ples (17, 18). Ethical governance is critical to ensure that WBE serves
public health purposes without exploiting or marginalizing vulnerable
populations.

Building on these concerns, the potential misuse of wastewater
surveillance to identify psychiatric disorders or drug use in marginalized
populations raises additional ethical challenges. Psychiatric conditions
are often stigmatized; therefore, associating these disorders with spe-
cific communities through wastewater analysis risks reinforcing harmful
stereotypes and exacerbating social marginalization. This is particularly
concerning in Indigenous communities, where historical trauma and sys-
temic discrimination have already contributed to disproportionate men-
tal health burdens (19). The ability to infer prevalence rates of psychi-
atric medication use, illicit drug use, or genetic markers associated with
mental health conditions from wastewater data could inadvertently or
intentionally be used to justify punitive or discriminatory interventions
rather than addressing root causes such as poverty or inadequate access
to healthcare. Furthermore, such data might be weaponized in policy de-
bates, framing psychiatric conditions as cultural deficits rather than ad-
dressing structural inequalities (6, 20, 21). This underscores the urgent
need for stringent data governance frameworks and community involve-
ment in decision-making processes to prevent the misuse of surveillance
technologies and respect these populations’ autonomy and rights.

Mistakes of the Past: Genomics and Genetics Research in
Indigenous Communities
Indigenous peoples are of great value in genomics research in large part
due to their isolated genetic history. Whereas some researchers are in-
terested in population genetics or genetic ancestry, that is, what the pat-
terns of genetic variation can reveal about a community’s history, societal
structure, migration patterns, etc., others are interested in genetic infor-
mation that may be medically (and commercially) valuable. Despite this,
Indigenous communities are substantially underrepresented in genomics
and genetics research, with many refusing to take part in these types of
studies due to past exploitation. Examples include the unauthorized use,
sharing, and patenting of genetic data, the lack of informed consent, cul-
tural insensitivity, and the perpetuation of racial stereotypes (22–27).

One of the first recorded negative interactions between geneticists
and an Indigenous community involved the Nuu-chah-nulth First Nations
of Canada’s Vancouver Island in British Columbia and a geneticist at the
University of British Columbia (UBC) (27). In the early 1980s, the Nuu-
chah-nulth provided blood samples for research into genetic causes of
their high rates of rheumatoid arthritis. The researcher was unable to dis-
cover a genetic linkage to the disease; however, when they left UBC, they
took the Nuu-chah-nulth samples with them to use in genomic ancestry
research without the knowledge or consent of the tribe. Genomic ances-
try research is a serious concern for many Indigenous peoples due to a
disconnect between Indigenous origin stories and research findings. No-
tably, the DNA was not returned to the Nuu-chah-nulth until 20 years after
sampling.

Perhaps one of the most egregious examples involving psychiatric re-
search involves the Havasupai, a Native American tribe who live at the
bottom of the Grand Canyon in Arizona in the United States (26, 28–30).
In the early 1990s, community members approached researchers at Ari-
zona State University (ASU) to initiate genetic research into diabetes as
they were concerned about the increasing prevalence of the disease in
their community. The Havasupai were told that the focus of the study
would be on diabetes, but the project was designed to also focus on iden-
tifying genetic markers for schizophrenia. Researchers then generated a
broad consent form to study “behavioral/medical disorders” signed by

participating community members when the blood samples were taken.
The ASU researchers were unable to find a genetic link to diabetes. Still,
samples continued to be used for other research without specific consent,
including studies on alcoholism, population migration, and inbreeding.
They also continued the study into schizophrenia, which included unau-
thorized access to medical records. The Havasupai discovered the unau-
thorized use of their samples when a community member attended a sem-
inar at ASU in 2003. In response, the tribe initiated legal action against
ASU, which was resolved in a settlement in 2010. After the case, the Hava-
supai banned ASU researchers from entering their lands and conducting
any form of research, following in the steps of the Navajo Nation, which
passed a moratorium on genomic research within its boundaries in 2002.

At about the same time as the Havasupai study was being conducted,
the Human Genome Diversity Project (HGDP) (31), the first large-scale ge-
nomics study, was initiated to explore global human genetic diversity by
taking samples from isolated Indigenous populations (32). Some Indige-
nous communities had concerns over biopiracy, exploitation for profit, or
that there would be access to the samples by an unknown number of re-
searchers with various scientific goals (33). These concerns were not with-
out merit (22, 33). Some participants were told their blood was being
taken for pathology tests and then given to the HGDP. Cultural values in
handling the samples were also not considered, and commercialization
potential was not disclosed. In addition, informed consent was not always
obtained. The enmity of Indigenous communities for the HGDP was only
heightened when an anthropologist involved with the project was found
to be also linked to the controversial collection of another set of sam-
ples collected from the Hagahai, an Indigenous people of central Papua
New Guinea. The controversy surrounded a patent filed in 1990 by the
National Institutes of Health (NIH) for a cell line derived from a Haga-
hai donor to commercialize his DNA for commercial profit (23). Shortly
after the HGDP’s failure, in 2005, another large-scale project, the Geno-
graphic Project, was launched to trace the migratory history of the human
species through DNA. Like its HGDP predecessor, Indigenous communities
also denounced it due to a lack of engagement and transparency (34).
Sampling from Indigenous communities was prioritized as there was con-
cern surrounding the mixing of the populations (34), thus building upon
the old myth of the “Vanishing Indian.” It was postulated that any sub-
sequent findings of the HGDP and Genographic Project could lead to the
genetic appropriation of culture, challenging cultural narratives about a
people’s origins and altering a group’s understanding of themselves as a
people (35).

In another example, geneticists from the Institute for Environmental
Science and Research in New Zealand obtained samples from the Māori
people with the intent of analyzing the monoamine oxidase-A (MAOA)
gene as a marker for alcohol and tobacco dependence (25, 36, 37), as the
enzyme MAO-A is involved in the breakdown of neurotransmitters such as
dopamine and serotonin. In 2006, during the 11th International Congress
of Human Genetics in Brisbane, Australia, the researchers announced that
they had identified a genetic polymorphism in MAOA that was associated
with low enzyme activity and higher dopamine levels in over half of the
samples obtained from Māori men (n = 17) (25, 36, 37). A controversy
ensued when one of the researchers mentioned the “warrior gene,” a nick-
name given to the MAOA gene due to its reported link to aggression and
criminal behavior (38, 39) in a media interview, also inferring that these
attributes exist in the Māori people (25, 36, 37). In this example, the sci-
entists drastically misstepped, not only by providing a harmful narrative
unsupported by their findings to perpetuate racial stereotypes but also
by generalizing to the entire Māori population.

The final example highlights the failure of research ethics boards
(REBs) to ensure that adequate protocols were in place to protect In-
digenous peoples. The Indigenous San peoples of South Africa are among
the most sought-after Indigenous groups for population genomics re-
search. In this case, the genomics research aimed to examine the genetic
structure of four Indigenous Namibian “hunter-gatherers” and to com-
pare their findings with that of a “Bantu from southern Africa.” The find-
ings were published in 2010 (40) and, along with its supplementary ma-
terial, included conclusions and details (e.g., the terminology used) that
the San regarded as private, pejorative, discriminatory, and inappropriate
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(41). The San leadership was not consulted prior to publication, and their
requests to the authors for information on the informed consent process
were denied on the grounds that several REBs had approved the research.
This interaction resulted in the development and publication of the San
Code of Ethics (42) by the leaders of three San groups: the !Xun, Khwe, and
!Khomani, a code that emphasizes respect, honesty, justice, fairness, care,
and process.

The historical exploitation of Indigenous communities in genomics re-
search offers critical lessons for contemporary challenges in WBE, par-
ticularly regarding ethical considerations such as informed consent, data
ownership, community engagement, and the potential for stigmatization.
The examples of the Havasupai Tribe (26, 28–30) and Nuu-chah-nulth
First Nations (27) underscore the importance of transparency and high-
light the consequences of neglecting autonomy and informed consent,
such as long-term mistrust in scientific practices. Although data are col-
lected at the community level rather than from individuals in WBE, con-
cerns about privacy and consent persist, particularly when surveillance
may expose sensitive health information without explicit community ap-
proval (43). The backlash against the Genographic Project by Indigenous
groups (34) due to inadequate community engagement reflects the im-
portance of involving affected populations in decision-making processes
to foster trust—a principle equally applicable to public health surveil-
lance initiatives. Moreover, data ownership and governance issues, as
highlighted by the San Peoples’ experience with genomics research (41),
stress the necessity of clear data control frameworks in WBE to prevent
misuse and ensure that communities benefit from the data collected. The
harmful stereotyping seen in the Māori “warrior gene” controversy warns
against using scientific findings to perpetuate negative narratives—a risk
in WBE if data is poorly contextualized, potentially stigmatizing commu-
nities linked to specific health outcomes (25, 36, 37). Finally, the failure of
REBs to adequately protect Indigenous interests in past genomics studies
emphasizes the need for robust ethical oversight in public health surveil-
lance to proactively address legal and privacy concerns (44). By applying
these historical lessons, wastewater surveillance programs can balance
public health benefits with respect for individual rights, data sovereignty,
and cultural sensitivities, ultimately fostering greater public trust and
ethical integrity.

A Call for the Development of an Ethical Indigenous Research
Policy for WBE
The provided historical examples highlight past injustices that we, as
neuroscientists and genome scientists, must be diligent not to repeat.
Efforts to thoughtfully and respectfully engage with Indigenous commu-
nities have resulted in the development of several guidelines and strate-
gies. In 2007, Indigenous Peoples’ right to self-determination was inter-
nationally recognized in the United Nations Declaration on the Rights of
Indigenous Peoples (UNDRIP) (45), which includes the right of Indige-
nous peoples to maintain, control, and protect their genetic resources
(Article 31, p.11). In 2019, the Collective Benefit, Authority to Control,
Responsibility, Ethics (CARE) Principles for Indigenous Data Governance
were developed to advance Indigenous Peoples’ governance of their own
data in response to the growing desire for open science and data sharing
(https://www.gida-global.org/care). Some Indigenous communities, such
as the aforementioned San people of South Africa, developed their own
policies to promote responsible research conduct and ensure Indigenous
data are protected. In Canada, the OCAP Principles of ownership, control,
access, and possession were developed to support data sovereignty for
First Nations, providing guidelines on how First Nations data should be
collected, protected, used, and shared (https://fnigc.ca). Similarly, in the
United States, guidelines generated specifically for genomics research
within Indigenous communities highlight important principles for ethical
and respectful engagement (46, 47).

These existing guidelines provide high-level directives for Indigenous
community research that should occur in tandem with institutional or
community REBs. Yet wastewater sampling from Indigenous communities
is a relatively new epidemiological approach that poses a unique set of
ethical issues, underscoring the need for a comprehensive, robust, and
ethical policy for WBE research that protects privacy, confidentiality, and

data integrity while respecting Indigenous sovereignty. As WBE is also not
currently evaluated by REBs, the potential risks for misuse of wastewa-
ter samples and any community data derived from those samples remain
high, and we argue that all WBE studies involving Indigenous communi-
ties should continue only under REB oversight.

As Indigenous communities are diverse, the policy or framework
should outline overarching principles and guidelines rather than prescrip-
tive actions, but with full consideration of the specific issues surround-
ing WBE. Before their development, researchers should fully understand
existing national and international governance frameworks for genomic
data stewardship, particularly focusing on the unique challenges related
to wastewater sources and Indigenous communities. Throughout, the pol-
icy should emphasize core principles of self-determination (Figure 1),
that is, choice, partnership, and governance, and should include the fol-
lowing elements:

Respect Transparency and Cultural Humility
Listening and respect when working with Indigenous communities is
paramount, and researchers should be mindful of when to step back so
Indigenous ways of knowing and doing take precedence. There is a collec-
tive responsibility to ensure that the outcomes of genomics studies de-
rived from Indigenous peoples prioritize the benefits to those communi-
ties, and there should be transparency in all things, including sample use,
research findings and dissemination, and commercialization potential.

Notably, there should be both cultural competency and humility. Re-
searchers should first demonstrate competence by doing their research
on the communities they wish to engage with. They should appreciate
that there will likely be differing ideas and points of view. The cultural
significance of personal and biological (genetic) information and each
community’s traditional knowledge and world views should always be
respected. Throughout the collection and research process, researchers
should also be sensitive and respectful of Indigenous ways of doing things
to ensure sample collection, data analysis, and dissemination are con-
ducted according to the specifications detailed by the community. To ef-
fectively decolonize community-engaged research, it is necessary that
researchers also express cultural humility (48), which is an openness to
learning that involves acknowledging others’ values, beliefs, and expe-
riences, listening without judgment, and is a process that seeks to re-
dress power imbalances. It is considered a lifelong commitment that
begins with honest self-reflection to understand one’s own values and bi-
ases. Strategies for the incorporation of cultural humility into community-
based research have been developed. Itchuaqiyaq et al. (49), for exam-
ple, base their guidelines on the experience of a collaboration between
Aqqaluk Trust, a tribal organization serving the Iñupiat of northwest
Alaska, and interdisciplinary researchers at Virginia Tech in the United
States. These high-level strategies include respecting community lead-
ership, knowing yourself and adjusting to community needs, accepting
your role, avoiding manipulation of the project, and maintaining connec-
tions and trust. The Iñupiat Elders Council also provided specific instruc-
tion surrounding humility (49). Researchers who show cultural humility
do not infer that their own knowledge is superior to the communities they
are working with, and they value Indigenous ways of knowing and doing
equally alongside Euro-Western ways.

Community Engagement
Although WBE is not presently under REB oversight, researchers should
still have an understanding of the community governing and ethics struc-
tures, including leadership and relevant boards or committees, before en-
gagement. Once engaged, researchers should design the study, acquire
the data, and disseminate the findings in full partnership with Indige-
nous communities, giving the time required to build trust through rela-
tionship building. This can be facilitated through established community
engagement strategies, examples that include Community-Based Partici-
patory Research (CBPR) (46), Two-Eyed Seeing (50, 51), or Kaupapa Māori
Methodology (52). Though CBPR is not Indigenous-specific, all three ap-
proaches value the importance of community engagement, transparency,
and involving members of a study population as active and equal partici-
pants in all phases of the research project. However, in more recent years,
there has also been a push for Indigenous leadership to be included within

Perspective
Perreault and Goodridge

https://doi.org/10.61373/gp025p.0008
24

GENOMIC PSYCHIATRY
Genomic Press

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-07-13 via free access

https://gp.genomicpress.com
https://www.gida-global.org/care
https://fnigc.ca
https://doi.org/10.61373/gp025p.0008


gp.genomicpress.com

Figure 1. Guidelines for developing policy for ethical WBE research with Indigenous communities. The guidelines are built upon Indigenous self-determination,
with partnership, choice, and governance as the foundational components. Researchers should exhibit respect, transparency, and cultural humility at all stages
of the process. Guidelines should include recommendations for appropriate community engagement, sample and data sharing, consent, and knowledge dissem-
ination. The image was generated with Biorender.

the research teams (e.g., academic, Elder, or Knowledge Keeper), which we
strongly endorse.

Consent
Within the guidelines, a strategy for developing a robust consent process
for wastewater sampling should be present, and the principle of Free,
Prior, and Informed Consent (FPIC) should be followed. References to FPIC
are found throughout UNDRIP (45), which emphasizes the importance of
ensuring that Indigenous peoples’ have effective and meaningful partici-
pation in decisions affects them, their communities, and their territories.
More specifically, FPIC describes that consent must be given freely, with-
out pressure or coercion, that sufficient time is given for communities to
review all relevant information, and that communities have access to all
the necessary information to determine the risks and benefits. The con-
sent process should therefore be thorough with assurance that Indige-
nous communities fully understand the implications of wastewater sam-
pling on their lands and the benefits and potential risks associated with
human genomic DNA and/or drug residues in the samples.

In community research, consent must be obtained first from commu-
nity leaders (e.g., Elders, Knowledge Keepers) before individuals are ap-
proached. This is particularly relevant to wastewater collection as sam-
ples are taken from community repositories and may contain the DNA of
hundreds of individuals that would be subsequently analyzed as aggre-
gated data. This poses additional challenges to consider, such as sampling
locations and the possibility of individual and/or family privacy breaches.
Indeed, the chances of identifying one individual from wastewater sam-
ples are extremely low but certainly not zero, leading to the question of
who gives consent. Can one person have the authority to refuse sampling
on community land due to the possibility of their DNA being in the sam-
ples? This question requires discussion far beyond what we can offer here.
While some may argue that individual consent may not be the most prac-
tical approach, ultimately, that would be a community decision. On the

other hand, if Indigenous leaders are chosen to consent on behalf of the
community, it is essential to consider the possibility of community lead-
ers changing with time. Therefore, specific timelines where consent would
remain valid should be established, as wastewater surveillance generally
takes place over long periods.

Sample Storage and Sharing
Implementing best practices for wastewater sample storage and sharing
is essential to maximize the benefits of WBE while safeguarding ethical
considerations, especially for Indigenous communities. One practical ap-
proach is to establish data sovereignty frameworks that empower com-
munities to maintain control over their samples. For instance, community-
led agreements could specify how samples are collected, stored, and
used, ensuring alignment with local cultural and ethical standards. Co-
designing sampling protocols, using a Two-Eyed Seeing approach to in-
tegrate Indigenous and Euro-Western ways of doing (50), for example,
can ensure that collection practices align with Indigenous stewardship
principles, emphasizing sustainability, reciprocity, and minimizing envi-
ronmental disruption. Clear protocols, such as secure, anonymized stor-
age systems, can protect individual and community privacy by deidenti-
fying data before analysis. However, this would involve critical discussion
as the community may want the samples returned. Additionally, a tiered
consent process could be adopted, where communities provide informed
consent for specific uses of their wastewater samples, preventing misuse
or unauthorized sharing.

The sharing of wastewater samples should be governed by agreements
prioritizing transparency and accountability. For example, researchers
can adopt collaborative sample-sharing platforms where Indigenous rep-
resentatives actively participate in decision-making. These platforms can
ensure that the wastewater samples are used only for agreed-upon pur-
poses and that results are reported back to the community in accessible
formats. Regular audits of sample usage and storage practices can further
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build trust and demonstrate adherence to ethical guidelines. Moreover,
integrating traditional ecological knowledge into WBE practices can fos-
ter mutual respect and enrich public health strategies. By codifying these
best practices into formalized policies, WBE can continue to advance pub-
lic health goals while ensuring that communities, especially Indigenous
populations, are respected and protected.

Data Governance and Knowledge Dissemination
Recommendations for Indigenous data governance should also be prior-
itized, ensuring that Indigenous communities are central in decisions af-
fecting their information. Protocols surrounding data sharing should also
be present. This is particularly important as open science remains a sig-
nificant deterrent for Indigenous peoples for several reasons, including
unrestricted access to personal samples and data, an overall inability for
Indigenous people to govern their own personal information (53), and the
substantial commercialization potential arising from their data alongside
a lack of benefit to the communities themselves. Given that the data are
aggregated, ownership of the data to the community should be clear. Fi-
nally, relationships with the communities should be maintained once the
research is completed. There should be ongoing consultation with the
communities regarding dissemination of the findings, and consideration
of best practices for knowledge sharing should be prioritized for each
community. Communities should be informed of and have the opportu-
nity to review all findings before disseminating them to the public, gov-
ernment, researchers, and any other external stakeholders.

Conclusions
Emerging technologies in wastewater analysis, such as advanced metage-
nomics, real-time biosensors, and WBE, have revolutionized the moni-
toring of public health, environmental pollutants, and microbial com-
munities. However, these advancements raise critical concerns regarding
Indigenous data sovereignty and privacy. The granular data obtained from
WBE can inadvertently capture sensitive information about specific com-
munities, including genetic material and health indicators, which may
conflict with Indigenous data governance principles. The ethical and legal
challenges posed by the datafication of wastewater emphasize the need
for robust frameworks to protect community-level data (54). Similarly,
ethical engagement with Indigenous communities when deploying WBE
technologies advocating for culturally sensitive practices that respect
Indigenous data sovereignty, is imperative (55). There needs to be a bal-
ance between open scientific data and the privacy concerns of marginal-
ized groups, highlighting the acute need for transparent data manage-
ment policies that align with Indigenous rights (56). REBs and oversight
committees at all levels—local, academic, and governmental—must in-
corporate WBE ethical guidelines into their standard protocols. This inte-
gration is essential to safeguard Indigenous communities from exploita-
tive research practices and ensure their fundamental right to control their
personal data.
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Translating stress systems: corticotropin releasing factor, its receptors, and
the dopamine system in nonhuman primate models

Julie L. Fudge1, Emily A. Kelly1, and Iman Mahoui1

Stress is a fact of life, affecting organisms from the smallest invertebrates to humans. Mediating the stress system is the ancient neuropeptide,
corticotropin releasing factor (CRF), which works as a neuromodulator to alter brain systems and homeostatic responses to stress. In humans,
many stress-related psychiatric illnesses are linked to dysregulation of monoamine systems, which have cross-talk with CRF-enriched circuits.
In this review, we focus on the CRF and the midbrain dopamine (DA) system, particularly as it relates to the nonhuman primate. While
tremendous knowledge of CRF-DA mechanisms has been gleaned from rodent models, treatments for stress-related diseases have been elusive,
raising the question of whether higher animal models might be required. Subtle shifts in CRF peptide or CRF receptor localization, and the
expansion and complexity of DA neuron populations, may hold some of the keys to understanding long-standing stress effects on the DA system
in humans. Our laboratory has especially been interested in laying out the neural architecture of the CRF-DA system interface in the nonhuman
primate, as a close anatomic model for human. Using rodent models as a starting point, we describe aspects of this complex system that inform
our understanding of CRF-DA interactions, and focus on results that have been, and those that still need to be, translated to nonhuman primate
models.

Genomic Psychiatry May 2025;1(3):28–43; doi: https://doi.org/10.61373/gp025i.0038

Keywords: Corticotropin releasing factor, dopamine neurons, neurotransmitter colocalization, parabrachial pigmented nucleus, retrorubral field, stress, ventral
tegmental area

Anatomy of the CRF Stress System and DA Neurons
As a key driver of the hypothalamic pituitary axis (HPA) in modulating
behavioral stress responses, corticotropin-releasing factor (CRF) [also
known as corticotropin-releasing hormone (CRH)] is a 41-amino acid pep-
tide that was first discovered in the rat hypothalamus over 40 years ago
(1). This peptide, like all neuropeptides, is packaged with classic “fast”
neurotransmitters and acts as a neuromodulator. Working in concert with
its primary transmitters, CRF has unique modes of action that can shape
stress circuitry throughout the brain. Although there is a vast literature
in rodent models, CRF mRNA and its peptide were subsequently identi-
fied throughout the brain in human and nonhuman primates, as well as
in rodent models, Review (2). In human, there is also considerable inter-
est in CRF receptors that are found in other organ systems, including the
immune (3), reproductive (4), metabolic (5), and cardiovascular systems
(6, 7) due to known stress effects on these systems and stress-related dis-
ease. Because stress, broadly defined, is implicated in the onset and re-
currence of numerous neuropsychiatric illnesses (8–11), CRF brain targets
continue to be a subject of inquiry.

Cross-species studies indicate that CRF mRNA and protein cellular dis-
tribution in the brain shares similarities but also important difference be-
tween rodents and nonhuman primates (2). One purpose of this review is
to highlight some of the known brain differences between the species.
Areas of dense distribution of CRF neurons in both nonhuman primates
and rodents include the “central extended amygdala” and ventral pal-
lidum (12–15). Species differences include a generally more diffuse dis-
tribution of CRF-containing cells in primate hypothalamus and extended
amygdala, and more discrete clusters within these regions in rodents, see
Review for details (Figure 1) (2, 14, 16). CRF-containing neurons are found
in many areas outside the extended amygdala, which have also been im-
plicated in anxiety-like behavior and/or sensory responses (particularly in
the auditory system). These regions include the periaqueductal gray, peri-
peduncular nucleus, pedunculopontine tegmental nucleus, parabrachial
nucleus, locus coeruleus (LC), lateral dorsal tegmental nucleus (LDTg),
median raphe nucleus, and pontine reticular nuclei.

1Del Monte Institute for Neuroscience, Departments of Neuroscience and Psychiatry, University of Rochester Medical Center, Rochester, NY 14642, USA
Corresponding Author: Julie L. Fudge. E-mail: julie_fudge@urmc.rochester.edu
Received: 12 January 2025. Revised: 7 February 2025 and 2 April 2025. Accepted: 4 April 2025.
Published online: 13 May 2025.

This review will also focus on the way CRF neurons influence a broad-
ened and more elaborate dopamine (DA) system in the primate. Stress
effects leading to excess DA release are well-documented across species,
but there is little known about the cellular and circuit basis of this, espe-
cially in higher primates. The “central extended amygdala,” a structural
continuity of the central amygdala nucleus through cell columns in the
forebrain with the lateral bed nucleus of the stria terminalis, that is en-
riched in CRF-containing neurons, has been one focus (17, 18). Central
“extended amygdala” CRF pathways are well known to project to the DA
system (19–21), and considered a means by which stress alters DA release,
and affects motivated and higher cognitive behaviors (22–27). Outside of
the well-studied extended amygdala, however, there are few studies doc-
umenting other CRF-modulated paths to the DA system [although see So-
den (28) and Chang (29)], which can be assumed to have specific targets
and affect specific systems. The mechanisms of how CRF release in general
influences DA firing also remains elusive (30, 31). As noted, knowledge of
the array of cell type–specific CRF inputs, and the complexity of postsy-
naptic cellular targets found in the ventral midbrain are missing pieces of
the puzzle. This is particularly true when it comes to understanding higher
species.

One clear piece of evidence is that there are high concentrations of
CRF-positive axons in the midbrain DA system in both rodents and pri-
mates (12, 13, 32–34). In both species, CRF-containing fibers overlap
the midline ventral tegmental area (VTA), and extend into the lateral
VTA (pigmented parabrachial nucleus, PBP) and into the retrorubral field
(RRF, or A8 group). These latter, non-midline, regions are especially well-
developed in primates (35, 36) and receive an abundance of CRF terminals
(Figure 2).

CRF is Packaged as a Neuromodulator
A key level of complexity for understanding CRF actions is that CRF is con-
sidered a “neuromodulator” instead of a “neurotransmitter.” Like most
peptides, it does not directly elicit an action potential (37). Instead, CRF
amplifies or attenuates the excitatory/inhibitory function of transmitters
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Figure 1. (A–C) Distribution of CRF-immunoreactive neurons in the nonhuman primate CEA and VP subregions. Labeled neurons are distributed broadly and
extend from the ventral striatum through the caudal central nucleus. Colored lines indicate various surrounding structures; red: striatum, cyan: ventricles, yellow:
globus pallidus, orange: thalamus, pink: cholinergic cell clusters, green: CRF-positive cells. (D) High-powered micrographs of CRF-labeled cells and processes in
BSTLcn, corresponding to boxed area in A. (E) High-powered micrographs of CRF-labeled cells and processes in VP, corresponding to boxed area in A. (F) High-
powered micrographs of CRF-labeled cells and processes in CeLcn, corresponding to boxed area in C. Scale bar = 100 μm. Abbreviations: AC, anterior commissure;
Astr, amygdalostriatal area; BSTLcn, bed nucleus of the stria terminalis; lateral central subdivision; BSTLP, bed nucleus of the stria terminalis, ventral posterior
subdivision; C, caudate nucleus, CeLcn, central nucleus, lateral central subdivision; CEM, central nucleus, medial subdivision; P, putamen; SLEAc, sublenticular
extended amygdala, central subdivision; VP, ventral pallidum. Figure used and modified with permission from (14).

released with it (38, 39). Therefore, CRF’s specific actions at terminals
must be considered in the context of the classic fast transmitters includ-
ing glutamate and/or GABA, with which it is packaged in specific circuits
(14, 37, 40). In both primates and rodents, CRF + axon terminals exhibit
synaptic profiles in the ventral midbrain based on electron microscopic
(EM) studies (33, 34). These terminals are filled with both CRF + dense
core vesicles and a more diffuse immunostaining that surrounds clear
(fast transmitter) vesicles. The physiologic impact of increased CRF re-
lease in response to stress is thought to regulate the excitatory/inhibitory
output of its circuit in a duration-dependent manner (41). Complicating
the picture, however, is the fact that while CRF is released at classical
synapses and binds presynaptic and postsynaptic membrane receptors,
it can also be released through exocytosis (also known as “volumetric” or
“extrasynaptic” release) directly through the axon membrane into the ex-
tracellular space (42). Therefore, while documenting the distribution and
characterization of CRF + axon terminals is important for understanding
co-modulation of classic transmitters in afferent sources, the location of
CRF receptors is also needed to help to clarify which cell types are affected
by both synaptic and “extrasynaptic” CRF release.

CRFR1 and CRFR2
The biological actions of CRF at postsynaptic targets are mediated
through at least two known receptors that have been identified in rat,
primate, and human brains: CRF receptor type 1 (CRFR1) and CRF re-
ceptor type 2 (CRFR2) (43). Both receptor subtypes are members of the
G protein–coupled receptor family and although they share significant
sequence homology, they are pharmacologically and anatomically dis-
tinct (44–46). Both the CRFR1 and CRFR2 receptors are coupled with
stimulatory G proteins, which undergo specific conformational changes
depending on ligand binding (47). CRF bind CRFR1 and CRFR2 with differ-
ing affinities, with CRF having a high affinity for CRFR1 and only a mod-
erate affinity for CRFR2. Urocortins, identified after the discovery of CRF,
share structural similarities with CRF (48–50), and either bind exclusively
to CRFR2 (UCN II, UNC III), or have a higher affinity for CRFR2 (UCN I) (49).

Early electrophysiological and pharmacological studies in rodents
demonstrated fundamental differences between CRFR1 and CRFR2 re-
ceptors, which have been reviewed extensively (43, 51–53). Generalized
CRFR1 antagonism (via intracerebroventricular injection of the CRFR1
antagonist, antalarmin) (54) and CRFR1 knockout (55, 56) suggested
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Figure 2. Localization of CRF-immunoreactivity in ventral midbrain. (A) low magnification brightfield micrograph of the ventral midbrain rostrocentral level
visualized with CABP-IR, a marker of the A10 and A8 neurons. CABP-positive A10 neurons contrast with CABP-negative SNc/A9 neurons, outlined with dotted
lines. (B) CRF-IR in fibers in adjacent sections, visualized with darkfield microscopy. (C) A higher magnification of boxed region in B showing patches of thin
beaded CRF-positive fibers in a section of the PBP. (D) Low-magnification brightfield micrograph of CaBP-IR in the caudal ventral midbrain. CaBP-IR neurons
are found in the A10 and RRF/A8 and absent in SNc/A9 subregion (dotted line). (E) CRF-IR in neighboring section to D, seen under darkfield magnification.
(F) CRF-labeled fibers course through the RRF/A8, which is bisected by the medial lemniscus (ml) seen under higher magnification, boxed region in E. Scale
bar = 1 mm (A, B, D, E), 250 μm (C, F). Abbreviations: III, third nerve; CRF, corticotropin-releasing factor; CaBP, calbindin; IP, interpeduncular nucleus; cp, cerebral
peduncle; scp, superior cerebellar peduncle; ml, medial lemniscus; SNr, substantia nigra reticulata; PBP, parabrachial pigmented nucleus; RN, red nucleus; VTA,
ventral tegmental area. Figure used with permission from (33).

anxiogenic effects. Early studies also suggested a general opposing role
for CRFR1 and CRFR2, but it is now generally acknowledged that this is
an overly simplistic view (57). Subsequent studies using more advanced
techniques such as conditional and site-specific receptor manipulations
indicate a dependence on circuit and cell type–specific characteristics
for CRF receptor action. For example, it is now known that low levels of
anxiety after enriched housing are associated with low levels of CRFR1
mRNA in the amygdala, and amygdala-specific CRFR1 knockdown re-
duces anxiety (58). In contrast, CRFR1 knockdown in the globus pallidus
(GP) increases anxiety-like behavior, suggesting an anxiolytic role in GP
circuitry (59).

CRFR1 and CRFR2 mRNA and Protein Distribution: Some Species
Differences
Some of the earliest CRF-binding assays were performed in monkey, and
revealed intense CRF-binding occurring widely throughout the cortex,
amygdala, hippocampus, and cerebellum, in addition to selected thala-
mic, hypothalamic and brainstem nuclei (60, 61). However, to date, very
little is known of the actual distribution of the CRF receptors in the non-
human primate. Sanchez et al. (1999) mapped the neuroanatomic distri-
bution of CRFR1 and CRFR2 receptor subtypes in the adult rhesus mon-
key utilizing in situ hybridization and also receptor autoradiography (62).
Noting some differences between the two techniques, CRFR1 mRNA was
abundant throughout the cortex (including prefrontal, cingulate, insular,

parietal, and temporal neocortical areas), dentate gyrus of the hippocam-
pus, several amygdaloid subnuclei, cerebellar granule cell layer, pituitary,
and LC. High densities of CRFR2 were found in neocortical areas (pre-
frontal, striate, cingulate, and insular cortices), CA1 of the hippocam-
pal formation, the choroid plexus, the paraventricular hypothalamic nu-
cleus, supraoptic nucleus, amygdala, pituitary, and mammillary bodies.
Notably, many regions including the cortex, amygdala and hippocampus
have strong distributions of both receptors in the primate. However, some
brain regions had selective distributions of CRFR1 or CRFR2 mRNA, sup-
porting the hypothesis that each receptor subtype may have distinct but
complementary functional roles within the primate central nervous sys-
tem (CNS). Unfortunately, the midbrain was not included in these results,
leaving unaddressed the specific distribution or existence of these recep-
tors in this critical region.

CRFR1 protein studies in nonhuman primate largely converged with
the mRNA findings (63). CRFR1 peptide (AA 21-34) was generally local-
ized in cell bodies and dendrites highlighting a strong postsynaptic role.
In this broad survey of the monkey brain, CRFR1 immunoreactivity was
also present in regions of the cerebral cortex, basal forebrain, basal gan-
glia, thalamus, and cerebellum converging with prior mRNA results (62).
Importantly, CRFR1 was highly expressed in the ventral midbrain, partic-
ularly in the lateral substantia nigra and reticulata. No studies have con-
ducted a similarly broad survey of CRFR2 expression in the nonhuman
primate brain.
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Figure 3. Differential regulation of CRF signaling during baseline and stressed situations in males versus females. At baseline, CRFR is primarily distributed
at the cell surface in males versus a primarily cytoplasmic distribution in females. Following stress, CRFR is internalized in males versus relocation to the cell
surface in females. Figure used and modified with permission from (68).

The general CRF receptor distribution in primates reveals some im-
portant differences compared to the rodent. While the human and non-
human cortex express both CRFR1 and CRFR2 mRNA as noted above, the
rodent cortex exclusively expresses CRFR1 mRNA (45, 64). Similarly, in hu-
man and monkey, both receptor subtypes are abundant in the pituitary
(7, 62), and CRFR1 antagonists alone have relatively minor effects on
ACTH or cortisol release in humans (65, 66). In rodent, CRFR1 receptors
only are found on adrenotrophs in the anterior pituitary. Other disconti-
nuities in the distributions of the two receptors exist between the species,
suggesting possible differences in the balance of CRF receptor subtypes
across brain regions, highlighting the importance of nonhuman primate
models to improve our understanding of the human CRF system.

Presynaptic and Postsynaptic CRFR1 and CRFR2
Important EM work in rodents reveals that CRFR1R and CRFR2 exist presy-
naptically and postsynaptically, depending on the brain region assayed
(67–71). Thus, CRF effects likely result from a balance of influence on
presynaptic versus postsynaptic neural control via each receptor, which
vary in a site- and sex-specific manner. CRFR1 is differentially expressed
in some brain regions in females and males. Importantly, however, in brain
regions without apparent sex differences in CRF receptor expression,

differential receptor signaling/sensitivity may be at play (72, 73) Exoge-
nous factors such as stress and pharmacologic manipulations can dynam-
ically regulate CRF signaling with differing behavioral effects in each sex,
possibly through differences in CRF receptor sensitivity and engagement
with intracellular pathways. Depending on brain region and sex, signifi-
cant trafficking of postsynaptic CRFR1 and CRFR2 receptors between the
membrane and cytosol regulates the availability of the receptor for CRF
postsynaptic effects (74, 75) (Figure 3). In brain regions with baseline sex
differences in CRFR1 and CRFR2 receptor expression (68, 74), these differ-
ences can be exacerbated following stress via intracellular mechanisms
that internalize and externalize (recruit) receptors (68). Thus, against
a back-drop of sex differences, stress can be homeostatically regulated
in each sex by receptor tracking, at least in selected brain regions (74).
Knowledge of the basic anatomic locations of CRF receptors, and shifts
across development and stress effects in the two sexes, is evolving.

CRFR1 and CRFR2 Gene Variants in Human Disease
An important issue for translational approaches is splice variation in CRF
receptors, which have tissue specific distributions and vary by species
(76). Alternative splicing is a known mechanism for regulatory control
of signaling that can affect cellular function. Different isoforms of the
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Figure 4. The CRFR1 gene and isoforms following alternative splicing. Note that the CRF1 gene is on different chromosomes in human and mouse. (A) Schematic
of the human CRFR1 gene structure, with base pair (bp) numbers of exons (red) indicated below them. Exons are the coding sequences present in the mature
mRNA. Introns (noncoding sequences) are depicted with black lines. Deviations in the size of mouse exons (red) shown in parentheses and gray. (B) Human and
murine CRFR1 splice variants. Red color denotes exons, black color denotes introns, yellow denotes the exon segments encoding the signal peptide (SP). Exon
segments coding for transmembrane helices (TMs 1-7) are denoted by gray bars. In both A. and B. pink denotes 5’ or 3’ untranslated regions. ECD = extracellular
domain; GPBD = G protein–binding domain; ICD = intracellular domain. Figure from (76) used with permission.

receptor can be present in different tissues or cells. In the CRFR1 family,
the CRFR1α variant is dominant but its activity is dependent on expres-
sion of other isoforms that may compete with or dimerize/oligomerize
with the CRFR1α isoform, altering its activity. Human CRFR1 and CRFR2
genes are expressed on chromosomes 17 and 7, respectively, which con-
trasts with their location on chromosomes 11 and 6 in mouse. Both genes
have multiple isoforms, as a result of alternative splicing particularly in
human (76) (Figure 4). Gene variants of CRFR1 and CRFR2 are common
and, in humans, specific variants are associated with different conditions
that are regulated by stress: major depression, type II diabetes, polycystic
ovary disease, and irritable bowel syndrome (5, 77–79). The role of CRF
signaling in these disorders owes to effects on the HPA, and also to direct
CRF effects on external tissues. The tremendous variety in CRFR1 human
gene variants, and how they interact with environmental factors such as
adverse life experience, has been a focus of psychiatric genetics for sev-
eral decades (78). Early linkage studies looking for a role for CRF variants
in mood and anxiety disorders were not compelling, however, mainly be-
cause they were underpowered (80). Nonetheless, the sum of genotyping
clinical studies supports a role for CRFR1 in the pathophysiology of de-
pression, anxiety disorders, and alcohol abuse, the latter of which is highly
comorbid with anxiety and depression diagnoses. While it is understood
that single-gene effects are unlikely in complex disorders, CRFR1 variants
likely play a role in conjunction with other genetic risk factors, and also
with environmental perturbations (81).

CRF Signaling and Behavior Through the Midbrain DA System
Stressful stimuli lead to dramatic adaptive changes in ongoing behaviors
in order to shift the animal into more adaptive responses (82). Stress-
ful manipulations such as footshocks, pinches, or airpuffs, and prolonged
anxiogenic events (e.g., restraint), increase DA cell firing (83, 84), and re-
sult in DA release in striatum, amygdala, and prefrontal cortex (23–27,
85–87). Similarly, CRF stimulation in the midbrain generally increases DA
neuron activity (88) and release at the terminal (89, 90). Thus, stress
experience shapes DA signaling and behavior, including motivated be-
haviors, response to novelty and decision making (91–94). However, the
mechanisms behind these effects, or differential effects on specific brain
circuits, are far from clear.

In slice preparations, CRF excites VTA DA neurons in a bimodal, dose-
dependent manner (88, 95–97). In part, CRF increases excitability by ef-
fecting release of calcium from intracellular stores in DA neurons (98).
However, CRF promotes excitation of VTA DA neurons via both presynap-
tic and postsynaptic mechanisms involving both CRFR1 and CRFR2 (88,
96–101). Complicating this picture, CRF release can itself also alter the ex-
pression of CRFR1 and CRFR2 expression (102). Stress was recently shown
to regulate CRFR1 expression in DA neurons, with consequences for both
DA firing and behavior (103).

In vivo, most work has investigated how CRF modulates motivational
and decision-making processes, including addictive behaviors. For ex-
ample, both restraint stress and infusions of CRF into the VTA diminish
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preference for larger rewards with a greater effort cost. Notably, CRF an-
tagonism blocks these effects in stressed animals (104). Similar studies
show that stress and CRF administration in the VTA reduce motivation to
work for food reward behaviors, but regulate DA firing in a pathway- and
stimulus-specific manner (105). This circuit-based approach makes clear
that CRF effects on behavior and DA release are critically dependent on
gating of specific active afferent/efferent pathways.

Stress likely also influences non-DA neuronal cells in the midbrain DA
system, including GABAergic interneurons (106–110). These neurons are
proposed to exert tight inhibitory control on DA neurons (108, 111, 112),
but the effects of CRF on these neurons have not been studied in detail.
CRF increases firing of inhibitory GABA neurons in the VTA, although it is
unclear if this a causative or compensatory effect related to CRF-induced
DA activation (95, 97). CRFR1 mRNA and CRF-binding protein (associated
with CRF receptors) is expressed in some VTA GABAergic neurons per stud-
ies in rodent (103, 113). Therefore, to better understand the ways in which
CRF differentially impacts the molecularly defined DA neuron subtypes as
well as non-DA neurons in the midbrain DA system, anatomic localization
of these subpopulations and their relative expression of CRF receptors is
a missing piece of the puzzle.

The Midbrain DA Target is Ruled by Anatomic Complexity
The midbrain DA neurons are no longer considered a homogeneous sys-
tem. DA neurons are physiologically heterogeneous with respect to both
intrinsic firing and coding properties. For example, DA neuron pace-
making and spiking depend on a variety of ion channels, which vary
across the DA subregions, giving rise to heterogeneity in spontaneous and
induced-spiking activity (114, 115). Many recent papers show that phys-
iologic activity, as well as molecular/transmitter content and circuit con-
nections, can be predicted from mediolateral and rostrocaudal anatomy
of ventral midbrain in both rodents and primates (116–122). This basic
anatomy (based on developmental trajectories) provides an important or-
ganizational principle for predicting cell types and connections between
the species. Although the primate ventral midbrain system is larger and
more elaborate, the mediolateral and rostrocaudal axes provide impor-
tant anchors for comparison.

The nonhuman primate ventral midbrain is an important, albeit un-
derstudied, bridge to understand human disorders because of its simi-
larity to the human (123–125). Because DA neurons serve the individ-
ual over the lifespan, the nonhuman primate is also a closer model for
understanding specific populations that are particularly plastic or that
are vulnerable over long time periods, that is, in aging or chronic envi-
ronmental insult. Fortunately, identification of the basic DA subregions
(A10, A9, and A8) across species can be done with specific histochemi-
cal markers, permitting regional comparisons across species (126–128)
(Figure 5).

The concept of DA neurons generating “reward prediction errors” in
learning was first discovered in nonhuman primate, and became a domi-
nant model of DA function (129, 130). As this concept has been debated
and expanded, location-dependent roles of different DA subregions have
been raised, with DA neurons in different midbrain regions involved in
other functions. In monkey, laterally displaced DA neurons appear to have
a separate role, signaling the biologic relevance (salience) of both reward
and nonreward predicting stimuli (salience coding) (131, 132). These DA
neurons may play a different role in complex behaviors such as orient-
ing, or preparing strategies to avoid potentially aversive cues (84, 131,
133–135). This general medial-lateral trend has been noted as well in
rodent studies, with different functional properties distributed along this
axis (27, 136).

DA Subregions are a Translational Anchor for Understanding
Heterogeneity
Although the vast majority of work on DA heterogeneity is in mouse and
rat, the conserved organization of the DA subregions serve as important
landmarks to approach higher species (137) (Figure 5). The nonhuman
primate system is expanded in both mediolateral and rostrocaudal di-
rections (Figure 5A and B, rostral; C and D caudal). Across rodents and

primates, the A10 subregion, referred to as the VTA, contains a number
of subnuclei. In addition to multiple midline subnuclei (mVTA), the A10
includes the lateral-most VTA subnucleus, the PBP. The PBP is dispropor-
tionately enlarged in higher primates (35). While previously referred to as
the “dorsal A9,” it is now clear that the primate lateral VTA (PBP) stretches
dorsolaterally over the A9, comprising a large expanse of the midbrain.
The entire A10 is closely related to the A8 subregion, and is continuous
with it in macaque and human (see below) (Figure 5C and D). Both re-
gions, in both rodent and primates (including human), have DA neurons
that express calbindin-D28K, a calcium-binding protein (CaBP, Figure 5A,
D, and E), which is absent in the A9. The A8 (also known as the RRF), is
enlarged volumetrically in nonhuman primates (36, 138), and is also an
important component of the mesolimbic path. The A9 is conspicuously
lacking in CaBP, but is enriched in other protein markers as noted below.

Major Transmitters in the DA Subregions
All DA subregions contain dopaminergic, GABAergic, and glutamatergic
neurons, with variable relative densities of transmitter-specific neurons
in each region. This has been shown across mice, rats, and primates (139–
143). In addition, “multiplexed” neurons that coexpress at least two of the
aforementioned neurotransmitters are well described in rodents (142,
144–147), and are beginning to be identified in higher species. (Although
not reviewed here, some DA neurons also coexpress coregulatory neu-
ropeptides: neurotensin (NT), cholecystokinin (CCK) (148–150), and va-
soactive intestinal protein (151). The DA subregions also contain glial
cells, including astrocytes, oligodendrocytes and microglia, which inter-
act with neurotransmitter release (152–154). Astrocytes in particular are
D2 receptor responsive, and are critical for controlling extracellular gluta-
mate levels, which in turn alters the excitability of DA neurons (153, 155,
156).

GABA
GABAergic neurons comprise the largest nondopaminergic subpopulation
among the DA subregions (157–159). While the surrounding pars reticu-
lata is comprised entirely of GABAergic cells, inhibitory neurons are also
interspersed among DA cells in all subregions (143, 160). All DA neurons
appear to be regulated by GABA receptors (158). GABAergic neuron activ-
ity in the ventral midbrain can be influenced by astrocytic activity (161), in
addition to afferent control by neuronal systems. GABAergic neurons es-
tablish local inhibitory connections on DAergic neurons, and also project
outside the VTA to the ventral striatum, basal forebrain, the prefrontal
cortex, the lateral habenula, lateral hypothalamus, and amygdala (162–
167). GABAergic neurons are themselves diverse, based on morphology
and immunostaining for neuropeptides, calcium-binding proteins, and ni-
tric oxide synthase (126, 168–170).

While GABAergic neurons make up about one-third of neurons in the
midbrain, the ratio of GABA-to-DA cells varies among DA subdivisions
(141, 171). In nonhuman primate animals of the same age and sex (puber-
tal males), we found that although GABAergic neurons comprise 30% neu-
rons, there are marked differences in the DA-to-GABAergic ratios across
subpopulations, with the greatest DA-GABA ratio (5:1) in the parabrachial
pigmented nucleus of the VTA, and the lowest DA-GABA ratio (1:1) in
the A8 neurons. These different ratios are largely accounted for by the
changes in DA neurons in each population, with GABAergic neuron num-
bers remaining similar across regions (140).

Colocalization of traditional markers for DA and GABA occurs in the
rodent midbrain but apparently comprise a relatively small subpopula-
tion of DA neurons (10%–15%) (172, 173). Nonetheless, GABA/DA coex-
pression in selective projections is recognized as an important local reg-
ulator of striatal modulation as there is an alternative GABA synthesis
pathway involving aldehyde dehydroxygenase-1 (173) found in many DA
neurons that may also play a role (see below, New ways of understand-
ing DA heterogeneity). As will be described below, a simple “dichotomy”
of DA-GABA ratios can be misleading, since many putative DA neurons
that co-contain glutamate also contain glutamate aldehyde decaroxy-
lase, GAD, an enzyme in the biosynthesis of GABA, as well as aldehyde
dehydroxygenase-1. Although GAD is not detected in some studies in
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Figure 5. Localization of the A10, A9, and A8 DA subregions following immunohistochemical labeling for CaBP and TH in nonhuman primate and murine ventral
midbrain. (A) Rostrocentral level of nonhuman primate ventral midbrain with CaBP-positive cells in mVTA (A10), PBP (A10) in contrast to CABP-negative labeling
in A9 (dotted outline). (B) Neighboring TH-IR section to A. (C) Caudal level of nonhuman primate ventral midbrain with CaBP-positive cells in RRF/A8 in contrast
to CABP-negative labeling in A9 (dotted outline). (D) Neighboring TH-IR section to C. (E) Murine ventral midbrain demonstrating CaBP-IR in VTA. A9 (substantia
nigra pars compacta) is CaBP-negative. (F) Neighboring section to E showing TH-IR. Abbreviations: ml, medial lemniscus; mVTA, medial ventral tegmental area;
PBP, parabrachial pigmented nucleus; RRF, retrorubral field; SNr, substantia nigra reticulata; vta, ventral tegmental area; zi, zona inserta.

mouse (174), we detected GAD1 mRNA signal both in interneurons and
DA neurons in the primate.

Glutamate
The discovery that some DA neurons coexpress glutamate over twenty
years ago created a paradigm shift in conceptualizing DA neuron func-
tion (142, 175). DA neurons can selectively express the glutamate vesic-
ular transporter 2 (VGluT2), which is differentially expressed in dif-
ferent DA subregions (144, 176–178). Consistent with this, glutamate
release from DA neurons is only detected in some forebrain targets in
rodents (179).

Importantly, the corelease of DA and glutamate appears to be de-
velopmentally regulated, due to the dynamic expression of tyrosine
hydroxylase (TH) (128). In early postnatal development, most postmi-
totic DA neuron progenitors express VGluT2 (180). These DA progenitors

migrate in waves so that the earliest neurons arrive in the lateral mid-
brain, and the most recently differentiated neurons populate the midline
structures (181, 182). During development, TH mRNA gradually increases
throughout the midbrain neurons, and VGluT2 expression declines (147,
183, 184). Depending on the animal’s age, the complement of VGluT2-
only cells, VGluT2-TH, and TH-only neurons can theoretically shift (183)
particularly in long-lived species like primates. “Pure” glutamatergic VTA
neurons are largely are localized to the midline in adult mice, marmosets,
and humans (185, 186), but found throughout the ventral midbrain (178).

Newer Ways of Understanding DA Heterogeneity
The understanding of the heterogeneity of DA subpopulations across the
midbrain has been advanced by newer transcriptomic methods in rodents,
including single-cell RNA sequencing (scRNA-seq) (187). When gene
expression heterogeneity in single cells is mapped and validated spatially,
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the distribution of combinations of mRNA transcripts is evident across
the medial-to-lateral and dorsal/ventral extent of the system. These ap-
proaches not only confirm DA subregional “markers,” also shed light on
molecules not previously identified within these regions (128, 188–190).
Replicating the results of traditional immunostaining studies, scRNA-
seq approaches, combined with in situ hybridization, show that calcium-
binding protein D28-K mRNA (CABP) maps onto the “dorsal tier” of A10
and the A8 neurons. Functionally, high CaBP levels are associated with
fast buffering of calcium influx, which controls the rate of synaptic vesi-
cle release following an action potential (191, 192). In primates CaBP +
DA neurons also lack high levels of autoregulatory molecules such as the
dopamine transporter (DAT) and the D2 receptor (193), suggesting a rela-
tive dependence on calcium buffering for controlling release at synapses.
“High” and “low” expressing levels of these autoregulatory molecules
in different DA subregions are now confirmed in scRNA-seq in mouse
(194). In contrast, CaBP-negative DA neurons of the ventral substantia
nigra (A9), are likely to express aldehyde dehydroxylase-1, which regu-
lates DA production and also serves as an alternate path for GABAergic
synthesis (173).

In macaques, CaBP + DA neurons neurons (A10 and A8) have spe-
cific projections to the ventral striatum, to the entire prefrontal cortex,
and the amygdala (122, 138, 195–197). In mouse studies, it is found that
a subset of CaBP + DA neurons further colocalize VGluT2 mRNA (121,
128, 179, 194). For example, CaBP/VGluT2-positive neurons of the mid-
line VTA project to the ventral striatum, while the CaBP/VGluT2 of the lat-
eral VTA(PBP), project specifically to the central nucleus of the amygdala
(179) and to the tail of the caudoventral striatum (121). As with VGluT2
expression, developmental shifts in CaBP have not been fully accounted
for, so that the picture as viewed from studies in adult animals may not be
static through life, or applicable to younger animals (189, 190). This may
be also relevant in higher species where development occurs over longer
time periods. For example, in the human, CaBP gene expression in DA neu-
rons is not seen prior to P7 (128).

Attempting to control for age and sex effects, we preliminarily exam-
ined two young male macaques for evidence of “multiplexed” transmit-
ter content using mRNA expression for TH, VGluT2, and GAD1 (Figure 6A–
H). These animals were considered “adolescent” at age 3 (early puberty)
and 6 (late puberty) (198). Using RNAScope methodology and a semiau-
tomated cell counting strategy, we found few differences between these
animals in either the numbers of single-labeled or “multiplexed” neurons.
Our method used RNAScope methods in evenly spaced coronal sections
throughout the midbrain (5–6 sections, spaced 1 mm apart). After set-
ting criteria for automated labeled cell detection in individual channels in
the triple-labeled sections in preliminary studies, the regions of interest
were drawn from adjacent CaBP-IR sections. After automated detection of
each cells in individual channels, colocalization was performed (Neurolu-
cida 360, Microbrightfield, Williston, VT) [see also (14)]. An independent
investigator randomly chose sections and subregions for manual count
validation, to check the fidelity of the semiautomated settings to mark-
ers placed by human expert users. We compared each animal in terms of
number of cells and the relative proportion of cells counted, which was
similar.

In this pilot, we were surprised to find that the majority of labeled
neurons contained two or more of these three transmitters, and formed
59% of all cells (Figure 6G). The remaining 41% were single-labeled for
either TH, VGluT2, or GAD1 mRNA. As expected, the majority of neurons
contained TH mRNA (82%). Somewhat surprisingly, however, the major-
ity (69%) of TH mRNA-positive neurons were multiplexed (Figure 6H),
with the predominant type being TH/VGluT2-coexpressing cells (light
and dark purple). A sizeable proportion of TH/VGluT2-expressing neu-
rons also cocontained GAD1 mRNA (dark purple). Pure glutamatergic neu-
rons (orange) were relatively rare (7%). Interestingly, GAD1 mRNA + neu-
rons constituted about 30% of all cells, consistent with prior results for
single-labeled immunohistochemical studies (140); yet these too con-
tained sizeable “multiplexed” populations (Figure 6G). We found that
GAD1 mRNA colocalization in TH-positive neurons almost always occurred
against a VGluT2 background (Figure 6H). Since GAD1 protein is a syn-

thetic enzyme responsible for converting glutamate to GABA, this ten-
dency for TH-GAD1-VGluT2 co-localization makes anatomic sense. Past
studies in rodent have not appreciated GAD1 mRNA in DA neurons, but
do find corelease of GABA at the DA terminals (173, 174).

It is hard to compare this work to prior work in humans and mar-
mosets, or rodents (185) not only due to potential species differences,
but also the relative age of the individuals [human samples are elderly,
when DA neurons decrease normally (183, 199)]. Importantly, a bigger
sample size and the inclusion of female animals is essential to fully in-
terpret our results. In general, however, as found previously, there are
relatively fewer VGluT2-single labeled neurons in nonhuman primate,
compared to rodents. In addition, there are three clear populations of
TH-single, TH/VGluT2, and TH/VGluT2/GAD1 containing neurons. In con-
trast to rodents, and similar to one other study in marmoset and human,
TH/VGluT2 containing neurons were not restricted to the midline VTA
structures (185).

The relatively young age of our animals may explain the relatively high
colocalization of VGluT2 mRNA in TH-positive neurons, since glutamate in
dopaminergic cells is developmentally regulated as noted above [see also
Fortin (147, 200)]. Furthermore, different methodologies across studies
have differing sensitivity for detecting these molecules. Prior work com-
pared immunohistochemistry for TH in conjunction with traditional meth-
ods for in situ double labeling of VGluT2 mRNA, whereas these results
employ RNAScope to detect transcripts for all molecules.

Correlating our mRNA results with protein levels is relatively straight-
forward for TH mRNA and protein, and the distribution is robust and sim-
ilar, as expected. The general distribution of GAD1 mRNA comported with
our previous experiments for GAD1 protein, as noted above. VGluT2 pro-
tein is found at terminals, although its transcript is found in the cell body,
leading to a mismatch of protein and transcript localization (201). The
presence of VGluT2 mRNA at the cell body, however, has been found to be
necessary and sufficient for glutamate exocytosis at the synapse, and is
considered a marker of glutamatergic transmisson (202).

Mapping CRF Receptors onto a Heterogeneous DA System
A comprehensive understanding of CRF effects in the DA system requires
a thorough understanding of CRF receptors distribution among specific
cell types and circuits in the DA system. In older anatomic studies, CRFR1
mRNA is distributed over the VTA and other midbrain structures (64, 203,
204), whereas there is reportedly little CRFR2 mRNA (204). One important
issue with lower resolution anatomic studies is that CRFR2 mRNA and pro-
tein are found in axon terminals innervating the ventral midbrain (70, 97).
Therefore, if CRFR2 mRNA (or protein) is not properly colocalized in presy-
naptic or postsynaptic structures using appropriate markers, the data can
be hard to interpret (67, 203).

More recent studies using mouse genetics indicate that CRFR1 is found
with relative abundance in DA versus non-DA cells (100, 103, 205), consis-
tent with patch clamp studies showing the CRFR1 activates DA neurons,
increasing spontaneous firing (88). CRFR1-containing GABAergic neurons
exist, but do not change their spontaneous firing pattern in response to
CRF (103). A recent report in mouse indicates that CRFR1 + neurons in
the VTA are > 87% DAergic, and segregate to the lateral VTA (PBP) neu-
rons which project to the lateral shell and core, but not the medial shell,
of the ventral striatum (205). While data in monkey are preliminary, we
find a very widespread distribution of CRFR1 mRNA in the ventral mid-
brain, mainly localized to DA neurons. CRFR1 is distributed broadly, not
only in the A10 neurons but also in the substantia nigra, pars compacta
(SNc) (Figure 6I). As in mouse, the lateral VTA (PBP) cells appear more
enriched in CRFR1 mRNA than the midline VTA cells, and CRFR1 mRNA is
strongly expressed across the SNc DA neurons as well. In adolescent an-
imals, we found that on average, 72% of CRFR1 mRNA-positive neurons
across all ventral midbrain subregions contained TH mRNA. Most of the
CRFR1-TH–positive neurons were “multiplexed” with GAD1 and/or VGluT2
(not shown) (Figure 6J).

Less is understood about the anatomy of the CRFR2 distribution in
the midbrain. Several reports using real-time PCR found low-level CRFR2
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Figure 6. Preliminary characterization of “multiplexed” neurons in A10, A9, and A8 subregions in macaque. (A) Overview of RNAScope processed section at 4X,
(B–D) Higher power (20X) images of various neuronal types in separate and merged channels. (C) Insets with TH mRNA + neurons in red, either single labeled, or
colabeled with VGluT2 (blue) and/or GAD1 (green) mRNA. Simple arrow = single-labeled TH + neurons, arrowhead = TH/VGluT2 + neuron, double arrowhead =
triple-labeled TH/VGluT2/GAD1 neurons (not all cells are labeled for simplicity). (D) Insets with similar neurons types, but depicting many triple-labeled neurons
(double arrowhead), and single labeled GAD1 mRNA + neurons (green arrows). (E, F) Maps of the distribution of TH-positive phenotypes at two rostrocaudal
levels. Light blue, TH only; light purple, TH/vGLUT2; dark purple, TH/vGLUT2/GAD1. (G) Mulitplexed and nonmultiplexed neurons in the ventral midbrain. (H)
Proportions of multiplexed neuronal types by transmitter types. (I) Macroscopic view of CRFR1 mRNA in macaque ventral midbrain. The majority of CRFR1 mRNA
is colocalized in TH-positive neurons (n = 3 animals). (J) Triple labeling for TH-GAD1-CRFR1 mRNA shows that the majority of CRFR1 neurons cocontain TH
mRNA.
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Figure 7. Piecing together CRF-DA anatomic relationships. (A) CRF can act via dual “fast”/short range and “slow”/long range mechanisms. CRF/ GABA afferent
terminals mainly contact non-DA neurons (putative interneurons). GABA-CRF terminals may autoregulate GABA release through presynaptic CRF2 receptors,
as in other brain regions. In the midbrain, classic GABAergic transmission “inhibits” the inhibitory GABAergic neuron, to modulate DA firing. (B) Under stress,
increased activity-dependent CRF production acts via both increased presynaptic transmission (increasing GABAergic fast signaling, blue) and volume (slow,
pink) transmission. Volume transmission permits CRF to more completely saturate CRFR1 receptors on DA membranes at some distance from extrasynaptic
release sites. In this way, it works in tandem with GABAergic signaling, ensuring that interneuron inhibition is decreased, before direct excitation via CRF1R
signaling. (C) Stress and CRF can change synaptic structure to enhance CRF effects (see text), although this possibility has not been explored in the CRF-DA path.
Increased active zone length and increased contact sites are potential mechanisms.

expression in the mouse VTA; however, these results have not been repro-
duced using in situ hybridization until recently.

While one report using real-time PCR found low-level CRFR2 expres-
sion in the mouse VTA (101), other researchers were unable to reproduce
those results (34, 113). Recently, using modern methods for in situ hy-
bridization, low baseline levels of CRFR2 were found in astrocytes (206).
Interestingly, CRFR2 was significantly upregulated by dopaminergic ag-
onists (cocaine and methamphetamine), and was seen in astrocytes and
TH-positive neurons after drug treatment. These studies suggest that low
baseline levels of CRFR2 in the midbrain are up-regulated by manipula-
tions such as stress or substances (86, 206), similar to effects on CRFR1
in diverse brain regions.

Future Directions
In summary, the mapping of gene expression patterns within distinct DA
subpopulations highlights a nuanced spatial distribution of TH, GAD1, and

VGluT2 mRNA transcripts that may change dynamically with age (182). We
are attempting to add in the distribution of CRF and CRFR1 the macaque.
We previously found that the vast majority CRF + axon terminals in this re-
gion make contacts onto non-DA (presumptive GABAergic) neurons (33).
CRFR1 mRNA is broadly distributed on DA neurons in the lateral VTA and
in the substantia nigra (A9), but it is unclear how development, sex differ-
ences, and stress factor into this pattern. This first “snapshot” suggests
that at least in young male animals, control of GABAergic neurons by CRF
in the lateral VTA is through direct synaptic, possibly presynaptic, mech-
anisms, while strong labeling for CRFR1 mRNA in DA neurons (and rela-
tively few direct CRF + synapses onto these cells), suggests that CRF “vol-
ume” transmission is also in play (Figure 7A and B).

“Volume transmission,” long described in seminal studies by Agnati,
Fuxe, and colleagues (207), explains how peptides confer long-range and
enduring effects on signaling, which are complementary to excitatory,
“fast” transmission. Peptides such as CRF “packaged” with classic fast
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transmitters in the same neuron allows for cooperativity and flexibility at
the target. They are packaged in large dense core vesicles, which require
high-frequency action potentials for release, in contrast to classic trans-
mitters. Once released, peptides such as CRF may take seconds to min-
utes to reach their receptors which are often found some distance from
the synapse, in contrast to synaptic fast transmission that occurs within
milliseconds through a synaptic cleft of less than 50 nm (208, 209). Neu-
ropeptide clearance is slower, unlike classic transmitter reuptake, and de-
pends on extracellular peptidases. These dual mechanisms provide varia-
tions in spatial and temporal control of DA firing (37, 68, 210). In a simple
model suggested by our preliminary results, GABA release can quickly re-
lease the inhibitory (GABA interneuron) brakes on DA, while more intense
firing rates in CRF/GABA terminals activates release of extrasynaptic CRF
which diffuses through the extracellular space to directly activate CRFR1
in a concentration dependent manner (Figure 7A and B). On the postsy-
naptic side, CRFR1 receptors on DA neurons may form oligomeric com-
plexes with other G protein–coupled receptors on the membrane surface,
to integrate peptide signaling (211).

Beyond signaling dynamics, another relatively underexplored facet of
the field is that CRF release has neuroplastic effects on synapse structure
(212–215). This is a potentially important modality for conferring long-
lasting synaptic changes in the stress system, including DA release (Figure
7C). Determining neuroplastic effects of CRF-containing projections on
the DA system will require exhaustive work using laborious techniques
like electron microscopy, but will be important on shedding light on how
long-term adaptations in the stress system occur, particularly in higher
species.
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Deciphering the molecular basis of accelerated biological aging in substance use
disorder: Integrative transcriptomic analysis

Bruno Kluwe-Schiavon1, Laura Stertz1, Tatiana Barichello1, Thomas D. Meyer1, Gabriel R. Fries1, and Consuelo Walss-Bass1

Substance use disorders (SUDs) contribute to early-onset age-related diseases and represent a major global health burden. Accelerated
biological aging (AA) has been proposed as a key factor behind SUD-related morbidity and mortality. This study aimed to elucidate the
molecular basis of AA in SUD by analyzing transcriptomic profiles in postmortem dorsolateral prefrontal cortex tissue from individuals with
SUD, including alcohol (AUD), opioid (OUD), and stimulant use disorders (StUD). We examined brain tissue from 58 donors to assess differential
aging patterns and AA across SUD using epigenetic clocks specifically designed for brain tissues (DNAmClockCortical, CerebralCortexClockcommon,
and PCBrainAge). Samples were then stratified into those with and without AA to perform differential expression analyses across groups and to
identify biological pathways potentially related to AA. Analyses identified multiple differentially expressed genes linked to AA, revealing
unique and overlapping biological pathways within SUD subtypes. Further, our analysis highlighted shared aging mechanisms across SUD
subtypes, particularly mitochondrial signaling and metabolic processes. While insightful, these subtype-specific findings remain exploratory
due to limited statistical power. Most biological pathways underlying AA in SUD appear to be subtype-specific, with distinct molecular
signatures influenced by substance type. Given the cross-sectional design, causal interpretations are limited. Further research may support
targeted interventions for aging-related risks in SUD populations.

Genomic Psychiatry May 2025;1(3):44–52; doi: https://doi.org/10.61373/gp025a.0029
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Introduction
Substance use disorders (SUDs) lead to the early onset of age-related
diseases and pose a critical global health challenge, ranking as the fifth
cause of years lived with disability, the ninth cause of disability-adjusted
life years, and the 15th cause of years of life lost due to premature mortal-
ity (1). SUDs are also associated with increased risks for chronic physical
health conditions such as cardiovascular disease, cancer, chronic pain, and
increased risk for long-term cognitive impairments (2, 3).

Biological aging is a process that describes the progressive deterio-
ration of biological functions, in contrast to chronological aging, which
represents the time since birth (4). Epigenetic clocks, such as Hannum,
Horvath, PhenoAge, and GrimAge, which incorporate DNA methylation
(DNAm) data from unique CpG sites across the genome into weighted lin-
ear equations to predict age and other health outcomes, are currently
considered the most promising biomarkers of biological aging (5). Esti-
mates of epigenetic accelerated aging (AA) are obtained by regressing
the predicted epigenetic age against chronological age within a cohort,
where positive values indicate faster-than-expected biological aging (6).

Emerging research has underscored the biological mechanisms un-
derlying early-onset morbidity and premature mortality in SUD, with AA
proposed as a potential driver of these adverse outcomes (7). This has
been most consistently shown in alcohol use disorder (AUD), where pa-
tients exhibit biological ages that exceed their chronological ages and
appear biologically older than controls in both brain and blood tissues
when measured by the PhenoAge and Horvath clocks (8–12), and bio-
logical aging can be partly reversed with abstinence (10). Additionally,
chronic heroin use has been associated with shorter DNAm-based telom-
ere length (13). However, findings across SUDs such as stimulant use
disorder (StUD) and opioid use disorder (OUD) are inconsistent. Assess-
ments using first-generation epigenetic clocks such as Horvath and Han-
num have shown no clear significant differences between these SUDs and
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control groups, and even counterintuitive negative biological aging has
been reported (9, 12).

The absence of consistently higher AA in some SUDs does not negate
its relevance; rather, the findings from current studies imply that adverse
aging outcomes in SUD may be driven by distinct biological processes and
that the degree of AA may vary based on substance-specific effects and
the type of epigenetic clock used for assessment. In regards to the latter,
although previous studies, including our own, have shown that epigenetic
clocks designed for use in peripheral blood may serve as good estimators
of brain aging (8), the extent of AA in SUD in the brain has not previously
been comprehensively explored using epigenetic clocks specifically de-
signed for brain tissues. In this study, we aimed to identify substance-
specific transcriptomic profiles of AA in the dorsolateral prefrontal cor-
tex (DLPFC, Brodmann area [BA] 9), a key region involved in cognitive
processes relevant to SUD, such as executive functions, decision-making,
behavioral and cognitive inhibition, working memory, and craving (14).
Specifically, we hypothesized that distinct drug-specific biological path-
ways would influence AA in SUD, potentially explaining the variability in
aging outcomes observed in these disorders.

In this study, we explored the relationship between SUD and epige-
netic markers of AA, focusing on AUD, OUD, and StUD. By concentrating on
specific SUDs, we aimed to clarify substance-specific aging patterns and
minimize confounding effects that could arise from broader case–control
comparisons. Our objectives were: (i) to identify differentially expressed
genes (DEGs) associated with AA in individuals with SUD and (ii) to explore
overlaps in enriched biological pathways and mechanisms across differ-
ent SUD subtypes (AUD, OUD, and StUD) related to AA.

Results
Participant demographic, clinical, and biological characteristics are sum-
marized in Table 1 and Supplementary Table S2. The identified AA− and
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Table 1. Sample characteristics and group comparisons

Overall AA− AA+ Statistics p-value Effect size

Sample size, freq. 58 30 28
Age, mean (SD) 45.84(14.49) 44.33(16.54) 47.46(12.01) t[52.89] = −0.83 0.411 0.113
Sex, freq. (%) 15(25.9) 6(20.0) 9(32.1) Ï‡Â2[1] = 0.57 0.45 0.139
Smoking index, mean (SD) 0.82(0.05) 0.83(0.06) 0.81(0.05) t[56] = 1 0.32 0.133
Race: White, freq. (%) 35(60.3) 16(53.3) 19(67.9) Ï‡Â2[1] = 0.74 0.389 0.148
Race: Black, freq. (%) 17(29.3) 9(30.0) 8(28.6) Ï‡Â2[1] = 0 0.999 0.016
Race: Hispanic, freq. (%) 6(10.3) 5(16.7) 1(3.6) Ï‡Â2[1] = 1.45 0.228 0.215
AUD, freq. (%) 13(22.4) 6(20.0) 7(25.0) Ï‡Â2[1] = 0.02 0.888 0.06
OUD, freq. (%) 16(27.6) 10(33.3) 6(21.4) Ï‡Â2[1] = 0.52 0.472 0.133
StUD, freq. (%) 10(17.2) 4(13.3) 6(21.4) Ï‡Â2[1] = 0.22 0.64 0.107
AUD and OUD, freq. (%) 6(10.3) 4(13.3) 2(7.1) Ï‡Â2[1] = 0.12 0.732 0.102
AUD and StUD, freq. (%) 5(8.6) 3(10.0) 2(7.1) Ï‡Â2[1] = 0 0.999 0.051
OUD and StUD, freq. (%) 3(5.2) 1(3.3) 2(7.1) Ï‡Â2[1] = 0 0.951 0.086
Polysubstance use disorder, freq. (%) 5(8.6) 2(6.7) 3(10.7) Ï‡Â2[1] = 0.01 0.936 0.072
Cause of death: Cardiovascular/Chronic

conditions, freq. (%)
22(37.9) 11(36.7) 11(39.3) Ï‡Â2[1] = 0 0.999 0.027

Cause of death: Overdose, freq. (%) 34(58.6) 19(63.3) 15(53.6) Ï‡Â2[1] = 0.24 0.626 0.099
Cause of death: Other, freq. (%) 2(3.4) – 2(7.1) Ï‡Â2[1] = 0.59 0.441 0.196
PCBrainAgeClockAcc, mean (SD) 0.05(3.95) −1.87(3.79) 2.11(3.00) t[54.59] = −4.44 0.999 0.515
DNACorticalClockAcc, mean (SD) −0.30(3.44) −2.42(2.65) 1.97(2.64) t[55.74] = −6.32 0.999 0.646
CerebralCortexClockCommonAcc, mean (SD) −0.49(3.34) −2.65(2.18) 1.84(2.76) t[51.38] = −6.83 0.999 0.69
PCHorvath1Acc, mean (SD) 0.00(3.79) −0.92(4.03) 0.98(3.30) t[55.12] = −1.97 0.054 0.256
PCHorvath2Acc, mean (SD) 0.00(2.47) −0.62(2.60) 0.66(2.18) t[55.37] = −2.03 0.047 0.263
PCHannumAcc, mean (SD) 0.00(1.47) −0.17(1.53) 0.19(1.41) t[56] = −0.94 0.353 0.124
PCPhenoAgeAcc, mean (SD) 0.00(1.73) −0.18(1.83) 0.20(1.63) t[55.89] = −0.84 0.405 0.112
PCGrimAgeAcc, mean (SD) 0.00(1.12) 0.12(1.04) −0.13(1.21) t[53.57] = 0.84 0.403 0.114
Batch, freq. (%) 20(34.5) 9(30.0) 11(39.3) Ï‡Â2[1] = 0.22 0.64 0.098
PMIhrs, freq. (%) 26.23(7.64) 27.66(8.20) 24.69(6.80) t[55.25] = 1.51 0.138 0.199
RIN Novogene, freq. (%) 7.18(0.96) 7.03(0.99) 7.35(0.91) t[55.98] = −1.28 0.206 0.169
pH, freq. (%) 6.54(0.28) 6.55(0.29) 6.53(0.28) t[55.94] = 0.21 0.831 0.029
dtangle: Astrocytes, freq. (%) 0.32(0.15) 0.34(0.15) 0.30(0.16) t[55.04] = 1.02 0.314 0.136
dtangle: Endothelia, freq. (%) 0.09(0.02) 0.08(0.02) 0.09(0.02) t[53.01] = −0.9 0.372 0.123
dtangle: Microglia, freq. (%) 0.05(0.02) 0.05(0.01) 0.05(0.02) t[46.69] = −0.42 0.676 0.062
dtangle: Neurons, freq. (%) 0.40(0.13) 0.39(0.12) 0.42(0.13) t[54.76] = −0.96 0.341 0.129
dtangle: Oligodendrocytes, freq. (%) 0.07(0.03) 0.06(0.03) 0.07(0.04) t[48.75] = −1.06 0.292 0.151
dtangle: OPCs, freq. (%) 0.07(0.02) 0.07(0.01) 0.07(0.02) t[51.77] = 1.27 0.211 0.173

The Student t test was used to compare the ages of the different groups, with the effect size reported as an r statistic. For r, values of 0.1, 0.3, and 0.5
denote small, moderate, and large effects, respectively. The chi-square test was employed for categorical variables, with effect sizes reported using
Cramér’s V. For Cramér’s V, values of 0.1, 0.3, and 0.5 indicate small, moderate, and large effects, respectively.

AA+ groups were comparable across variables such as chronological age,
sex distribution, and racial composition. Supplementary Figure S2 shows
the overlap of AA between SUD types.

Differential Expression and Pathway Enrichment Analyses
DEG analyses between the AA+ and AA− groups were carried out within
all SUD (AA+, n = 28; AA−, n = 30) and then individually within each
SUD subtype: AUD (AA+, n = 7; AA−, n = 6), OUD (AA+, n = 6; AA−,
n = 10), and StUD (AA+, n = 6; AA−, n = 4). We identified 11 DEGs in
the combined SUD analysis (Supplementary Table S3). At the same time,
exploratory analyses in the SUD subgroups revealed 463 DEGs in primary
AUD (Figure 1A; Supplementary Table S4), 58 in primary OUD (Figure 1B;
Supplementary Table S5), and 51 in StUD (Figure 1C; Supplementary Ta-
ble S6). Notably, only a few DEGs were shared across all SUD subgroups
(Figure 1D). Gene Ontology (GO) biological process (BP) pathway analyses
revealed significant enrichment in 85 pathways in AUD (Supplementary
Table S7), 9 in OUD (Supplementary Table S8), and 17 in StUD (Supple-
mentary Table S9). The top 10 pathways from the GO BP enrichment anal-
yses conducted for all SUD subgroups in DEG are shown in Table 2. Though
insightful, these subtype-specific findings remain exploratory due to lim-
ited statistical power.

SUD Subgroups Overlaps
DEG Overlaps Between AUD and OUD. Among SUD subgroups, a larger
overlap in the DEGs between AA+ when compared with AA− was found
for the AUD and the OUD groups (Table 3). Remarkably, most of the genes
were downregulated in AA+ when compared with AA− within OUD but up-
regulated within AUD (TRIOBP, TNS2, NIBAN2, and SOX17), while the oth-
ers had the exact opposite pattern, being upregulated in AA+ when com-
pared with AA− within the OUD but downregulated within AUD (RAB3C,
PGM2L1, and ROBO2).

DEG Overlaps Between AUD and StUD. Five DEGs were found to over-
lap among the AUD and StUD groups: EDN1, HBA2, HBA1, AQP1, and HBB
(Table 3). Within the AUD group, all these genes were upregulated in
AA+ when compared with AA−. However, within the StUD group, only
AQP1 was upregulated, while EDN1, HBA2, HBA1, and HBB were downreg-
ulated. These contrasting patterns suggest different biological responses
in these groups concerning aging in AUD and StUD.

DEG Overlaps Between OUD and StUD. Two DEGs were identified as over-
lapping among the OUD and StUD groups (Table 3): TTYH2 and TMEM63A.
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Figure 1. Differential expression in DLPFC of SUD subjects with accelerated biological aging compared to those without. Volcano plots show differences between
accelerated aging positive (AA+) and accelerated aging negative (AA−) in (A) AUD(AA+, n = 7; AA−, n = 6); (B) OUD (AA+, n = 6; AA−, n = 10); and (C) StUD (AA+,
n = 6; AA−, n = 4). The Venn Diagram (D) shows the overlaps between the differentially expressed genes identified. As we can see, five genes were differentially
expressed when comparing AA+ and AA− in both AUD and StUD; seven genes were differentially expressed when comparing AA+ and AA− in both AUD and OUD;
and two genes were differentially expressed when comparing AA+ and AA− in both OUD and StUD.

Both genes were downregulated in AA+ when compared with AA− in OUD,
while in the StUD group, they were upregulated in AA+.

Molecular Mechanisms Linking Differential Gene Expression Across SUDs
Figure 2 illustrates a hypothetical molecular framework integrating DEGs
from enriched pathways identified in AUD, StUD, and OUD (Table 2),
highlighting key biological pathways involved in neuroinflammation, mi-
tochondrial dysfunction, and oxidative stress as potential mechanisms
underlying AA in SUD. The diagram highlights interactions among tran-
scription factors, inflammatory mediators, and mitochondrial regula-
tors, suggesting distinct but converging pathways contributing to cel-
lular stress, mitochondria function, and neuroinflammation across SUD
subtypes.

Discussion
To our knowledge, this is the first study investigating brain AA in
SUDs using epigenetic clocks specifically designed for brain tissues
(DNAmClockCortical, CerebralCortexClockcommon, and PCBrainAge). No-
tably, we found that despite the high correlation between the clocks,
the contribution of the variables observed in our principal component
analyses (PCA), along with the innovative dichotomous classification of
our sample, emphasized that the three brain-specific epigenetic clocks

have distinct characteristics and do not necessarily converge when clas-
sifying individuals based on their AA. Hence, our findings align with the
idea that each clock might capture unique aspects of aging. As we noted
in the Method section, while this PC1-based dichotomization facilitates
downstream comparisons, it represents a simplification of what is likely a
continuous biological process. This classification should, therefore, be
interpreted as a pragmatic, exploratory strategy to investigate broad
molecular differences associated with higher versus lower levels of epi-
genetic aging in the brain.

Overall, the differential gene expression and pathway analysis find-
ings suggest that AA in SUD is not a uniform process but that distinct bi-
ological mechanisms contribute to aging, depending on the type of sub-
stance involved. The most robust differences between AA+ and AA− were
observed in the AUD group, which aligns with previous research show-
ing an effect of AUD on AA (9, 12). Enrichment analyses suggest that AA
is related to protein phosphorylation, signal transduction, and the pos-
itive regulation of protein localization to the plasma membrane. Protein
phosphorylation and signal transduction are essential processes often al-
tered in both normal aging and disease progression (15, 16). Furthermore,
the finding of enrichment of glutamatergic synapse pathways aligns
with studies suggesting a critical role of glutamate in both aging and
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Table 2. Top 10 GO BP pathways identified when comparing AA+ and AA− in SUD groups

Term Genes Fold enrichment

Alcohol use disorder
Positive regulation of integrin-mediated signaling pathway LAMB2, EMP2, LIMS2 9.699∗
Cellular response to zinc ion MT2A, MT1M, MT1X, MT3, MT1E 9.429∗∗
Intracellular zinc ion homeostasis MT2A, SLC30A9, MT1M, MT1X, MT3, SLC39A14, MT1E 9.052∗∗∗
Negative regulation of endocytosis LGALS3, RUBCN, SYT11 9.052∗
Positive regulation of G protein-coupled receptor signaling pathway GPER1, TMOD2, SLC39A14 9.052∗
Removal of superoxide radicals NOS3, MT3, SOD3 8.487∗
Regulation of store-operated calcium entry CRACR2B, HOMER1, SLC8B1 8.487∗
Positive regulation of leukocyte migration MADCAM1, ZP3, VEGFA 8.487∗
Negative regulation of viral genome replication IFITM3, SRPK2, IFITM2, RSAD2, MX1, EIF2AK2, IFIT1 6.888∗∗∗
Platelet-derived growth factor receptor signaling pathway NR4A3, TXNIP, PTPRJ, CSPG4, PLAT 6.858∗∗

Opioid use disorder
Central nervous system development ROBO2, CITED2, ZIC3, ID3 9.997∗∗
Outer ear morphogenesis EYA1, ZIC3 78.31∗∗∗
Metanephros development ROBO2, SOX17, EYA1, ID3 46.986∗∗∗
Positive regulation of execution phase of apoptosis TP53BP2, HTR2A 46.986∗∗∗
Positive regulation of gene expression IL32, SOX17, CSF1, CITED2, HDAC1, ID3 4.154∗
Left/right axis specification CITED2, ZIC3 3.915∗
Positive regulation of DNA-templated transcription NIBAN2, SOX17, CITED2, HDAC1, ZIC3, TRIM21, NPAS3 3.46∗
Outflow tract morphogenesis SOX17, EYA1, CITED2 19.947∗
Heart looping SOX17, CITED2, ZIC3 14.89∗

Stimulant use disorder
Central nervous system development UGTB, RELN, MOG 8.933∗
Oxygen transport HBB, HBA2, HBA1 78.726∗∗∗
Positive regulation of fibroblast migration THBS1, AQP1 64.596∗∗
Semaphorin-plexin signaling pathway involved in axon guidance EDN1, PLXNB3 55.983∗
Cell adhesion CLDN11, MAG, RELN, MOG, PCDHGB2, CCN1, THBS1 5.685∗
Transport ALB, AFP 46.652∗
Response to hydrogen peroxide HBB, HBA2, HPR, HBA1 45.392∗∗
Response to muscle stretch EDN1, NPPA 44.197∗
Hydrogen peroxide catabolic process HBB, HBA2, HBA1 43.435∗∗
Nitric oxide transport EDN1, HBB, HBA2, HBA1, AQP1 419.872∗∗∗

∗< .05, ∗∗< .01, ∗∗∗<.001.

neurodegenerative processes and highlights the role of glutamatergic
signaling in maintaining synaptic plasticity and cognitive function (17).
Regarding OUD, we identified transcriptional regulation, neurodevelop-
ment, and immune-inflammatory processes as key drivers of AA. We also

Table 3. Overview of comparisons between accelerated aging groups
(AA+ vs. AA−) and overlaps between groups

DEG (p < .01, FC <> .5) GO:BP (p < .05)

SUD 11 6
AUD 463 85
OUD 58 9
StUD 51 17
AUD ∩ OUD 7 2
AUD ∩ StUD 5 6
OUD ∩ StUD 2 1
AUD ∩ OUD ∩ StUD 0 0

This table provides an overview of all comparisons between individuals
with accelerated biological aging (AA+) and those without (AA−),
including overlaps between SUD groups. Differential gene expression
(DEG) analysis was performed for each group. The top rows summarize
the number of DEGs and enriched pathways identified in the AA+ versus
AA− analyses for each SUD group. The bottom rows present overlaps
between SUD subgroups (AUD and OUD; AUD and StUD; OUD and StUD;
AUD and OUD and StUD), including DEGs and enriched pathways shared
across comparisons.

found that positive regulation of DNA-templated transcription, which in-
cludes the genes NIBAN2, SOX17, and HDAC1, contributes to transcrip-
tional age-related alterations in OUD. This finding aligns with previous
studies on transcriptional dysregulation in aging and highlights the role
of histone methylation in this process (18). Concerning StUD, our findings
emphasize the role of oxidative stress, hypoxia responses, and cell adhe-
sion pathways. As supported by (18), oxidative stress has an important
impact on aging, particularly in the development of chronic diseases like
cardiovascular disorders (18).

Our integrative mechanistic analysis identified neuroinflammation,
oxidative stress, and mitochondrial dysfunction to be implicated in AA
across all SUD subtypes. Mitochondria function is central to maintain-
ing cellular energy homeostasis and regulating oxidative stress responses
(15). DEGs such as NOS3, TXNIP, HTR2A, CSF1, HDAC1, EDN1, THBS1,
and RELN are directly implicated in mitochondrial dysfunction and ROS
production and can activate the assembly of NLRP3 through different
mechanisms (19–22). The cerebral expression of NOS3 has been asso-
ciated with molecular abnormalities related to neurodegeneration, in-
cluding oxidative stress and mitochondrial dysfunction (19). TXNIP over-
expression significantly increases mitochondrial complex II activity and
promotes the expression of SDHA, a subunit of complex II, which is
a significant site for reactive oxygen species (ROS) generation (20).
ROS production by CSF-1 is crucial for macrophage functions such as
pathogen killing, cell signaling, and inflammatory responses (21). THBS1
activates latent transforming growth factor-beta 1 (TGF-β1), a cru-
cial cytokine involved in inflammation, wound healing, and immune re-
sponses, and THBS1 stimulates the production of ROS through its in-
teraction with CD47 (23, 24). HDAC1 can both promote and suppress
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Figure 2. Inflammation and mitochondrial function as mechanisms in AA across SUDs. This figure presents a proposed model linking genes associated with
neuroinflammatory and oxidative stress-related pathways across three major SUDs when comparing accelerated aging positive (AA+) and accelerated aging
negative (AA−). Genes that are shown in yellow were observed in aging-related pathways within AUD, while the ones in green were observed in aging-related
pathways within StUD, and the ones in blue within OUD. The nuclear factor-kappa B (NF-κB) pathway is activated by genes such as NR4A3, TRIM21, IFITM2,
IFITM3, and IL-32, which are involved in inflammatory signaling and immune regulation and might contribute to the production of proinflammatory cytokines
(e.g., IFN-α, IFN-γ , TNF-α, IL-6) that may exacerbate neuronal damage. Furthermore, the TXNIP and HDAC1 contribute to inflammasome activation, leading to
increased Caspase-1 activity and the subsequent maturation of IL-1β and IL-18, promoting neuroinflammatory responses. Future studies might investigate the
role of NLRP3 as a central component in stimulant-induced neuroinflammation in this mechanism. Finally, the upregulation of NOS3, TXNIP, CSF1, HTR2A, HDAC1,
EDN1, THBS1, and RELN is linked to vascular dysfunction, cellular stress, and neurodegeneration, might contribute to mitochondrial dysfunction and oxidative
stress (ROS).

inflammatory signaling depending on environmental stimuli, which may
also influence ROS production (25). SOX17, in particular, has been im-
plicated in mitochondrial homeostasis and metabolic regulation, as it
influences ATP production, oxidative stress balance, and mitochondrial
biogenesis, which are essential for cellular energy metabolism and dif-
ferentiation (26, 27). Its role in regulating transcription factors such as
HNF1B and FOXA2 also highlights its broader impact on mitochondrial
function and metabolic adaptation (26).

It is worth mentioning that opposite patterns of regulation were ob-
served in overlapping DEGs for SUD subtypes. For instance, the differen-
tial expression of SOX17 in AUD and OUD may reflect distinct substance-
specific effects on cellular stress responses and mitochondrial function in
AA+ individuals. In AUD, SOX17 appears to be upregulated, potentially
indicating a compensatory mitochondrial response to alcohol-induced
oxidative stress, excitotoxicity, and inflammation (28, 29). In contrast,
SOX17 is downregulated in OUD, which may reflect a blunted or exhausted
mitochondrial stress response. As mentioned before, opioids have been
shown to impair mitochondrial respiration, increase ROS production, and
dysregulate energy metabolism—factors that could lead to suppressed
transcriptional regulators like SOX17. Another example is NIBAN2, which
is upregulated when cells are under stress. We found that NIBAN2 is up-
regulated in AUD and downregulated in OUD. In AUD, alcohol-induced ox-
idative stress may drive the upregulation of NIBAN2 as a compensatory
response to mitigate damage. In contrast, OUD’s impact on mitochondrial
dysfunction and ROS production may suppress transcriptional responses,
leading to the downregulation of NIBAN2.

Several limitations of the present study should be acknowledged. The
relatively small sample size limits the generalizability of the findings,
particularly when subdividing the SUD group into specific subtypes. It
is important to emphasize that the SUD subgroups were strictly based
on the primary diagnosis determined by the consensus diagnosis pro-
cess. We excluded participants meeting criteria for any additional SUD
diagnoses, as determined from the psychological autopsy. Future stud-
ies with larger sample sizes are required to confirm our findings and
to further elucidate the mechanisms of AA in different SUDs. The cross-
sectional design of this study inherently limits our ability to conclude
causality or the temporal progression of AA in individuals with SUD. While
we identified associations between molecular profiles and AA status,
we cannot determine whether these epigenetic and transcriptomic sig-
natures reflect causal mechanisms, compensatory adaptations, or con-
sequences of long-term substance use. Longitudinal studies that track
individuals over time—ideally from active substance use through absti-
nence or relapse—are essential to disentangle the directionality of these
associations and to better understand how biological aging evolves in
the context of substance use and related risk factors. Additionally, while
our models accounted for several biological and technical covariates, in-
cluding RNA integrity, tissue pH, smoking index, batch, and estimated
cell-type proportions, we acknowledge the likelihood of residual con-
founding. This limitation is inherent to postmortem studies, where
comprehensive individual-level data are often difficult to obtain. Al-
though we conducted detailed psychological autopsy interviews with the
donors’ next-of-kin and used a rigorous diagnostic consensus process to
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determine primary SUD diagnoses, information regarding psychiatric co-
morbidities, psychotropic medication use, or other medical conditions
may be incomplete or inaccurate. These unmeasured factors could influ-
ence gene expression and epigenetic profiles and may partially confound
our findings. Future studies leveraging larger cohorts and incorporating
more detailed clinical records are needed to disentangle these complex
relationships. Finally, significant DEGs were identified based on a nomi-
nal p-value threshold of 0.01 and a fold-change cutoff of 0.5. Notably, no
genes survived FDR correction, and thus, all results should be interpreted
as exploratory.

In conclusion, this study provides valuable insights into the molecu-
lar mechanisms underlying AA in SUD. By identifying genes and enrich-
ing biological pathways across various SUDs, we underscore the complex-
ity of substance-induced accelerated epigenetic aging in the brain. Some
shared mechanisms of AA between SUD subtypes were noted. Particularly,
genes involved in metabolic regulation and mitochondrial function were
identified across all disorders. Vascular and oxygen transport system al-
terations were common in AUD and StUD; cellular signaling, neurodevel-
opment, and metabolic processes in AUD and OUD; and immune system
dysregulation and inflammatory processes in OUD and StUD. Future re-
search should focus on further elucidating these unique aging processes,
which may stem from substance-specific molecular signatures or from a
combination of factors, such as environmental stressors, comorbidities,
and lifestyle influences, that interact with substances use to accelerate
biological aging. Understanding these interactions will be critical in de-
veloping targeted interventions to mitigate the health risks associated
with premature aging in SUD populations.

Materials and Methods
Sample Characteristics and Brain Tissue Samples
Postmortem brain BA9 samples of 62 participants with SUD were ob-
tained from The University of Texas Health Science Center at Houston
(UTHealth) Brain Collection, in collaboration with the Harris County Insti-
tute of Forensic Science (HCIFS), under the approval of the Institutional
Review Board, as described previously (8). For all subjects, informed con-
sent was secured from the next-of-kin and demographic information, au-
topsy and toxicology reports, and medical and psychiatric notes were ob-
tained if available (8). A structured psychological autopsy interview (30)
was conducted with the donor’s next-of-kin to obtain detailed informa-
tion of mental health history, age of onset of drug use, types of substances
used, drinking and smoking history, and any co-morbidities. An indepen-
dent panel of three trained and licensed clinicians reviewed all available
information to reach a consensus diagnosis for each subject, classifying
them as having a SUD, from which subjects were then categorized into a
specific SUD subgroup based on their primary diagnosis.

Four participants (n = 4) were excluded following FastQC quality con-
trol, and four additional participants (n = 4) were removed after being
identified as consistent outliers based on Euclidean and Mahalanobis dis-
tances in PCA conducted on both cell type proportions and RNA counts.
Hence, epigenetic age estimates and clustering analysis (section 2.2,
below) were performed for 58 participants with SUD. The Shapiro–Wilk
and Kolmogorov–Smirnov tests were used to assess the distribution of
variables. Differences in categorical variables were examined using Chi-
square tests, while continuous variables were evaluated with Student
t tests for parametric distributions. Effect sizes were calculated using
Cramér’s V for Chi-square tests and the r statistic for Student t tests.

Epigenetic Clock Estimates and Clustering Analysis
Total DNA extraction and DNAm assays were performed, as described pre-
viously (8). Subsequently, DNAm data were processed using the minfi and
IlluminaHumanMethylationEPICanno.ilm10b4.hg19 packages (31). IDAT
files were imported, and quality control steps included filtering sam-
ples with detection p values above 0.05 and removing probes with low
bead counts. Functional normalization, combined with Noob normaliza-
tion, was applied to correct for technical noise. Probes failing a detection
p-value threshold of 0.01, those associated with SNPs, and those located
on sex chromosomes were excluded. Beta values were obtained using the
getBeta function, and M-values were obtained using the getM function
from minfi.

Epigenetic aging was assessed using three clocks specifically de-
signed for brain tissues: DNAmClockCortical, CerebralCortexClockcommon,
and PCBrainAge. DNAmClockCortical was developed to improve the ac-
curacy of age prediction, specifically in human cortex tissue, trained
on chronological age using 347 CpG sites relevant to the cerebral cor-
tex (32). The CerebralCortexClockcommon clock was designed to estimate
DNAm age specifically for the cerebral cortex, trained using 201 age-
associated CpG sites common across different non-cerebellar brain tis-
sues (33). Finally, PCBrainAge was trained using a method of principal
component projection on datasets that emphasize brain-specific DNAm
patterns associated with Alzheimer’s disease (34). DNAmClockCortical and
CerebralCortexClockcommon were computed using the dnaMethyAge pack-
age, while the PCBrainAge was computed using the calcPCBrainAge
package.

In addition to the brain-specific clocks, we used the PC-Clock package
to calculate PCHorvath1, PCHorvath2, PCHannum, PCPhenoAge, and PC-
GrimAge (35, 36). PCHorvath1 and PCHorvath2 are based on Horvath’s
original and revised multitissue clocks, respectively, while PCHannum is
derived from the Hannum clock, initially trained on blood samples. PCPhe-
noAge and PCGrimAge are constructed from the PhenoAge and GrimAge
clocks, often referred to as “second-generation” clocks, which predict
phenotypic aging and mortality risk, respectively.

AA estimates were derived by calculating DNAm-predicted age and
regressing this against chronological age, where positive residuals indi-
cate faster-than-expected aging (i.e., AA), and negative residuals indi-
cate slower-than-expected aging (12). To classify subjects into distinct
clusters of aging trajectories based on the AA profiles from the three
brain-specific clocks, PCA was applied to the standardized AA data to re-
duce dimensionality and capture the common aging signal across clocks.
As PC1 explained 58% of the variance, participants were grouped based
on PC1 scores, with positive scores indicating accelerated aging (AA+)
and negative scores indicating non-accelerated aging (AA−) (Supplemen-
tary Figure S1). Although epigenetic aging is inherently a continuous pro-
cess, this binary classification was adopted as a pragmatic strategy to
enhance interpretability and statistical power in downstream transcrip-
tomic analyses, particularly given the modest sample size. PCA-based
grouping allowed us to aggregate the shared signal across partially non-
converging clocks, minimizing the noise associated with individual clock
variability.

Figure 3 shows the overlap of subjects identified as AA+ or AA− based
on each clock, suggesting that although each clock captures distinct as-
pects of the aging process, there is considerable convergence in identi-
fying individuals with AA in SUD. Correlations within all epigenetic vari-
ables, brain epigenetic variables, and chronological age were tested for
the entire sample using Pearson tests with the Hmisc R package.

Next-generation RNA Sequencing and Differential Expression Analysis
RNA sequencing (RNA-seq) was carried out in BA9 bulk tissue from the
same subjects as for DNAm, and data were trimmed for low-quality
base pairs and adapter sequences using trim_galore, as described pre-
viously (36). Sequencing reads were mapped to the human genome
build UCSC hg38 using STAR (37), and gene expression was quanti-
fied using featureCounts (38). Data was filtered and harmonized with
reference gene signatures using curated gene expression profiles from
the sigsBrain.rda file (https://rdrr.io/github/unawaz1996/brainyR/man/
sigsBrain.html), based on publicly available brain single-cell RNA-seq
data (39). The run.DTA function from the dtangle package (40) was used
to estimate the relative proportions of each cell type, and composite neu-
ronal proportions were calculated by combining excitatory and inhibitory
neuron estimates.

Differential expression (DE) analysis was conducted using the R Bio-
conductor packages edgeR (41) and limma (42). Sample read counts were
filtered to retain only expressed genes, and normalization was performed
using the Trimmed Mean of M-values (TMM) method (calcNormFactors
function in the edgeR package). The model matrix was fitted using lm-
Fit, and empirical Bayes statistics (eBayes) were applied to identify DEGs.
DE between AA+ and AA− was assessed for all the SUD samples (n =
58) and within each SUD subgroup based on their diagnosis (AUD = 13,
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Figure 3. Pearson correlations and Venn diagram of overlaps between aging acceleration based on epigenetic clocks designed for brain tissue. (A–C) Scatter plots
showing Pearson correlations between epigenetic aging acceleration measures derived from different brain-specific clocks. Each dot represents a participant,
categorized based on their PC cluster classification: accelerated aging positive (AA+, filled dots) or accelerated aging negative (AA−, open circles). (D) Venn
Diagram showing overlap of SUD subtypes: AUD (yellow), OUD (blue), and StUD (green). Correlation coefficients (r) are annotated for each pair of measures, with
significance levels indicated (∗p < .05; ∗∗∗p < .001). The shaded regions around the regression lines indicate 95% confidence intervals.

OUD = 16, StUD = 10). To minimize confounding effects, SUD subgroups
were restricted to participants with a single primary SUD diagnosis,
excluding those meeting the criteria for any additional SUD. The models
were: ∼ Accelerated Aging [AA+ vs. AA−] + Age [years] + Sex [male vs.
female] + Batch [A vs. B] + postmortem interval [PMI in hours] + RNA in-
tegrity number [RIN] + tissue pH + smoking index [CpG methylation levels
at cg05575921 (43, 44)] + Astrocytes [proportion]. The proportion of as-
trocytes was included as a covariate because it accounted for a substantial
portion of the variance (16%) in the variance partition analysis (Supple-
mentary Table S1). Significant DEGs were identified based on a nominal
p-value threshold of 0.01 and a fold change cutoff of 0.5. Results were
visualized using EnhancedVolcano, highlighting significant DEGs across
conditions. Finally, sensitivity analyses were performed, including individ-
uals with an additional SUD (or secondary diagnosis).

Pathway Analyses
The DEGs were extracted and subjected to enrichment for GO: BP terms.
Enrichment analysis was then conducted using the Database for Annota-
tion, Visualization, and Integrated Discovery (DAVID, https://david.ncifcrf.

gov) (45), enabling comparison of overlaps between enriched pathways.
Significant pathways were identified with a nominal p value ≤ 0.05.
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Early infant white matter tract microstructure predictors of subsequent change
in emotionality and emotional regulation

Yicheng Zhang1,2 , Layla Banihashemi1,2 , Amelia Versace2, Alyssa Samolyk2, Mahmood Abdelkader2, Megan Taylor2, Gabrielle English2,
Vanessa J. Schmithorst3, Vincent K. Lee1,3, Richelle Stiffler2, Haris Aslam2, Alison E. Hipwell2, and Mary L. Phillips2

There are rapid changes in negative and positive emotionality (NE, PE) and emotional regulation (e.g., soothability) during the first year of life.
Understanding the neural basis of these changes during maturation can enhance the understanding of the etiology of early psychopathology.
Our goal was to determine how measures of white matter (WM) microstructure in tracts connecting key emotion-related neural networks,
including the forceps minor (FM), cingulum bundle (CB), and uncinate fasciculus interconnecting the default mode network (DMN), salience
network (SN), and central executive network (CEN), can predict developmental change in infant emotionality and emotional regulation. We
used Neurite Orientation Dispersion and Density Imaging (NODDI) measures together with conventional diffusion tensor metrics to examine
WM tract microstructure and fiber collinearity in the primary sample (n = 95), and modeled each WM feature with caregiver-reported infant NE,
PE, and soothability, with infant and caregiver sociodemographic factors as covariates. In 3-month infants, higher neurite dispersion and lower
longitudinal fiber alignment in the FM were associated with a larger increase in NE from 3 to 9 months of age, suggesting that greater
integration of the DMN, SN, and CEN leads to a larger subsequent increase in NE; while higher neurite density and dispersion as well as lower
WM longitudinal alignment in the left CB were associated with a larger increase in PE, suggesting that greater integration within the CEN leads
to increasing PE over time. In addition, higher neurite dispersion and lower WM longitudinal alignment in the left CB were associated with a
larger increase in soothability. Associations among diffusion tensor measures and changes in infant emotionality and emotional regulation
measures were replicated in an independent test sample (n = 44). These findings suggest that early infant WM microstructural features support
infant emotionality and emotional regulation development and could represent early biomarkers of future emotional and behavioral disorders.

Genomic Psychiatry May 2025;1(3):53–60; doi: https://doi.org/10.61373/gp025a.0026

Keywords: Emotional and behavioral disorder biomarkers, emotionality development, Neurite Orientation Dispersion and Density Imaging (NODDI), infant
neuroimaging, white matter

Introduction
Negative and positive forms of emotionality, along with emotional regu-
lation capacities such as soothability, can be reliably assessed in infants
within the first months of life. The development of negative emotional-
ity (NE) tends to show relative stability with a trend to increase through-
out the first year (1–7); positive emotionality (PE) undergoes rapid in-
crease during this period (8); whereas emotional regulation capacities
develop most dramatically in the first few years (9) and continue into
adulthood (10). Previous research has shown that these early indices of
emotionality and emotional regulation can predict future emotional be-
havioral outcomes (11–15). For example, high NE is associated with an
increased risk for future affective and behavioral disorders (16–22), low
PE is linked to a higher risk for future behavioral inhibition and depres-
sion (23–28), and low soothability has been linked to future aggression,
disruptive behavior, and social engagement problems (29–31). Therefore,
identifying objective markers of emotionality and emotional regulation
development could provide valuable insights into the etiology of early
psychopathology.

White matter (WM) tracts are identifiable early in neonates and un-
dergo rapid development throughout infancy. Several WM tracts connect
key regions within large-scale networks that are critical to emotional
processing and regulation, including the default mode network (DMN),
which supports self-referential processing (32, 33), the salience network
(SN), which guides attention toward salient stimuli (33, 34), and the cen-
tral executive network (CEN), subserving cognitive control (35). These
WM tracts include the cingulum bundle (CB), interconnecting prefrontal,
cingulate, and parietal cortices, which form connections within and

1Department of Bioengineering, University of Pittsburgh Swanson School of Engineering, Pittsburgh, PA 15213, USA; 2Department of Psychiatry, University of Pittsburgh
School of Medicine, Pittsburgh, PA 15260, USA; 3Department of Pediatric Radiology, UPMC Children’s Hospital of Pittsburgh, Pittsburgh, PA 15224, USA
Corresponding Author: Yicheng Zhang, Department of Psychiatry, University of Pittsburgh School of Medicine, Pittsburgh, PA 15213, USA. E-mail: yiz170@pitt.edu
Received: 5 December 2024. Revised: 2 April 2025. Accepted: 11 April 2025.
Published online: 3 June 2025.

between the DMN and CEN; the uncinate fasciculus (UF), interconnecting
prefrontal and anterior temporal structures with the amygdala, and in-
tegrating pathways within the DMN and SN; and the forceps minor (FM)
of the corpus callosum, interconnecting prefrontal cortical regions, and
connecting the DMN, SN, and CEN across hemispheres (36, 37).

Neurite Orientation Dispersion and Density Imaging (NODDI) is a rel-
atively new method of measuring WM tract microstructure. This method
uses a multicompartmental model of multishell diffusion MRI (dMRI) that
provides higher intracellular specificity than traditional diffusion ten-
sor models by separating intraneuritic and extraneuritic components and
free water within a dMRI voxel (38). This method provides estimations of
microstructural integrity and myelination using the neurite density index
(NDI) and pruning and dispersion using the orientation dispersion index
(ODI). Very few studies have examined relationships among NODDI met-
rics of WM tract microstructure and emotionality or other clinical out-
comes in infant, children, or adults. One previous study in young adults
showed that first episode psychosis patients had lower NDI in the FM and
higher ODI in the UF and FM (39). Furthermore, lower NDI in the FM and
CB, along with higher ODI in the CB, were linked with a longer duration
of untreated psychosis (39), a dimension of psychopathology character-
ized by disrupted cognitive and emotional processing. Another study in in-
fants reported that lower 1-month infant UF microstructure, assessed us-
ing combined conventional diffusion tensor and NODDI metrics (including
NDI, ODI, FA, MD, AD, and RD), was associated with higher 6-month infant
fear before correcting for multiple comparisons (40). These findings high-
light the potential of using NODDI metrics as proxies for microstructural
features in emotion-related WM tracts. Given the above findings linking
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Table 1. Summary of infant-caregiver dyads characteristics for analyses

Primary Test
3-month 9-month 3-month 9-month
Mean ± SD (Min–Max) Mean ± SD (Min–Max) Mean ± SD (Min–Max) Mean ± SD (Min–Max)

Total infant-caregiver pairs 95 44
Infant

Age, weeks 14.74 ± 2.72 (10–22) 41.68 ± 4.74 (35–67) 13.59 ± 2.66 (9–19) 39.2 ± 3.14 (36–48)
Biological sex, male/female 56/39 20/24

Caregiver
Caregiver age, years 31.80 ± 4.67 (18–42) — 22.66 ± 1.41 (19–25) —
Sum of public assistance types 0.94 ± 1.43 (0–5) — 3.25 ± 1.43 (0–7) —
EPDS depressed mood 5.27 ± 4.8 (0–22) 5.41 ± 4.52 (0–18) 5.98 ± 5.87 (0–24) 5.55 ± 4.60 (0–22)
PAI BOR affective instability 4.00 ± 3.34 (0–13) 4.32 ± 3.79 (0–16) 6.53 ± 2.81 (0–12) —
STAI state anxiety 29.16 ± 8.81 (20–61) 27.57 ± 8.45 (20–58) 31.66 ± 9.52 (20–67) 27.89 ± 6.77 (20–50)
STAI trait anxiety 34.01 ± 10.87 (20–69) 33.79 ± 10.64 (21–70) 34.66 ± 8.41 (21–59) 35.05 ± 7.82 (22–55)

Emotional outcomes
IBQ NE 2.90 ± 0.67 (1.63–4.38) 3.18 ± 0.72 (1.67–5.35) 3.00 ± 0.71 (1.49–4.38) 3.56 ± 0.76 (1.85–5.51)
IBQ PE 3.62 ± 1.27 (1–7) 5.50 ± 0.62 (3.79–6.93) 4.90 ± 1.16 (1.93–6.79) 5.49 ± 0.97 (1.55–6.79)
IBQ soothability 5.41 ± 0.71 (3.71–7) 5.58 ± 0.84 (3.29–7) 5.01 ± 0.78 (3.86–7) 5.12 ± 0.73 (4–6.71)

lower NDI and higher ODI in WM tracts with worse emotional outcomes,
it is possible that lower NDI and higher ODI in WM tracts connecting neu-
ral regions important for emotional regulation might be associated with
higher levels of infant emotionality, especially higher NE. While diffusion
tensor imaging has been more commonly used in research to examine WM
tract microstructure and fiber collinearity, more research is needed to ex-
amine how NODDI and diffusion tensor metrics can be used in infancy to
identify indices of WM tract microstructure and fiber collinearity associ-
ated with emotional behaviors that represent transdiagnostic risk factors.

We previously reported that lower UF and FM structural integrity
measured using normalized quantitative anisotropy, a proxy of directional
diffusion, and fractional anisotropy (FA), a proxy measure of WM fiber
density in the longitudinal relative to the transverse direction, in 3-month
infants predicted greater NE at 9 months (41). Moreover, our recent work
demonstrates that greater increases in right UF, FM, and left CB ODI from
3 to 9 months are associated with disrupted development of emotional
regulation during the same period, while a greater increase in right UF
NDI is linked to a smaller increase in PE in the same timeframe (42). To
our knowledge, however, no study has examined the extent to which in-
fant WM tract microstructure predicts developmental changes in emo-
tionality or emotional regulation. The aim of our study was thus to de-
termine the extent to which NODDI indices of WM microstructure predict
change in emotionality and emotional regulation from 3 to 9 months of
age. Given that early manifestations of emotionality and emotional reg-
ulation (43), as well as the onset of neural functional specialization for
negative emotion processing (44), are observable in 3-month infants, and
emotional dysregulation at 9 months of age can serve as an early indi-
cator of future behavioral and emotional problems (45–49), we chose to
study developmental changes in emotionality and emotional regulation
within this 3- to 9-month period. Based on the small number of extant
findings examining NODDI indices in infancy, we hypothesized that lower
NDI and/or higher ODI in the CB, UF, and FM in 3-month-old infants would
be associated with a greater increase in NE, a larger decrease or a smaller
increase in PE, and/or a larger decrease or a smaller increase in sootha-
bility, from 3 to 9 months of age. We used diffusion tensor indices, that
is, axial diffusivity (AD) as an indicator of longitudinal fiber alignment,
radial diffusivity (RD) as a measure of myelination integrity, and FA to
assess WM integrity measured as the balance between axial and radial
diffusion, as secondary measures of WM tract microstructure and fiber
collinearity to examine relationships among WM measures and changes
in emotionality and emotional regulation. We next examined relation-
ships among NODDI and diffusion tensor indices of WM microstructure to
determine congruence among the microstructure-emotionality and emo-
tional regulation relationships measured using these different indices.
Diffusion tensor measures were then examined in an independent test

sample in order to determine the extent to which WM microstructure-
emotionality/emotional regulation relationships could be replicated.

To account for external factors that impact WM neurodevelopment
(9, 50–57), we included sociodemographic and clinical measures, specif-
ically, caregiver age, and affective states (depression, anxiety, and
affective instability), along with infant age and biological sex, as covari-
ates when modeling the relationships between indices of WM tract mi-
crostructure and the development of infant emotionality and emotional
regulation.

Results
A total of 95 consented infant-caregiver dyads from the primary sam-
ple and 44 from the test sample meeting exclusion criteria had usable
3-month dMRI scans. Infant-caregiver dyads characteristics for analyses
were summarized in Table 1. Change in infant NE, PE, and soothability
from 3 to 9 months are plotted in Figure 1.

Associations Between 3-month WM NODDI Measures and
the 3-to-9-month Change in Infant Emotionality
Three-month FM ODI was positively correlated with the 3-to-9-month
change in NE (β = 0.334, r2 = 0.112, p = 0.0010, q = 0.020; Figure 2A;
parameters of models adjusted for covariates in Supplement), indicat-
ing that higher FM ODI was associated with a smaller decrease or larger
increase in NE. Three-month FM NDI was also positively correlated with
the 3-to-9-month change in NE (β = 0.224, r2 = 0.050, p = 0.0303; Sup-
plement Figure S1), but it did not survive the correction for multiple
comparisons.

Three-month left CB ODI was positively correlated with the 3-to-9-
month change in PE (β = 0.300, r2 = 0.090, p = 0.0037, q = 0.037;
Figure 2B; Supplement), indicating that higher left CB ODI was associated
with a larger increase in PE. Three-month left CB NDI was positively cor-
related with the 3-to-9-month change in PE (β = 0.283, r2 = 0.080, p =
0.0062, q = 0.042; Figure 2C; Supplement), indicating that higher left CB
NDI was associated with a larger increase in PE.

Associations Between 3-month WM NODDI Measures and the
3-to-9-month Change in Infant Emotional Regulation
Three-month left CB ODI was positively correlated with the 3-to-9-month
change in soothability (β = 0.218, r2 = 0.048, p = 0.0369; Figure 2D; Sup-
plement), indicating that higher left CB ODI was associated with a larger
increase in soothability.

Associations Between 3-month WM Diffusion Tensor Measures and
the 3-to-9-month Change in Infant Emotionality
Three-month FM AD was negatively correlated with the 3-to-9-month
change in NE (β = −0.295, r2 = 0.087, p = 0.0039; Figure 3A), indicating
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Figure 1. The 3-to-9-month development of infant NE, PE, and soothability.

that lower FM AD was associated with a smaller decrease or a larger
increase in NE.

Three-month left CB AD was negatively correlated with the 3-to-9-
month change in PE (β = −0.353, r2 = 0.125, p = 0.0006; Figure 3B), in-
dicating that lower left CB AD was associated with a larger increase in PE.

Associations Between 3-month WM Diffusion Tensor Measures and
the 3-to-9-month Change in Infant Emotional Regulation
Three-month left CB AD was negatively correlated with the 3-to-9-month
change in soothability (β = −0.254, r2 = 0.065, p = 0.0144; Figure 3C),
indicating that lower left CB AD was associated with a larger increase in
soothability over time.

Correlations Between 3-month NODDI and Diffusion Tensor Measures in
WM Tracts in Which Significant Relationships were Shown Among NODDI
Measures and Changes in NE, PE, and Soothability
FM ODI was negatively correlated with FM AD (ρ = −0.843, p < 0.0001),
and left CB ODI and NDI were negatively correlated with left CB AD
(ρ = −0.812, p < 0.0001; ρ = −0.733, p < 0.0001).

Validation of Significant WM Tract Measures—NE, PE, and Soothability
Development Relationships
The modeling accuracies in the test sample were: 3-month FM AD – 3-to-
9-month NE change root mean square error (RMSE) = 1.488; 3-month left
CB AD—3-to-9-month PE change RMSE = 1.027; 3-month left CB AD—3-
to-9-month soothability change RMSE = 1.282. These RMSE values reflect
good fits of the models in the test sample.

Discussion
In this study, we examined the extent to which early infant WM microstruc-
ture may shape changes in emotionality and emotional regulation. Under-
standing the neural mechanisms underlying these changes can provide
neural markers to better predict future behavioral and emotional chal-
lenges, as well as informing new intervention strategies and providing ob-
jective markers for monitoring response to these interventions. Our main
finding for NE development was that higher neurite dispersion in the FM
was associated with a smaller decrease or larger increase in NE from 3
to 9 months of age. Regarding PE development, higher neurite density
and dispersion in the left CB were associated with a larger increase in
PE. These findings indicate that specific microstructural features of WM
tracts interconnecting emotion-related neural regions can help predict
the subsequent development of emotionality and emotional regulation
in infancy.

Greater 3-month neurite dispersion, as indicated by greater ODI,
within the FM was significantly associated with a smaller decrease or
larger subsequent increase in NE. Greater 3-month FM ODI, a marker of
delayed pruning, can lead to greater functional integration of prefrontal
cortical regions within the DMN, SN, and CEN. This pattern of greater inte-
gration among prefrontal regions across hemispheres at 3 months might
then result in an increased influence of the DMN, supporting internaliz-
ing and attention to emotionally salient stimuli, on cognitive processes
such as executive function supported by the CEN, leading to reduced ca-
pacity for emotional regulation. This maladaptive increase in integration
across prefrontal regions, parallels our previous findings showing rela-
tionships between measures of functional integration among these large-
scale neural networks and future depression and mania risk in young
adults (58, 59), and children (60), and indicate that these relationships
emerge early in infancy.

Greater 3-month microstructural complexity, as indicated by higher
NDI and ODI, in the left CB was significantly associated with a larger sub-
sequent increase in PE. Tractography was performed predominantly on
the frontoparietal segment of the CB, which connects prefrontal, cingu-
late, and parietal cortices within the CEN (36, 37), making the anterior
part of the CB a major interconnecting bundle of the CEN. One interpre-
tation of this finding is thus that a greater extent of anatomical connec-
tivity and associated functional integration across prefrontal, cingulate,
and parietal cortices within the CEN at 3 months can enhance executive
function and emotional regulation capacity, resulting in higher levels of
PE longer-term. By contrast, lower neurite density and dispersion in the
anterior CB at this early age might reduce the ability to process positive
emotional experiences and might result in lower levels of PE longer-term.
Similarly, greater 3-month left CB ODI was associated with a larger 3-to-
9-month increase in soothability, providing further evidence that greater
integration within the frontoparietal region of the CB is associated with a
greater future capacity for emotional regulation, while lower integration
within this region of the CEN at 3 months of age can result in longer-term
impairments in emotional regulation capacity.

We previously reported that a greater 3-to-9-month increase in left
CB ODI is associated with a greater decrease rather than a greater in-
crease in soothability during the same period (42). Considering these and
the present findings together, we hypothesize that as the left CB tract
continues to develop during 3 to 9 months of age, there is an anterior
to posterior shift in microstructural development of the CB, during which
the posterior parietal portion of the CB increasingly integrates the DMN
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Figure 2. Covariate-corrected relationships between WM NODDI measures and the infant emotionality and emotional regulation development (solid lines as
regression lines, brighter shadowed area as prediction interval, and darker shadowed areas as corresponding 95% confidence intervals). (A) Association between
3-month FM ODI and 3-to-9-month NE changes. (B) Association between 3-month left CB ODI and 3-to-9-month PE changes. (C) Association between 3-month
left CB NDI and 3-to-9-month PE changes. (D) Association between 3-month left CB ODI and 3-to-9-month soothablity changes.

with the CEN, and other neural networks, resulting in greater interference
with emotional regulation capacity. Thus, our findings from the present
and this previous study together suggest a nonlinear relationship among
CB ODI and emotional regulation capacity during 3 to 9 months of age,
whereby greater left CB ODI at 3 months followed by a smaller increase,
or greater decrease, in ODI from 3 to 9 months are necessary for the de-
velopment of higher levels of emotional regulation capacity.

Significant negative correlations were observed among FM ODI and
AD, as well as left CB ODI and NDI with AD, suggesting that greater NDI
and ODI together might be associated with lower AD. These findings par-
allel previous reports that ODI may be negatively associated, while NDI
may show a smaller but positive correlation, with FA (38). This is because

higher ODI, indicating a greater extent of neurite dispersion, is associated
with a lower level of longitudinally aligned WM fiber, that is, lower AD and
lower AD can contribute to lower FA. Our findings regarding relationships
among FM and left CB AD and 3-to-9-month changes in NE, PE and sootha-
bility were therefore in the opposite direction from those among FM and
left CB ODI and NDI and these emotionality and emotional regulation out-
come measures. Furthermore, these AD—outcome measure relationships
were replicated in our test sample, indicating the robust nature of these
relationships.

We acknowledge several limitations of this study. The sample size
of the present study was relatively small with the exclusion of infants
who were unable to remain still during scans, and the replication was
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Figure 3. Covariate-corrected relationships between WM diffusion tensor measures and the infant emotionality and emotional regulation development (solid
lines as regression lines, brighter shadowed area as prediction interval, and darker shadowed areas as corresponding 95% confidence intervals). (A) Association
between 3-month FM AD and 3-to-9-month NE changes. (B) Association between 3-month left CB AD and 3-to-9-month PE changes. (C) Association between
3-month left CB AD and 3-to-9-month soothablity changes.

limited to diffusion metrics. That noted, we were able to replicate our
findings in an independent test sample, which is a major strength of the
present study. In addition, the test sample in this study was recruited
from a higher-risk group, which may have introduced demographic dif-
ferences between the two samples. However, the high modeling ac-
curacies achieved on the test sample provide further evidence of the
consistency of our findings. Future studies aiming to replicate our NODDI
metric findings in larger multisite infant imaging cohorts, for example,
the HEALthy Brain and Child Development (HBCD) dataset (61), can be
performed when these datasets become publicly available. Potential in-
teraction effects between baseline infant emotionality and emotional
regulation and caregiver affective states may also be examined with these

larger longitudinal datasets. One future direction is to investigate how
microstructural features within tracts can predict emotionality and emo-
tional regulation development. Microstructural features extracted from
tract subregions may be analyzed in longitudinal infant imaging data to
offer insights into tract-specific developmental trajectories, and their re-
lationships with infant emotional behavior.

The present study highlights the important role of FM and left CB
ODI and NDI in 3-month-old infants, reflecting integration of critical
emotion-related large-scale networks at this age, as predictors of the
future development of emotionality and emotional regulation. These in-
sights enhance understanding of the neural mechanisms underlying the
development of emotionality and emotional regulation during this critical
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developmental period, and provide potential early neural targets to mon-
itor the effectiveness of interventions to mitigate future psychopathology
risk.

Materials and Methods
Participants and Measures
The University of Pittsburgh Human Research Protection Office approved
all study procedures. Infant-caregiver dyads for the primary sample were
identified using three recruitment sources: the University of Pittsburgh
Clinical and Translational Science Institute Newborn Research Support
Service (NuRSERy) and Community Pediatric Service (Pediatric PittNet),
and the University of Pittsburgh Pitt + Me website. The test sample
was recruited from the population-based, longitudinal Pittsburgh Girls
Study (MH106570). Exclusion criteria for both samples were: (1) in-
fant: preterm birth (<37 weeks postgestational age), low birth weight
(<5.5 lb), Apgar score <7 (5 min after birth), abnormal brain mor-
phometry (occipitofrontal circumference <32 cm), extended hospitaliza-
tion due to physical health problems, and MRI contraindications (pace-
makers, aneurysm clips, or non-removable ferromagnetic implants); (2)
caregiver: <18 years, prenatal or concurrent illicit substance use (mea-
sured via obstetric records or self-report), and <2 h/day care of the
infant.

At 3 and 9 months, caregiver report on the Infant Behavior
Questionnaire-Revised (IBQ-R) Short Form (1) provided measures of in-
fant NE (i.e., composite of Sadness, Distress to Limitations, Fear, and re-
verse coded Falling Reactivity/Rate of Recovery from Distress subscales),
PE (i.e., composite of Smiling/Laughter and High-Intensity Pleasure sub-
scales), and Soothability. To control for sociodemographic variables that
may impact infant brain and/or emotional behaviors infant biological
sex and age (weeks) at each research visit, caregiver age (years) and
the sum of the types of governmental household public assistance re-
ceived (a proxy for financial strain) at 3 months were used as covari-
ates. Additionally, caregiver postpartum depression using the Edinburgh
Postnatal Depression Scale (EPDS) (62), affective lability using the Per-
sonality Assessment Inventory-Borderline Features Scale (PAI-BOR) (63),
and state and trait anxiety using the Spielberger State-Trait Anxiety In-
ventory (STAI) (64) at the 3- and 9-month visits were used as clinical
covariates.

Image Acquisition and Processing
MRI scanning procedures were conducted with 3-month-old infants dur-
ing natural sleep (65) using a 3T Siemens MAGNETOM Skyra MRI system
(Siemens Healthcare AG, Erlangen, Germany) with a 32-channel head coil
at Children’s Hospital of Pittsburgh. Multishell echo planar (EPI) diffusion
MRI (dMRI) data were acquired under the following parameters: (1) pri-
mary sample: FOV = 200 mm, voxel dimensions = 2.0 × 2.0 × 2.0 mm3,
anterior to posterior phase encoding: TE/TR = 98/2800 ms, 9 reference
volumes with b = 0 s/mm2, 50 volumes with b = 750 s/mm2 and 100 vol-
umes with 2000 s/mm2; posterior to anterior phase encoding for EPI dis-
tortion correction: TE/TR = 80/2500 ms, 10 reference volumes with b =
0 s/mm2. (2) Test sample: FOV = 256 mm, voxel dimensions = 2.0 × 2.0 ×
2.0 mm3, TE/TR = 83/10,600 ms, 7 reference volumes with b = 0 s/mm2,
42 volumes with b = 1000 s/mm2.

Three-month infant multishell diffusion MRI scans first underwent
manual removal of volumes with motion artifacts for quality control, fol-
lowed by correction for eddy current, motion and EPI distortion with FM-
RIB Software Library (FSL) 6.0 toolbox’s eddy and topup (66, 67). For scans
from the primary sample, tissue weight–modulated NODDI metrics were
estimated using the NODDI Matlab toolbox following our previous proto-
col in native space (68). Mean NDI, ODI, FA, AD, and RD were extracted from
the forceps minor (FM) and the left and right cingulum bundle (CB) and
UF tracts generated using AutoTrack in DSI Studio (version June 7, 2020
build) (Supplemental Table S1) (69, 70). Intracranial volume was based
on the brain mask volume. For the test data, tractography of each scan
was generated using the same parameter in DSI Studio. FA, AD, and RD
maps were harmonized with the primary sample using the neuroComBat
(71). Mean harmonized FA, AD, and RD extracted from each WM tract were
used for further analysis.

Data Analysis
NODDI (NDI, ODI) measures of each WM tract from the primary sample
were modeled with 3-to-9-month changes of infant NE and PE in order to
examine relationships among 3-month microstructural features of each
WM tract of interest and change in emotionality during this developmen-
tal period. Infant and caregiver sociodemographic/clinical variables (i.e.,
3- and 9-month infant age in weeks, biological sex, 3-month intracranial
volume, 3-month corresponding NE, PE, or soothability baseline; care-
giver age, financial strain at 3 months, 3- and 9-month caregiver EPDS,
PAI-BOR affective instability, STAI state and trait anxiety) were included
as covariates. Multiple comparisons were addressed using false discovery
rate for each outcome independently (72). Specifically, 20 comparisons
were conducted, corresponding to two NODDI measures for each of five
tracts for two outcomes. Soothability was examined as an additional out-
come separately from NE and PE, as the 3-to-9-month change in sootha-
bility was collinear with the 3-to-9-month change in NE (Supplement
Figure S2).

The same modeling approach was applied using diffusion tensor (FA,
AD, and RD) measures of WM tract microstructure and fiber collinearity
in the primary sample. Correlation analyses were then conducted in the
primary sample to examine relationships between 3-month NODDI and
diffusion tensor measures, in order to assess the potential congruence of
these measures in characterizing WM microstructure.

All significant WM tract index—outcome of interest (change in NE, PE,
or soothability) relationships using diffusion tensor measures of WM mi-
crostructure and fiber collinearity in the primary sample were then eval-
uated in the test sample. Here, the modeling accuracy of each significant
WM tract index—outcome of interest relationship in the independent test
sample was evaluated using the RMSE. Significant relationships among
NODDI indices and 3-to-9-month changes in NE, PE and/or soothability
in the primary sample were not validated in the independent test sample
because the scanning parameters in the latter sample were not optimized
for extraction of NODDI indices.

Data Availability
The data analyzed in this study are available upon reasonable request
from the corresponding author, subject to applicable regulations and
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