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ABSTRACT

This narrative review summarizes the early life of the author, Khalin E. Nisbett, and highlights the factors that led to her career in research and her development of
two novel research hypotheses: the Mu-opioid and OXytocin system Interaction (MOXI) hypothesis and Mu-Opioid receptor antagonist and OXytocin receptor
Agonist In Combination (MOXAIC) treatment hypothesis. Notably, Nisbett’s career began in the era after countless studies demonstrated that oxytocin is not just a
female neurotransmitter and not just a female reproductive hormone, an era in which researchers are exploring the role of oxytocin in emotion regulation, social
interaction, and cognitive processing across both sexes. As such, the previously held perspective that oxytocin is “just a female hormone” did not impede Nisbett’s
ideas. Intrigued by science, emotion regulation, and social interaction, she began to explore the role of oxytocin and opioids in emotion regulation. On the heels of
earlier theories, such as the Tend-and-Befriend theory and Opioid Theory of Social Attachment, she began to develop the MOXI hypothesis, which postulates that the
p-opioid receptor and oxytocin systems interact to mediate social interaction and emotion regulation. In this narrative review, Nisbett summarizes two studies that
explored (i) the role of oxytocin in anxiety- and depression-like behavior and (ii) the effect of opioid receptor blockade on the anxiolytic-like effect of oxytocin, which
led to a revision of the MOXI hypothesis and postulation of the Mu—Opioid receptor antagonist and OXytocin receptor Agonist In Combination (MOXAIC) treatment
hypothesis. Nisbett also discusses several limitations of these hypotheses and her current research interests and aspirations.

This personal narrative of my scientific journey is written in response
to an invitation by Dr. C. Sue Carter to contribute to a Special Issue of
Comprehensive Psychoneuroendocrinology entitled “Oxytocin — Not Just A
‘Female Hormone.’” This special issue features established and early-
career women scientists who have made and are committed to making
significant contributions to understanding the functions of oxytocin. At
the time of this writing, I held a joint appointment as a doctoral
candidate in the Graduate Program in Neuroscience at the University of
Illinois Chicago Graduate College and a predoctoral visiting fellow in the
Neurobiology of Addiction Section of the National Institute on Drug
Abuse Intramural Research Program via the National Institutes of Health
Graduate Partnership Program.

“Two roads diverged in a wood, and I—
I took the one less traveled by,

And that has made all the difference.”
— Robert Frost, excerpt from The Road Not Taken (1915)

The message Frost originally intended with this poem, that, in some
intimate respect, the diverging roads in our lives may be equivalent [1],
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gives me pause. However, we will never really know because as Frost
says, “way leads onto way,” and we rarely ever turn back. So perhaps the
alternative and more common interpretation of the final three lines of
this poem is correct. Perhaps we should bravely take the road less
traveled. Perhaps our courage will be rewarded.

Here is the road I have taken.

1. Milk

The first thing you must understand is that I had never seen milk
curdle. Growing up in Nevis, a small island in the Caribbean, meant that
my family used dried or evaporated milk for many of our meals. So,
when Zoom, my favorite television series on PBS Kids, suggested that
mixing orange juice with milk would cause it to separate and clot
(coagulate), I was struck by awe and skepticism. There was only one
solution to these conflicting feelings - I had to try it myself!

The second thing you must know is that orange juice, especially the
pasteurized variety used on Zoom, was not a typical commodity in
Nevis. Unfortunately, I did not understand the mechanism underlying
the clotting reaction or that pasteurized orange juice could be simply
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substituted with another acidic substance. I just knew that I needed two
things: milk and pasteurized orange juice. We had milk — boxes of it. We
did not have pasteurized orange juice. This was not a household staple.
On the contrary, my mother made freshly squeezed lemonade weekly,
but this is not what was recommended by my friends on Zoom. I needed
pasteurized orange juice. I was determined and my logic was clear. I
proposed a plan to my parents and in my mind, it was sufficiently
convincing to report that “we already have the milk.” By this age, my
irrepressible curiosity was mostly understood and encouraged by my
parents. However, the pasteurized orange juice that I deemed necessary
for this experiment was difficult to attain. I had to be persistent. After a
few pleas, my father sourced 16 ounces of pasteurized orange juice so I
could try the experiment and, of course, drink some too! I observed and
reported to my friends and whomever else would listen that it was true:
this liquid gold had the power to change milk. Simply unbelievable.

I describe this story for several reasons. Not only was it the first event
where I can clearly remember feeling like a scientist, but it also illus-
trates many significant attributes of my personality as well as my fam-
ily’s positive influence on my upbringing, all of which are fundamental
to my journey. Growing up on a small developing island translated to
limited exposure to careers in science. The most obvious path for
someone who loved science was medicine. Additionally, there were
many experiments on PBS Kids’ Zoom that I was unable to conduct
because the reactants or materials were unavailable, but for this one, we
already had the milk. This sentiment is responsible for much of my evo-
lution because, once I set a goal, I can identify the milk, i.e., the resources
and skills I already possess that can contribute to the outcome. Once
captivated, I become endlessly inquisitive and, admittedly, sometimes
very skeptical.

I also describe this story because it highlights the necessity for
accessibility in science communication and training. As a child, it was
unclear to me that citrus juice of any kind had the properties necessary
to curdle milk. But after studying chemistry for many years, I learned
that the experiment described above could have been accomplished
using juice from the limes, shaddocks, and oranges that we grew in our
family garden. I had everything I needed all along! This memory amplifies
the importance of acknowledging and learning the many ways possible
to achieve a goal. My desire to share what I have discovered is fueled by
my interest in increasing accessibility and inspiring curiosity. Show-and-
tell was my favorite activity in kindergarten, and my enthusiasm for
sharing has evolved along with me. Importantly, I could not be the
scientist I am today without my support system, which, fortunately,
started in a loving and stimulating home. A home that would go to the
ends of the earth to help me find orange juice, or any resource or skill I
might need to accomplish my goal.

2. Passion

I have always valued learning and the challenges that come along
with it. I was the student who reminded the teacher to give homework to
the class, who asked questions that would stretch most sessions to their
formal end, who read when she was bored or upset, and who asked her
older brother to teach her what he learned in his courses. To you, the
reader, it may seem that science was an obvious career path for me. But
it was not. In primary school, I thought I might become a lawyer because
I relished debates and discourse that spanned multiple topics. I also
considered becoming a chef. I took pleasure in the ways that my baked
goods brightened my loved ones’ faces.

Being highly empathetic, I was and am often drawn to people, their
experiences, and their feelings. I enjoy listening and experiencing events
through the lens of others (i.e., the concept of Verstehen, originally
coined by Max Weber) [2]. Encouraged by my friends who saw this side
of me most, I considered becoming a therapist. In this profession, I could
use my intellect and skill to serve my community. However, as an
adolescent, I struggled with regulating my own emotions and was
intimidated by the thought of being trusted with the emotions of others.
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Psychology was not offered in my school curriculum, so I only under-
stood it as the means to becoming a therapist. I didn’t yet understand the
depth of the field. As a result, I decided not to pursue psychology. Still, I
deeply respected therapists and counselors. My exchanges with them
helped me develop my own emotional intelligence and empathy.

I was drawn to science because it became more challenging, more
undiscovered as I advanced academically. In secondary school, my in-
terest in science distilled into chemistry and physics. These subjects
challenged me more than any other course in my curriculum and stim-
ulated me more than any debate partner could. There was something
about being on the precipice of new knowledge, something about
questions being inexhaustible, that persuaded me. Not only that, but I
also came to understand that I could use science to improve lives.
Perhaps if I had known of a field of science that would incorporate both
psychology and chemistry (neuroscience), I would have taken that path
earlier. I did not.

Still, although I believed that the island was my oyster, I did not have
a definitive vision for my future. Until the final years of secondary
school, I knew what I enjoyed, and I simply did it. Eventually, I settled
on becoming a gourmet chef. With the help of my Principles of Business,
Food & Nutrition, and Principles of Accounting teachers, I drafted a
career plan and a business proposal that would have eventually led to
the opening of a gourmet restaurant and bakery. This was attainable,
unique, creative, and rewarding. However, my family challenged me to
pursue higher education in the sciences. They used some iteration of
you-already-have-the-milk. The milk, in this case, comprised the qualities I
possessed that would make me successful. Essentially, their argument
was that I was already so bright, knowledgeable, enthusiastic, and
curious. I was already a primary school valedictorian and on the path to
becoming a secondary school valedictorian. And I was “young,” so I
could just try it and pursue the culinary arts afterward should I so choose.
This took several years of dialogue that persisted beyond my secondary
school graduation and throughout my tenure at the Nevis Sixth Form
College. Eventually, my aunt, who was a medical doctor, and my uncle,
who was a chemical engineer, were drafted into the debate by my
mother, and [ was ultimately convinced that I had both the time and the
milk, so I tried it. Why not?

After a successful application cycle, I moved to St. Thomas to attend
the University of the Virgin Islands. This was a relatively easy transition
because I succeeded my sister, who still lived on the island. I was able to
transfer credits from my Associate of Science degree in chemistry and
mathematics from the Nevis Sixth Form College and enter as a sopho-
more. Within the first month of classes, I fell in love with organic
chemistry and declared my major in chemistry and minor in physics.
After the first semester, my organic chemistry professor, Dr. Bernard
Castillo II, invited me to join his research group on the sister island, St.
Croix, for the summer. Though this proposal to spend my summer
conducting research on an unfamiliar island seemed unorthodox, it
seemed to me that he already had the milk. Following a series of con-
versations with him, my family, and my mentors, I successfully applied
to the University of the Virgin Islands Summer Research Opportunity
Program. I spent that summer in Dr. Castillo’s research laboratory on St.
Croix, building on techniques I learned throughout the academic year.
Our goal was to assess the accumulation of biotoxins (Ciguatera toxins)
in the invasive lionfish and contribute to the territory’s lionfish response
management plan [3,4]. The first day in the Castillo laboratory filled me
with a novel feeling of ecstasy that I have continued to experience
throughout my research career. Dr. Castillo explained the experimental
procedures and allowed me to work independently. This gave me an
opportunity to explore the limits of my understanding and to
problem-solve. Through another Summer Research Opportunity Pro-
gram at University of the Virgin Islands, I worked under the tutelage of
Dr. Yakini Brandy to extract the active ingredient (citral) from lemon-
grass, a plant commonly used for making tea in the Caribbean [5]. We
used in vitro cell death assays as a first step to determine concentrations
of citral that would be useful as an anti-cancer therapy. I also learned to
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synthesize citral. Conversations with my mentors and experts at local
and national symposia further informed what I could accomplish with a
degree in chemistry. What started as a trial transformed into a desirable
and attainable career path. Through my tenure at University of the
Virgin Islands, I realized I could employ the creativity of a gourmet chef
and my scientific aptitude in one career. Perhaps I could benefit my
community by discovering natural remedies or develop novel therapies
for psychiatric diseases.

I began a graduate program in chemistry at Wayne State University
with the intention to learn the skills necessary for developing novel
therapies for psychiatric diseases. To develop my inorganic and organic
chemistry skills, I designed and synthesized photocageable drugs that
had the potential to inhibit cathepsin K and L, potential therapeutic
targets for the treatment of arteriosclerosis, osteoporosis, and cancer
[6]. The idea was to prevent off-target effects of potent drugs by locking
them in inactive conformations using Ruthenium (II) complexes (caged)
until they were activated by light (uncaged). The complexes I synthe-
sized as part of my thesis demonstrated similar efficacy when they were
caged and uncaged (i.e., they were not locked in an inactive confor-
mation when they were caged). This was a common setback, and it ran
counter to our laboratory’s goal. After months of surveying the literature
and writing my Master’s thesis, I deciphered the inconsistencies and
drawbacks to the approach that we used for this class of compounds.
These are summarized in my Master’s thesis [6] and the related
computational research manuscript [7]. It was during this period that I
finally learned about neuroscience, a field that took a life science
approach to psychology. Through elective coursework, including a
neurobiology of addiction course with Dr. Shane Perrine, my true pas-
sion for understanding psychiatric diseases emerged. One idea was to
join the pharmaceutical industry to make drugs for psychiatric diseases.
However, realizing the limitations inherent in developing psycho-
pharmaceuticals without understanding the brain, I graduated from
Wayne State University with my Master of Science degree in chemistry
and a newfound determination to understand the neural mechanisms
underlying psychiatric disorders.

“Our journey toward truth is often a winding and convoluted path

and what we find at the end is not always the truth we expected at the
beginning of the journey.”

— Christian Scharen, One Step Closer: Why U2 Matters to Those Seeking

God

3. Purpose?

Neuroscience emerged with perfect timing. The neurobiology of
psychiatric diseases course engaged my fascination with chemistry and
psychology. I was intrigued by the complex and dynamic interactions
they both highlighted. In chemistry, molecules interacted to form new
compounds with distinct properties. In psychology, the internal milieu
(genetics, personality) interacted with the external environment (social,
geographical) to influence individual outcomes (behaviors, values). I
found that chemistry and psychology interacted in many aspects of
neuroscience, as well and I felt that my passion for these interactions led
me to my purpose.

Before I even finished writing my Master’s thesis, I applied to
neuroscience doctoral programs. [ was unsure whether I had the milk, but
I ended my Master of Science degree in chemistry resolute that I would
understand the brain and psychiatric diseases. I decided to attend the
University of Illinois Chicago and was awarded the Graduate College
Pathway to an Inclusive Faculty fellowship through a competition for
prospective students. This fellowship granted me the flexibility to ima-
gine my own dissertation project in a truly independent way. Though
there were no ongoing research programs that matched my interest, I
was fully supported by the director of the Graduate Program in Neuro-
science, Dr. John Larson, and the head of the Department of Psychology,
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Dr. Michael Ragozzino. With the guidance of these experienced mentors,
I examined burgeoning ideas and discussed thought-provoking hy-
potheses. After months of discussion and reading about emotion regu-
lation and stress, I stumbled upon an enormous body of work about
oxytocin, the Brain Opioid Theory of Social Attachment [8], and the
Tend-and-Befriend Theory [9]. These theories illuminated my percep-
tion of stress, social interaction, and emotion regulation. The interaction
between oxytocin and opioids in this capacity was largely unstudied.

4. Moxie
4.1. The Tend-and-Befriend Theory

The Tend-and-Befriend Theory, proposed by Shelley E. Taylor,
offered a novel perspective on behavioral responses to stress in the
context of sociality [9,10]. The tend-and-befriend stress response was
proposed as an alternative to the primary physiological response to
stress in males and females; that is, the fight-or-flight response that was
originally suggested by Walter Cannon in 1932 [11]. Taylor estimated
that the fight-or-flight theory was based on research exploring behav-
ioral and neuroendocrine responses to physical and mental challenges,
predominantly in males. Females, thought to have greater cyclical
variation in neuroendocrine levels due to the reproductive cycle, were
less studied, and most findings were considered difficult to interpret.
The tend-and-befriend stress response may have been obscured for these
reasons.

The groundwork for Taylor’s theory included studies of affiliative
behavior. In contrast, these studies were predominantly conducted in
females because of their association with social bonding and nurturing.
As a result of these studies, Taylor proposed that females, like males, had
the capacity to recruit a fight-or-flight response as a reaction to stress,
but that this could jeopardize them and their offspring. As such, females
were likely to have evolved alternative stress responses that would
maximize their and their offspring’s survival; that is, to tend and to
befriend. In response to stress, females exhibit nurturing activities that
protect them and reduce distress in them and their offspring (tending)
and affiliative activities that create and maintain social networks that
can aid in the tending process (befriending). Further, Taylor posited that
the tend-and-befriend stress response builds on attachment and care-
giving systems that are neurobiologically mediated by the oxytocin
system. Here, the oxytocin system is thought to downregulate the
sympathetic nervous system and hypothalamic-pituitary-adrenal (HPA)
axis responses to stress. In addition, the oxytocin system could be
modulated by sex hormones and endogenous opioid peptides that are
released in the brain during stress and play an important role in
modulating the endocrine stress response and regulating emotions [12,
13].

4.2. The Brain Opioid Theory of Social Attachment

Anna Machin and Robin Dunbar also put forward the Brain Opioid
Theory of Social Attachment [8], based on prior work by Thomas Insel
[14], Jaak Panksepp [12,15], and many other researchers. This theory
emphasized a function for endogenous opioids (endorphins) in social
reward and social attachment. Endorphins, which are largely linked to
consummatory reward and addiction, elicit feelings of euphoria and
pleasure and have incentive motivational properties. As such, these
peptides may also facilitate interpersonal warmth, well-being, and bliss
in relationships. Further, Machin and Dunbar drew comparisons be-
tween opioid addiction and intimate relationships, highlighting the
three main stages that aligned with George Koob’s framework of
addiction (i): euphoria, which appeared in addiction as binge intoxica-
tion and in relationships as bliss, (ii) withdrawal, which appeared in
addiction as hyperkatifeia [16] and in relationships as separation
distress, grief, and depression, and (iii) tolerance-habituation, which
appeared in addiction as preoccupation/anticipation and in
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relationships as the progression from romantic to compassionate love.
4.3. The MOXI Hypothesis

Intrigued by these theories [8,10], I decided to investigate whether
an interaction between oxytocin and opioid receptor systems existed.
Early work demonstrated prosocial [17-19], anxiolytic-like [17,20-25],
and anti-depressive-like [26-28] effects of p-opioid receptor agonists,
and burgeoning research demonstrated similar anti-stress effects of
oxytocin [29-37]. However, there was a substantial gap in the literature
related to stress and emotion regulation. I hypothesized that a bidirec-
tional relationship between the endogenous p-opioid and oxytocin re-
ceptor systems existed; specifically, blocking one would inhibit the
other, and stimulating both had potential synergistic effects. This was
my initial Mu-opioid and OXytocin system Interaction (MOXI) hypoth-
esis. My research on this hypothesis began in the Department of Psy-
chology at UIC under the tutelage of Dr. Michael Ragozzino and has
continued in the Neurobiology of Addiction section at the National
Institute on Drug Abuse (NIDA) Intramural Research Program (IRP)
under the tutelage of Dr. George Koob. The support of Drs. Karen Colley,
Jonathan Art, Sue Carter, and Leandro F. Vendruscolo has also been
unparalleled.

While organizing research protocols and resources, I applied for
several sources of funding to bolster our financial support because the
study was taking place independently of Dr. Ragozzino’s primary
research program. I also contributed to an ongoing project in the
Ragozzino laboratory, which we recently published [38]. The Provost’s
Graduate Research Award allowed us to purchase essential software and
equipment to start testing my hypothesis. I also sought out mentors and
collaborators from whom I could learn more and discuss my research
and career plans. Crucial to my transition from UIC to NIDA IRP were Dr.
Colley (Dean of the Graduate College), Dr. Art (Associate of the Graduate
College), and fellow researchers who immediately understood my pas-
sion for this research project.

In my search for collaborators, I cold-emailed Dr. Carter. To my
astonishment, she replied with interest, and we spoke that same day.
Beyond collaboration, I gained an incredible mentor. From the begin-
ning, Dr. Carter took a deliberate and genuine interest in my research
and career.

I met Dr. Koob one month later when he visited UIC as the keynote
speaker at the Department of Psychiatry’s Annual Research Extrava-
ganza. Although not in the Department of Psychiatry, I appealed to be
included in his session with psychiatry graduate students, and I spoke
with him about my oxytocin research. Dr. Koob connected me with a
postdoctoral fellow in his Neurobiology of Addiction section at NIDA
IRP, who was working on oxytocin in alcohol use disorder models.
Fruitful discussions ensued. Encouraged by Dr. Carter, I reached out to
Dr. Koob again about my research hypothesis and opportunities to
collaborate and was offered a predoctoral fellowship, a position I
currently hold, at the NIDA IRP. This opportunity to pursue my disser-
tation research with an internationally renowned expert at the National
Institutes of Health (NIH) was beyond anything I imagined. It would
simply not have been possible without the support, guidance, and
backing of my devoted mentors.

Exploration of the MOXI hypothesis would not have been possible
without the support of these mentors and some moxie of my own.

4.4. A brief and beautiful tangent

My first task was to evaluate the anxiolytic- and antidepressant-like
effects of oxytocin in C57Bl/6J mice [39]. Using the elevated zero maze
and tail suspension test, I demonstrated these effects in males. Next, I
needed to test females. A lengthy debate ensued: should naturally
cycling or ovariectomized females be tested? Ultimately, we tested both
groups of females. This work was completed between UIC and NIDA IRP
and was supported by both Dr. Ragozzino and Dr. Koob. It led to an
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unexpected but important series of experiments regarding the repro-
ductive cycle and reproductive hormones. We became curious about the
lower anxiety-like responses females demonstrated at baseline and their
lower response to oxytocin compared to males.

To further explore these differences, we investigated the effect of the
estrous cycle (the mouse reproductive cycle) and gonadal hormones
(estrogen and progesterone) on oxytocin sensitivity in female mice [39].
To investigate the estrous cycle, I used vaginal lavage to identify the
estrous cycle phases and clustered females into phases of pro-
estrus/estrus and metestrus/diestrus. We found that females in pro-
estrus/estrus were sensitive to oxytocin whereas females in
metestrus/diestrus were not. Contrary to published reports [40], we did
not observe a difference in baseline anxiety-like behavior in pro-
estrus/estrus and metestrus/diestrus females. To investigate the effect of
exogenous hormones in females, they were ovariectomized and sup-
plemented or not with estrogen or progesterone. We observed a leftward
shift in the dose-response curve when they were supplemented with
estrogen or progesterone; that is, lower doses of oxytocin were more
effective at reducing anxiety-like behavior when these hormones were
administered chronically). Notably, we did not observe these effects of
estrous cycle and gonadal hormones in measures of depression-like
behavior (Table 1).

These data spurred questions about the different mechanisms un-
derlying emotion regulation. Is the oxytocin system recruited differently
in depression versus anxiety? Is the tail suspension test measuring other
behaviors that oxytocin is affecting differentially? Would the same
outcome be observed if other tests of depression-like behaviors (e.g.,
learned helplessness) were used? In the broader scope of psychiatric
disorders and treatments, this study generated important clinical ques-
tions as well. What are the effects of menstrual cycle, hormone-mediated
contraceptives, hormone supplements, and hormone blockers on the
endogenous oxytocin system, efficacy of exogenous oxytocin, and FDA-
approved anxiolytics and antidepressants? It is unlikely that the differ-
ences we observed are unique to oxytocin administration because other
studies demonstrate similar evidence for sex-, estrous cycle-, and
hormone-dependent differences [41-46], and antidepressant and anxi-
olytic drugs may interact with the oxytocin system [47-50].

4.5. Okay, let’s focus: The MOXI Hypothesis

Still deeply curious about the oxytocin x opioid interaction, I began
to explore the MOXI hypothesis in C57Bl/6J mice in the Ragozzino
laboratory. The pilot experiment was conducted using p-funaltrexamine
as the p-opioid receptor antagonist with pretreatment times of 25 or 60
min and oxytocin with a pretreatment time of 15 min, both administered
intracerebroventricularly. The preliminary data appeared to support the
original hypothesis that p-funaltrexamine blocked the anxiolytic-like
effect of oxytocin (Table 2).

Once I joined the NIDA IRP, I repeated these experiments using
naloxone as the opioid receptor antagonist. Compared to p-funaltrex-
amine, naloxone had high blood-brain barrier permeability and was
short-acting. This had the advantage of enhancing the experimental
design and interpretability. However, when these experiments were
performed using naloxone, we observed a completely different outcome.
Instead, systemically administered naloxone potentiated the anxiolytic-
like effect of oxytocin [51] (Table 2). A review of the literature revealed
that, unlike naloxone, fB-funaltrexamine covalently and irreversibly
binds the p-opioid receptor [52], with its effects not being specific for at
least 24 h [53,54]. As such, the initial dataset remains difficult to
interpret.

I next tested my hypothesis with a third p-opioid receptor antagonist,
D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP). CTAP is a peptide
antagonist with higher potency and selectivity for p-opioid receptors
compared to naloxone [55]. Because of its low blood-brain barrier
penetrance [56], it needed to be infused directly into the brain. Like
naloxone, CTAP potentiated the anxiolytic-like effect of oxytocin
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Table 1

Effect of oxytocin on depression- and anxiety-like behavior in C57B1/6J mice. In a previous report, we demonstrated
that oxytocin reduced depression-like behavior in all experimental groups: males, females, females in proestrus/estrus,
females in metestrus/diestrus, ovariectomized females, estrogen-supplemented ovariectomized females, and progesterone-
supplemented ovariectomized females [39]. Oxytocin reduced anxiety-like behavior in all experimental groups except
females in metestrus/diestrus. An effect of sex was observed (i.e., oxytocin was more effective at reducing anxiety-like
behavior in males compared to females). An effect of reproductive cycle was observed (i.e., oxytocin reduced
anxiety-like behavior in females in proestrus/estrus but not in females in metestrus/diestrus). And a slight effect of
reproductive hormones was observed (i.e., while oxytocin reduced anxiety-like behavior in all ovariectomized female
experimental groups, lower doses of oxytocin were required to reduce anxiety-like behavior when ovariectomized females
were supplemented with estrogen or progesterone). Shading of the arrows is used to convey oxytocin sensitivity between
experimental groups (i.e., increasingly opaque arrows illustrate greater sensitivity to oxytocin).

Experimental groups

Effect of oxytocin on
Depression-like behavior

Effect of oxytocin on
Anxiety-like behavior

Influence of sex
Males l l
Females l l

Influence of hormonal status: reproductive cycle

Females in proestrus/estrus

Females in metestrus/diestrus

Influence of hormonal status: reproductive hormones

!
!

X

Ovariectomized females

Estrogen-supplemented
ovariectomized females

<=

Progesterone-supplemented
ovariectomized females

- | |

-

Table 2

Effects of oxytocin, f-funaltrexamine, naloxone, and CTAP on baseline
anxiety-like behavior and oxytocin-induced anxiolytic-like behavior in
C57Bl1/6J mice. Oxytocin reduced anxiety-like behavior. Consistent with my
original hypothesis, p-funaltrexamine blocked the anxiolytic-like effect of
oxytocin when administered 25 or 60 min before testing (these data are
unpublished). However, contrary to my original hypothesis, naloxone and
the p-opioid receptor antagonist D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2
(CTAP) potentiated the anxiolytic-like effect of oxytocin [51].

Drug Anxiety-like behavior

(Baseline)

Oxytocin-induced
anxiolytic-like behavior

Oxytocin

B-funaltrexamine

Naloxone

CTAP

3¢ | D¢ ||
) | =) (¢ )\Z>

(Table 2). These data established an interaction between the oxytocin
and p-opioid receptor systems. However, contrary to the original hy-
pothesis, we found that inhibiting the p-opioid receptor system poten-
tiated the anxiolytic-like effect of oxytocin.

4.6. The updated MOXI Hypothesis

The finding that p-opioid receptor blockade potentiated the
anxiolytic-like effect of oxytocin informed an update to the MOXI hy-
pothesis. The initial hypothesis that activation of the endogenous
p-opioid and oxytocin receptor systems was functionally synergistic was

not supported. Instead, it appeared that the p-opioid receptor system
negatively modulated the oxytocin system. After an intensive literature
review, I found that at least two hypotheses could explain my findings.
The first, I refer to as the hypothalamic MOXI hypothesis. It had been
reported and demonstrated decades prior [57,58]. The second, I refer to
as the extrahypothalamic MOXI hypothesis. This is my novel hypothesis
of how the p-opioid and oxytocin receptors might interact and it has yet
to be investigated. Both are described in detail below.

4.7. The Hypothalamic MOXI Hypothesis

An early collection of studies by Gareth Leng, R. John Bicknell,
Alison J. Douglas, John A. Russell, and their colleagues demonstrated
that blocking p-opioid receptors increased oxytocin release from the
paraventricular and supraoptic nuclei of the hypothalamus and
increased the electrical activity of oxytocin neurons in these brain re-
gions [57,59,60]. They postulated that constitutive p-opioid receptor
activation could inhibit oxytocinergic cells and therefore, reduce the
release of oxytocin (Fig. 1A), and that p-opioid receptor blockade could
disinhibit these cells and enhance oxytocin release as a result (Fig. 1B).

Based on our current understanding, this mechanism is likely specific
to the paraventricular, supraoptic, and accessory nuclei of the hypo-
thalamus (i.e., brain regions that synthesize and release oxytocin). This
hypothalamic hypothesis partially explains the potentiating effect of
naloxone and CTAP described in Table 2. However, I propose that
another mechanism, mediated by extrahypothalamic brain regions,
might explain the observed effect. Particularly, limbic brain regions,
including the nucleus accumbens and central, medial, and basolateral
nuclei of the amygdala, ought to be considered.
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Fig. 1. Hypothalamic MOXI hypothesis. p-Opioid receptors expressed on presynaptic terminals of hypothalamic oxytocinergic neurons can modulate the release of
oxytocin throughout the brain and posterior pituitary (A, B). p-Opioid receptors couple with inhibitory G,; proteins. Thus, endorphins or agonists can inhibit neural
transmission and reduce oxytocin release (A), and antagonists can disinhibit neural transmission and increase oxytocin release (B). This hypothesis and diagram are

based on an earlier conceptualization by Clarke et al. [59].
4.8. The Extrahypothalamic MOXI Hypothesis

The extrahypothalamic hypothesis posits that p-opioid receptors can
modulate the activity of oxytocin receptor-expressing neurons (e.g.,
y-aminobutyric acid-containing [GABAergic], glutamatergic, seroto-
nergic, or dopaminergic neurons) in relevant brain regions (e.g., central
nucleus of the amygdala, basolateral amygdala, nucleus accumbens,
lateral septum, or ventral tegmental area). The MOXI hypothesis is
based on three premises. First, both oxytocin receptors and p-opioid
receptors are expressed on the same neuron type, such as GABAergic or
glutamatergic neurons [61-63]. Second, oxytocin receptors predomi-
nantly couple stimulatory Gyq proteins (OXTRgyq) but can also couple
inhibitory Gy; proteins (OXTRgyi) [64]. Third, p-opioid receptors pre-
dominantly couple inhibitory Gy; proteins (MORgg;) [65].

This suggests that p-opioid and oxytocin receptors have opposing
functions. Specifically, activation can inhibit neuronal activity, whereas
activation can stimulate neuronal activity (Fig. 2A-C). As such, p-opioid
receptor antagonism may block constitutive endorphin-mediated
neuronal inhibition; that is, p-opioid receptor antagonism may disin-
hibit p-opioid receptor-expressing neurons and enhance oxytocin-
induced neuronal stimulation (Fig. 2B) or neurotransmitter release
(Fig. 2D). This describes the neuronal colocalization hypothesis (Fig. 2A
and B) and the converging neuron hypothesis (Fig. 2C and D).

The neuronal colocalization hypothesis posits that OXTRgeq and
MORg,; are expressed on the same neurons in extrahypothalamic brain
regions. MORgg; and OXTRgqq agonists would thus have opposing effects
(Fig. 2A) and blockade would increase neuronal excitability through the
activation of OXTRg«q by oxytocin (Fig. 2B). Given the synergistic ef-
fects of opioid receptor antagonists and oxytocin, I also consider po-
tential for the heterodimerization of the respective receptors, as
heterodimerization and oligomerization of both receptors have been
observed previously [66-75]. The converging neuron hypothesis posits
that MORg; and OXTRgeq neurons are expressed on separate neurons
that then converge onto the same secondary neuron. Here, the blockade
or activation of p-opioid receptors could disinhibit or excite their
respective neurons, which converge onto the same neuron as
oxytocin-receptor expressing neurons to produce a synergistic effect
(Fig. 2C-F).

There are multiple alternative mechanisms that can account for
MOXI. Here, I propose another hypothesis that accounts for the coupling
of oxytocin receptors to inhibitory G,; proteins (OXTRg,;) that can occur
in an inhibitory neural network. For example, in a predominantly
GABAergic neural network, the activation of OXTRg,; may inhibit GABA
release. Thus, p-opioid receptor-expressing GABAergic neurons may

project onto oxytocin receptor-expressing GABAergic neurons. As such,
p-opioid receptor antagonism would promote GABA release and pro-
mote inhibition of the efferent oxytocin receptor-expressing neuron.
MORgqi-expressing neurons may project to OXTRgi-expressing neurons
in extrahypothalamic brain regions. In this way, the activation of both
receptors would have an inhibitory action on their respective neurons
(Fig. 3A), such that blockade could disinhibit GABAergic neurons and
enhance the inhibition of OXTRg,i-GABAergic neurons that are impor-
tant for a potentiated anxiolytic-like response (Fig. 3B).

It is important to note that neurons comprise only 10% of the total
brain cell population. p-Opioid and oxytocin receptors may be expressed
on glial cells throughout the brain and some glial cells have been shown
to mediate effects of oxytocin and opioids [76-81]. Thus, a role for glial
cells in the MOXI hypothesis should be considered.

Currently, electrophysiological, transgenic-behavioral, and
morphological studies are ongoing to decipher these potential mecha-
nisms. A few implications of our findings and the MOXI mechanisms are
discussed below.

4.9. Clinical implications of the MOXI Hypothesis: the MOXAIC
Hypothesis

Early studies demonstrated that p-opioid receptor antagonism (e.g.,
with naloxone and naltrexone) can increase oxytocin release via a hy-
pothalamic mechanism (Fig. 1). I recently demonstrated that p-opioid
receptor antagonism can potentiate the anxiolytic-like effect of oxytocin
(Table 2) and proposed that p-opioid receptor blockade can enhance
oxytocin function via extrahypothalamic mechanisms (Figs. 2 and 3).
Accordingly, both the hypothalamic and extrahypothalamic MOXI
mechanisms may synergize to promote the efficacy of Mu-Opioid re-
ceptor antagonist and OXytocin receptor Agonist In Combination
(MOXAIC) treatment in psychiatric disorders and other illnesses. A
recent case study demonstrated that naltrexone and oxytocin cotreat-
ment could be used to treat hypothalamic obesity (i.e., excessive weight
gain caused by injury to the hypothalamus) [82]. Another study in
rhesus macaques demonstrated that naloxone and oxytocin cotreatment
enhanced social attention [83], suggesting a potential therapeutic use in
autism spectrum disorder and other psychosocial disorders, such as so-
cial anxiety. There may also be a potential use for adjunctive MOXAIC
treatment in psychosocial therapy for the treatment of stress, affective,
anxiety, and substance use disorders.

Preclinical studies demonstrate that oxytocin can reduce stress
reactivity [33,84], depression-like behavior [39,85-88], anxiety-like
behavior [29,35,39,89], measures of alcohol and drug dependence
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Fig. 2. Extrahypothalamic MOXI hypotheses: neuronal colocalization and converging neuron hypotheses. p-Opioid receptors on various neuron types (e.g.,
GABAergic, glutamatergic, or serotonergic neurons) can modulate the effect of oxytocin release or oxytocin receptor activation. In the neuronal colocalization
hypothesis, p-opioid receptor agonists may reduce neuron excitability by increasing inhibitory tone of the neuron (A), whereas p-opioid receptor antagonists may
have a disinhibitory effect and increase neuronal excitability by removing endorphin-induced inhibitory tone (B). In the converging neuron hypothesis, p-opioid
receptor agonists may reduce excitability of the converging p-opioid receptor-expressing neuron and reduce neurotransmitter release onto a secondary neuron which
may oppose neurotransmitter release from a converging oxytocin receptor-expressing neuron (C, E). p-Opioid receptor antagonists may disinhibit the converging
p-opioid receptor-expressing neuron to allow for greater neurotransmitter release, which may synergize with neurotransmitter release from a converging oxytocin
receptor-expressing neuron (D, F). In an excitatory neuronal network, the synergism of a p-opioid receptor antagonist with an oxytocin receptor agonist could lead to
activation of the secondary, convergent neuron (D). In an inhibitory neuronal network, this synergism could lead to inhibition of the secondary, convergent

neuron (F).
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Fig. 3. Additional MOXI hypothesis in inhibitory neurons. u-Opioid receptors expressed within an inhibitory neural netwok (e.g. GABA or Neuropeptide Y) can
potentiate the effect of oxytocin or oxytocin receptor agonists. j-Opioid receptor agonists may inhibit (hyperpotentiate) an inhibitory neuron and reduce neuro-
transmitter (e.g. GABA) release on a tertiary neuron (A). Thus, p-Opioid receptor antagonists may disinhibit an inhibitory neuron and increase the release of an
inhibitory neurotransmitter on a tertiary neuron. This action may synergize with the activation of Gy-coupled oxytocin receptors to completely inhibit a tertiary

neuron (B).

[90-94], and hyperkatifeia [92] and can enhance cognition and social
approach [95,96]. However, clinical trials have replicated these findings
with low or unreliable efficacy [30,97-101]. Although the lower effi-
cacy of oxytocin in these trials may have resulted from the route of drug
administration, dose of drug, low blood-brain barrier penetrance, or low
sample size, the hypothalamic and extrahypothalamic MOXI hypotheses
infer a neurobiological limitation (i.e., that endorphins or constitutive
p-opioid receptor activity may block the efficacy of endogenous and
exogenous oxytocin). Others have also demonstrated that oxytocin may
function as a positive allosteric modulator at the p-opioid receptor
[102], which may reduce the effectiveness of oxytocin in the presence of
endorphins. As such, replacing oxytocin treatment with MOXAIC treat-
ment may be a more promising approach. Additionally, naltrexone has
demonstrated high efficacy in treating opioid use disorder and pre-
venting relapse, but it has low patient adherence because of the aversive
effect of opioid receptor antagonists. The MOXI and MOXAIC treatment
hypotheses also provide a promising approach for the treatment of
substance use disorders and may increase patient adherence by blocking
p-opioid receptors and preventing the development of negative affective
states and aversive somatic symptoms.

As these are developing hypotheses, I acknowledge several potential
drawbacks. First, observations regarding the MOXI hypothesis may be

context specific. This is an important consideration given that the hy-
pothalamic MOXI hypothesis was previously supported by studies in
pregnant and lactating, but not virgin female, rats [57,60,103] and in
male and female rats that were subjected to osmotic stress but not
stress-naive male or female rats [104]. In addition, because previous
studies that may support the extrahypothalamic MOXI hypothesis [51,
83] were conducted in stress-naive animals, there may be significant
neural network changes that disrupt MOXI in stressed animals. Second,
with respect to MOXAIC treatment, the previously mentioned draw-
backs inherent in the intranasal route of oxytocin delivery [105], such as
low blood-brain barrier penetrance and suboptimal dose titration, may
supersede any benefits of MOXAIC treatment if the same route of
administration is used for oxytocin, oxytocin receptor agonists, and/or
p-opioid receptor antagonists. Third, there is a need to determine the
best ratios of effective p-opioid receptor antagonists and doses of
oxytocin receptor agonists to be used in clinical trials and preclinical
studies in psychiatric disorders and related animal models, respectively.
Fourth, the effects of chronic oxytocin and naltrexone treatment are not
well understood. This is especially important given that chronic drug
administration may desensitize target receptors (tolerance). This phe-
nomenon is well described as a result of the administration of p-opioid
receptor agonists [106] but is understudied with respect to oxytocin
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receptors [107]. It is important to note that clinically approved oxytocin
and oxytocin receptor agonists demonstrate activity at vasopressin re-
ceptors [108], and clinically approved opioid receptor antagonists
might have unpredictable and undesirable side effects because of their
simultaneous inhibition of k- and §-opioid receptors [109]. Altogether,
these potential drawbacks highlight that further studies are required to
validate the MOXI and MOXAIC hypotheses.

5. What’s next?

I remain curious about the MOXI and MOXAIC hypotheses, the
previously described Tend-and-Befriend Theory, and the Brain Opioid
Theory of Social Attachment, in addition to recently published concepts,
such as the Allostatic Theory of Oxytocin [110] and the Oxytocin As
Nature’s Medicine Theory [111]. The Allostatic Theory of Oxytocin
posits that oxytocin modulates social and nonsocial behaviors by facil-
itating adaptation and consolidation and by maintaining stability
through changing environments to affect physiological and psycholog-
ical wellness [110]. The Oxytocin as Nature’s Medicine Theory expli-
cates the broad functionality of oxytocin as a stress-coping molecule, an
anti-inflammatory agent, and an antioxidant that can influence the im-
mune and autonomic nervous systems to affect general health, adapta-
tion, development, reproduction, and social behavior (e.g. bonding,
altruism, and cooperation) [111].

In addition to these works, I am intrigued by Johann Hari’s Lost
Connections Theory [112], particularly in consideration of human
ultra-sociality [113,114]. Hari’s theory is based on clinical observations,
research, and personal and collective anecdotes. He posits that we un-
knowingly depreciate our mental health as individuals and a society by
neglecting important dimensions of wellness [115]. Supported by a
broad literature, Hari supposes that disconnection from meaningful
work [116-118], other people [117,119,120], meaningful values [121,
122], childhood trauma [123-125], status [122,126], nature
[127-130], and a secure and hopeful future [121,131,132] can be de-
terminants of psychiatric illness, in addition to genes [133-136], neu-
roplasticity and neuroadaptation [137] — a case that is persuasive and
relatable. Ultra-sociality describes the complex social organization of a
few species, including humans and some social insects (ants, termites)
that are highly adaptive at a group level, having specialized divisions of
labor, independent cities, and a dependence on agriculture [113,114].
Experts suggests that ultrasocial systems are upheld by cooperation and
can be inhibited by competition, and that cooperation leads to “greater
group productivity, more favorable interpersonal relations, better psy-
chological health, and higher self-esteem” [113,114,138,139].

Combining these theories with my unique skillset and passion, [ am
motivated to understand the neurobiological and psychosocial factors
that contribute to the decline of mental health in my communities and to
uncover novel ways to improve global empathy, mental health, and
cooperation. I am deeply curious about the relationship between social
disconnectedness and psychiatric disorders.

“If T have seen further than others, it is by standing upon the
shoulders of giants.”
— Isaac Newton

I cannot take for granted the openness of science and the scientific
community’s obligation to share research findings to inform and posi-
tively affect our communities. Science has been communicated so well
within the last century that we all have more milk than we could ask for;
that is, the resources we have already acquired (knowledge, curiosity,
skills, and talents) to get started on a project or mission. I am grateful to
my predecessors who laid and continue to lay the groundwork to
advance our understanding of each other and mental wellbeing, and I
am grateful to my colleagues who build on this foundation with me. The
onus is on us all to find the orange juice — the resources we need to attain
(funding, equipment, mentors, collaborators, skills, talents) to arrive at
the desired outcome.

Comprehensive Psychoneuroendocrinology 19 (2024) 100244

6. Conclusion

“Purpose is so intrinsic to whom we are that it guides us
unknowingly.”
-Khalin E. Nisbett

Although my academic journey has been unpredictable, it has also
been thrilling, and reassuring. Through the example of my many men-
tors, I have and will continue to serve my community, share what I have
learned through research, strive to improve the lives of others, and to do
all of this with all the moxie I can muster. I aspire to continue collabo-
rating and connecting with experts and lay people to improve mental
wellbeing and cooperation in our world.
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