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ABSTRACT
Most studies attempting to address the health care needs of the millions of transgender, nonbinary, and/or gender-
diverse (TNG) individuals rely on human subjects, overlooking the benefits of translational research in animal models.
Researchers have identified many ways in which gonadal steroid hormones regulate neuronal gene expression,
connectivity, activity, and function across the brain to control behavior. However, these discoveries primarily benefit
cisgender populations. Research into the effects of exogenous hormones such as estradiol, testosterone, and pro-
gesterone has a direct translational benefit for TNG individuals on gender-affirming hormone therapies (GAHTs).
Despite this potential, endocrinological health care for TNG individuals remains largely unimproved. Here, we outline
important areas of translational research that could address the unique health care needs of TNG individuals on
GAHT. We highlight key biomedical questions regarding GAHT that can be investigated using animal models. We
discuss how contemporary research fails to address the needs of GAHT users and identify equitable practices for
cisgender scientists engaging with this work. We conclude that if necessary and important steps are taken to address
these issues, translational research on GAHTs will greatly benefit the health care outcomes of TNG people.

https://doi.org/10.1016/j.bpsc.2022.07.002
Despite blossoming sociopolitical recognition of and conver-
sation about transgender, nonbinary, and/or gender-diverse
(TNG) identities in recent years, biomedical literature has
dragged woefully behind in its inquiry into gender-affirming
care. Some TNG individuals seek gender-affirming medical
care to assist in their embodiment goals, often seeking align-
ment with their internal sense of gender (see the Supplement
for relevant definitions and terminology recommendations).
This can include gender-affirming hormone therapies (GAHTs)
and gender-affirming surgeries. The first animal model of
GAHT was only published in 2017 (1,2), and no randomized
controlled trials have been completed on GAHT, because with-
holding a standard of care medical therapy that improves mental
health outcomes (3–8) from individuals is unethical. Due to this
lack of research, GAHT is not U.S. Food and Drug
Administration–approved, and GAHT prescriptions are all off-
label use. Anti-TNG lawmakers and activists exploit this dearth
of knowledge to justify discriminatory policies (9), including those
that delay and deny GAHT for TNG people (10–12). We believe
that animal models of GAHT can help fill this gap by allowing
researchers to conduct studies not possible in humans to better
understand the specific biological systems affected by GAHT.

Cultural conversations about GAHT almost exclusively center
around development of physical characteristics—beards, deep
voices, and broad shoulders with T (testosterone)-GAHT versus
ª 2022 Society of Biological Psychiatry. Published by Elsevier In
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breasts, hips, and softer skin with E2 (estradiol)- and/or P4
(progesterone)-GAHT. Such portrayals fail to recognize the
profound effect of hormonal milieu on neural function and
behavior. Here, we review current deficiencies in our under-
standing of GAHT effects on neurological processes and illus-
trate how to best model GAHT using current experimental
paradigms in common laboratory animals. These deficits are
encapsulated by several key research questions:

1. How does GAHT shape gene expression in the brain at
different life stages?

2. How does GAHT impact neural processes involved in
affect, and what is the consequence of this on mental
health treatment and outcomes for TNG populations?

3. How does GAHT regulate the neural networks controlling
social behavior, and how does this interact with the unique
psychosocial stressors experienced by TNG individuals?

4. How does GAHT affect cognitive processes such as
learning, spatial, and episodic memory?

5. How does GAHT impact the neurological control of meta-
bolism and physiology?

In this review, we focus on data applicable to adult GAHTs.
For more information on translational models for puberty and
adolescent GAHTs, see the Supplement.
c. All rights reserved.
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LIMITATIONS TO CURRENT MODELS
Because animal GAHT models are rarely used, it is worth
commenting on the tradeoffs different model species offer.
Rodents offer benefits of their low cost, small size, and shorter
life span, which collectively enable studies to have a higher
study population. In addition, they provide genetic accessi-
bility, allowing precise recording and manipulation of neural
and molecular function not possible in other species. Their
most relevant limitation is that they lack sex hormone binding
globulin (which binds T in the body) postnatally, impacting
hormone metabolism (13). Nonhuman primates offer a closer
model of human hormone metabolism and facilitate more
robust studies of affect. Nevertheless, using nonhuman pri-
mates has significant drawbacks pertaining to their high
expense and large size (limiting sample size and statistical
power), ethical concerns, and specific needs that limit which
research facilities are equipped to support nonhuman primate
research.

Researchers should consider whether their hypothesis is
better tested using classic endocrinological techniques or pre-
cise GAHT models (Figure 1A) when designing or reviewing
GAHT experiments. For example, gonadectomy and surgical
pellet implantation offers the most even, constant hormone
levels; however, this is not how human GAHT is conducted
Biological Psychiatry: Cognitive Neuroscience and Neuroima
(1,3,14–16). Also, animal studies cannot account for the unique
chronic stressors that TNG humans endure (17–19), which
inevitably impacts their nervous system function and behavior.
TNG people experience extraordinary amounts of social rejec-
tion (19). Such experiences are known to impact overall stress
level, various psychiatric symptoms, and suicidal behaviors in
this community (17,18,20–23). Furthermore, health care
discrimination predicts future health care avoidance due to
increased rejection sensitivity (24). Social rejection and ostra-
cization elicit the same brain activity as physical pain (25), trigger
feelings of sadness and anger (26), and are well-established risk
factors for developing depression (27–31). Notably, depressed
individuals may falsely perceive rejection when it is not in fact
expressed, likely compounding its impact (32).

Such stressors are often conceptualized by the minority
stress model, originally coined by Brooks (33). The minority
stress model for TNG people [based on the minority stress
model proposed for lesbian, gay, and bisexual people (34)]
posits that external stressors related to minority status, inter-
nalization of these stressors, and learned anticipation of
discrimination impacts general health (35). These external and
internal factors result in elevated allostatic load, negatively
affecting health. Coping and social support can offer a certain
degree of buffering against the negative impact of minority
Figure 1. Recommendations for rodent models of
GAHT. (A) Classic endocrinology studies use GDX
and hormone replacement to study the role of indi-
vidual hormones. Researchers should take care to
best model the human condition. GAHT in trans men
and transmasculine people typically involves exoge-
nous T treatment, GAHT in trans women and trans-
feminine people typically involves exogenous E2 and
antiandrogen treatment, sometimes combined with
P4, and transgender people who have their gonads
removed do so later in life after the initiation of GAHT
(3,15). Therefore, better models of GAHT should use
intact animals at pubertal, adult, and aged time points.
In adults and aged animals, untreated, intact animals
with ovaries and testes should be compared with
intact animals with ovaries treated with T and intact
animals with testes treated with antiandrogens, E2,
and/or P4. Commonly used antiandrogens include
spironolactone, cyproterone acetate, and finasteride;
all 3 antiandrogens have distinct mechanisms of ac-
tion and off-target effects (3). Models using all 3
should be tested in translational studies. In peri-
pubertal animals, untreated intact mice should be
compared with intact mice treated with a GnRH
agonist, such as leuprolide. (B) Owing to the high
levels of chronic stress faced by transgender, nonbi-
nary, and/or gender diverse populations, researchers
should strive to assess both the effect of GAHT on
stress systems in the brain and periphery and the ef-
fect of various stressors on the efficacy of GAHT
relative to particular experimental end points. Care
should be taken to assess the effects of stressors
occurring prior to, during, and after the onset of
exogenous hormone treatment. (C)Relevant timelines
for rodent models of GAHT. E2, estradiol; GAHT,
gender-affirming hormone therapy; GDX, gonadec-
tomy; GnRH, gonadotropin hormone-releasing hor-
mone; P4, progesterone; T, testosterone.
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stressors (36,37). It is important for researchers to recognize
that animal GAHT models are unable to explore the uniquely
human impacts of minority stress on mood and behavior.
However, animal models of chronic social stress can provide
translational insights into how elevated social allostatic load
impacts neural function and the biological mechanisms un-
derlying resiliency and susceptibility (38,39). Thus, as will be
discussed below, animal GAHT models should be paired with
varied chronic social stress models (Figure 1B). Such studies
could potentially translate into personalized GAHT better
suited to individual patient needs.

GAHT AND GENE EXPRESSION

Gonadal hormones are typically divided into 3 classes: es-
trogens, androgens, and progestogens. During mammalian
steroidogenesis, P4 acts as a precursor for T, and T is con-
verted to E2. While predominantly made in the gonads, they
can be synthesized in the brain to affect neural development
and function (40,41). Regardless of their origin, gonadal
hormones canonically exert their effects as ligands for their
corresponding receptors. Hormone receptors are broadly
nuclear or membrane tethered (Table 1). Following ligand
binding, nuclear receptors bind to DNA motifs and act as
transcription factors, initiating the expression or repression
of multiple sets of genes (42–44). Furthermore, individual
neurons often coexpress several types of nuclear hormone
receptors (45), endowing them with further flexibility to alter
their gene expression profile depending on hormone state
(46). Membrane-bound receptors can be found on the
plasma membrane of both cells and intracellular organelles,
and their activation drives rapid alteration of intracellular
signaling pathways (47–49). This is in contrast to the time-
scale of nuclear receptor function, offering parallel mecha-
nisms of action for hormones to influence cell function and
behavior (50). Indeed, gonadal hormones and their nuclear
receptors regulate gene expression to drive changes in
neural circuit wiring, synaptic strength, and neural activity in
ways that shape the likelihood of expressing various be-
haviors (44,50–53).

Understanding how E2, T, and P4 direct adult neuronal gene
expression can provide important insights into the mecha-
nisms that both mediate the effects of and are influenced by
Table 1. Nuclear and Membrane Receptors for Sex Steroid
Hormones

Receptor Estrogen Androgen Progestogen

Nuclear ER-a,ER-b AR PR-A, PR-B

Membrane-Bound,
Steroid Specific

GPER1/GPR30, Gq-mER,
ER-X

GPR56 mPR family
PGRMC1

Other TRPV1 TRPM8 TRPV1

AR, androgen receptor; ER, estrogen receptor; GPER1/GPR30: G
protein–coupled estrogen receptor 1/G protein–coupled receptor 30;
Gq-mER, Gq–coupled membrane estrogen receptor; GPR56, G
protein–coupled receptor 56; mPR, membrane tethered progesterone
receptor; PR, progesterone receptor; PGRMC1, progesterone
receptor membrane component 1; TRPM8, transient receptor
potential cation channel subfamily M member 8 (menthol receptor 1);
TRPV1, transient receptor potential cation channel subfamily V
member 1 (capsaicin receptor, vanilloid receptor 1).
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GAHT. Changes in gene expression can occur through
epigenetic modifications of the accessibility of genomic re-
gions to transcription machinery. Thus, in addition to their role
as transcription factors, gonadal hormone receptors can act on
the molecular structure of the genome to regulate gene
expression (44,54,55). Recent work focusing on the posterior
bed nucleus of the stria terminalis, a subcortical structure
involved in mammalian social behavior, showed that adult
gonadectomy reverts sex differences in gene expression to a
less-differentiated state in neurons expressing estrogen re-
ceptor (ER)a (44). In adult gonadectomized mice, few sex dif-
ferences are seen in ERa-mediated genomic organization in
response to exogenous E2. This indicates that sex-typical
differences in gene expression arise from the acute hormone
milieu and that hormones can mount a genomic response even
after endogenous hormonal organizational periods of devel-
opment at birth and puberty (44). This work provides a po-
tential mechanism for neural circuits mediating sex-typical
behaviors to retain the capacity for sex-atypical behaviors in
adulthood after sexual differentiation (56–59). Importantly, it
implicates GAHT in driving flexible changes in human neuronal
gene expression. Future investigations should identify whether
E2 modulates gene expression similarly in other brain regions
that express steroid receptors (Figure 2) and elucidate the
specific effects of ERa and ERb isomers. The expression
profiles elicited by T, P4, or combinations thereof through their
nuclear receptors should also be characterized (Table 1).

Gonadal hormones influence nonneuronal populations and
should be considered when studying GAHTs. Microglia, im-
mune cells in the nervous system, are responsive to E2 and are
required for male-typical development of the preoptic area of
the hypothalamus (60). Notably, microglia are involved in the
anti-inflammatory effects of E2 and P4 (61–63) and may
contribute to the mental health benefits associated with GAHT.
Astrocytes are glial cells that regulate the recycling of neuro-
transmitters, cell metabolites, and modulate the blood-brain
barrier, and these cells can express gonadal hormone re-
ceptors and steroidogenesis enzymes (64,65). Linking changes
in hormone-regulated neuronal activity and function (53) to
changes in hormone-dependent gene expression could pro-
vide specific molecular pathways for targeted and personal-
ized GAHT.
GAHT AND MOOD/AFFECT

Understanding how changing hormone levels influence mood
and affect could improve evidence-based mental health
treatments for TNG individuals. Gonadal hormones can influ-
ence many affective disorders by acting on brain regions such
as the hypothalamus, prefrontal cortex, nucleus accumbens,
hippocampus, and extended amygdala (66–71) (Figure 2).
Indeed, depressed cisgender women have reduced E2 levels
(72). Low T levels are associated with increased risk of
depression in cisgender men, though this is not reliably
reversed by T replacement (73,74). In contrast, cisgender
women with high T levels and physical manifestations of
androgenism are more likely to report depression and eating
disorders (75,76)—though this is confounded by societal
stigma around facial and body hair for women. In post-
menopausal cisgender women, depressive symptoms respond
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Figure 2. Key neuroanatomical regions to
consider in gender-affirming hormone therapy
studies in both rodent animal models and humans.
Certain brain regions are especially relevant to the
study of gender-affirming hormone therapies, indi-
cated in (A) murine and (B) human central nervous
systems. Broad anatomical regions are indicated by
uppercase abbreviations, with key subregions indi-
cated in lowercase. (C) Schematic summarizing the
relative expression levels of canonical nuclear hor-
mone receptors in the murine brain, with darker
shades indicating higher expression. Data repre-
sented includes both immunolocalization of receptor
protein and receptor messenger RNA in adult rodent
models. This summary does not include membrane
or other hormone receptors (Table 1) and does not
account for known isoform, developmental, and sex
variability. [Visualizations based on data presented in
(67,71,90–92)]. a, anterior; ah, anterior hypothala-
mus; AMY, amygdala; AR, androgen receptor; arc,
arcuate nucleus; avpv, anteroventral periventricular
nucleus; BNST, bed nucleus of the stria terminalis;
CBL, cerebellum; cin, cingulate; CTX, cortex; dr,
dorsal raphe; ER, estrogen receptor; HPF, hippo-
campal formation; HYP, hypothalamus; lc, locus
coeruleus; mea, medial amygdala; MID, midbrain
neuromodulatory centers; mpoa, medial preoptic
area; nac, nucleus accumbens; OLF, olfactory bulb;
p, posterior; pa, posterior amygdala; pag, peri-
aqueductal gray; pfc, prefrontal cortex; pmv, ventral

premammillary nucleus; poa, preoptic area; PR, progesterone receptor; SA, septal area, includes medial and lateral septal nuclei; sn, substantia nigra; STR,
striatum; vmhvl, ventromedial hypothalamus ventrolateral division; vta, ventral tegmental area.
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stronger to venlafaxine, a 5-HT (serotonin) and norepinephrine
reuptake inhibitor, than to fluoxetine, a 5-HT reuptake inhibitor
(77). Yet, supplementing fluoxetine with E2 rescues its anti-
depressive capacity in this population (78). One potential
explanation is that E2 increases prefrontal 5-HT receptor
expression in postmenopausal cisgender women (79).
Conversely, venlafaxine efficacy in cisgender menopausal
women is impaired by E2 (80). Studies on the efficacy of es-
trogen supplementation on negative affect reported mixed
results in postmenopausal cisgender women (81,82). Never-
theless, clinical studies considering mood in the context of
endogenous hormonal changes during menopause and preg-
nancy cannot control for co-occurring psychosocial stressors,
sleep deprivation, and body image concerns. Just as hormonal
changes influence the mental health needs of cisgender in-
dividuals, GAHT likely affects the mental health needs of TNG
individuals. However, similar to cisgender individuals, a clear
understanding of the relationship between hormone state and
mood in TNG individuals is confounded by the reduced
distress associated with physical changes from GAHT (8) and
by minority stress (17,18). Fortunately, many animal models of
affective disorders are clinically relevant, are hormone sensitive
(38,39,83), and can be adapted for GAHT models (Figure 1A).

Studies in rodent models have revealed several possible
mechanisms to explain variable responses to treatment for
mood related to hormone state. One key pathway mediating
depressive symptoms in humans and mice involves MAPK
(mitogen-activated protein kinase) activity and BDNF (brain-
derived neurotrophic factor) expression. BDNF is decreased in
depressed patients (84), and translational studies have shown
Biological Psychiatry: Cognitive Neuroscience and Neuroima
that MAPK activity can increase BDNF expression, leading to
downstream changes in 5-HT signaling and improved mood
(85). Fluoxetine, E2, and T increase BDNF along with MAPK
activity in mice (86–88), while venlafaxine-induced BDNF in-
creases occur independent of MAPK activity (87). Thus,
changes in hormone state may alter the effectiveness of anti-
depressants. This may depend on which pathway is used to
control BDNF, which neurotransmitters they influence, or other
mechanisms. Indeed, similar to E2 for cisgender women, the T
levels of adult male mice impact the effectiveness of fluoxetine
but not venlafaxine (89). Tailoring experimental treatments to
align with GAHT paradigms would ensure that the diverse
hormone states of TNG individuals are accounted for in
translational research.

Critically, studies examining mental health outcomes
associated with GAHT run the risk of pathologizing gender
affirmation rather than addressing patient needs. Therefore, we
propose two experimental designs to study stress and affec-
tive disorders in models of GAHT (Figure 1B). First, researchers
should compare hormone-treated and untreated animals to
determine GAHT’s impact on clinically relevant neural systems.
Second, researchers should compare between groups that
receive hormone treatment but are differentially exposed to
stress to understand how GAHT uniquely impacts mental
health needs. This isolates the effects of stress on the nervous
system within a model of GAHT. For example, researchers may
first ask whether GAHT-like manipulation alters the 5-HT sys-
tem in a mouse model. If a significant effect appears, one
should ask how this novel 5-HT system changes after stress
and whether such changes influence depressive symptom-
ging December 2022; 7:1268–1279 www.sobp.org/BPCNNI 1271
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sensitive pathways (e.g., MAPK and/or BDNF). These para-
digms ensure that the crux of each experimental question is to
inform personalized care for the mental health needs of TNG
individuals.
GAHT AND SOCIAL BEHAVIOR

Hormone-sensitive receptors are found across the entirety of
the social behavior network (45,67,71,90–92), a densely inter-
connected network of subcortical brain regions fundamental to
the expression of social behavior (Figure 2). These data raise
the possibility that GAHT could act on this network to alter how
the brain processes relevant social cues to guide ongoing and
future social behavior, interacting with social transition and its
associated benefits. Here, we review relevant data and
emphasize open questions that could improve GAHT-related
care.

Despite the importance of social transition—or the changes
associated with re-entering the community as one’s lived
gender—there is a paucity of research on the relationship
between GAHT and social behavior. This is due in part to the
outsized influence of culture, family, and other human-specific
experiences on social behavior. Nevertheless, GAHT will affect
the social behavior network. Consequently, understanding the
mechanisms by which GAHT influences neural processing of
behaviorally relevant social cues is key to providing TNG in-
dividuals informed and personalized transition care.

Because individual species evolved unique, species-
specific social behaviors, researchers must be cautious
translating work on social behaviors in model organisms to
humans (93,94). For instance, mice communicate predomi-
nately via ultrasonic vocalizations and pheromones (95,96)
whereas humans use complex language systems (97). Simi-
larly, sexual and reproductive behaviors show diverse and
varied motivations and behavioral expression across animal
species (93,94). Nevertheless, social behaviors can be
conceptualized as consisting of initial cue detection and sub-
sequent action phases. By isolating specific cues and behav-
ioral actions for study, this framework allows researchers to
compare social behavior within and across species (93) (for
examples in rodents, see the Supplement). Thus, despite
species-specific differences, animal models can be used to
identify the genetic, cell type, circuit, and computational
mechanisms by which distinct hormone states influence
ongoing behavior.

New advancements in behavioral quantification will broaden
our understanding of social behavior (98,99). Animal pose
tracking and unsupervised data analysis will allow researchers
to holistically identify, quantify, and compare the entire social
behavioral space, with fewer a priori biases. By pairing such
tools with other techniques, such as multisite, multicolor
manipulation, and imaging of neuronal activity (100,101), re-
searchers can test novel hypotheses about how GAHT-like
manipulations alters neural computations that translate social
cues into behavior. Future development of fluorescent hor-
mone indicators, similar to those developed for other neuro-
modulators (102), could reveal relationships between specific
hormone levels, neural activity, and behavior. With such data,
we may be able to develop more personalized GAHT regimens
based on an individual’s social transition goals.
1272 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging
In gonadally intact vertebrates, the relationship between
hormones and social behavior is bidirectional. Across a variety
of species, including humans, social experience is associated
with subsequent changes in endogenous gonadal hormone
levels, biasing future behavior (50,51,103,104). In particular, it
has been proposed that experience-driven changes in hor-
mone state induce neural circuit plasticity, allowing for
behavioral flexibility across different social environments
(50,51,104). Nevertheless, TNG populations often suppress
their endogenous gonadal hormone production via medication
or surgery. At present, the effects of a loss or reduction of
gonadal feedback on ongoing behavior are unknown. Animal
models can help bridge this gap in knowledge by allowing
researchers to directly manipulate gonadal hormone produc-
tion, hormone receptor function, and neural activity. Future
research should use both classic endocrinology methods and
models of GAHT (Figure 1A) to elucidate how experience-
driven hormone release influences neural activity and
behavior and how this is affected by GAHT.

Work in humans showed that perceived stress and longi-
tudinal T interact to influence partner desire in cisgender in-
dividuals (105). Specifically, in cisgender women, low T is
associated with partner desire if individuals also experience
low stress, while high stress, high T is associated with partner
desire. In cisgender men, partner desire is associated with high
stress and low T, as well as low stress and high T. However,
the relationship between stress, T, and partner desire is
complicated by human cultural expectations related to gender,
and the idiosyncrasies of the Western college student sample.
Researchers can avoid these confounds by employing models
of GAHT in species that form pair bonds and directly manip-
ulating stress and T levels. This will test the specific roles of
stress and T on neural circuits during pair-bond formation and
behavior displays toward partners or nonpartnered conspe-
cifics. In pair-bonded Mongolian gerbils, acute T supplemen-
tation in intact males influences their sociability. Specifically, T
following interactions with a pair-bonded partner facilitates
prosocial behavior toward novel conspecifics, whereas T
following an interaction with unfamiliar conspecifics reduces
these behaviors. Finally, acute T paired with partner in-
teractions activates paraventricular hypothalamus oxytocin
neurons, implicating potential neuromodulatory circuit mech-
anisms that support these behaviors (106). Because levels of
psychosocial stress in early transition are high (17–19), un-
derstanding how stress and changing T levels affect partner
desire and sociability could translate into better social support
systems for newly transitioning individuals.

As discussed previously, social rejection and ostracization
are key components of the minority stress experienced by TNG
individuals, which can be modeled by the need-threat temporal
model of ostracism (26). Stage 1 of this model describes the
immediate period during which the rejection is painful and is
perceived as threatening one’s needs. The second stage—
coping (or reflective)—refers to when an ostracized person
processes the ostracism and may begin planning ways to
protect their needs. If experiencing chronic rejection, the in-
dividual enters the third long-term (or resignation) stage in
which coping reserves are depleted, and the individual may
experience alienation, depression, helplessness, and feelings
of unworthiness. Research suggests that in some
December 2022; 7:1268–1279 www.sobp.org/BPCNNI
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circumstances this negative mental health impact may be
buffered by group membership, though this appears to be
more or less protective depending on the type of group identity
(29,107,108). Together, these data underscore the need to
understand how acute and chronic social stress impinge on
hormone-sensitive mood and social circuits in models of
GAHT (Figure 1B). Future studies should examine how models
of GAHT interact with group inclusion/ostracization (38,39).
How species-specific social buffering behaviors, such as
allogrooming in mice (109), influence neural function in deep-
brain regions implicated in stress also needs to be explored.

Work in cisgender and TNG populations shows a complex
relationship between psychosocial stress and hormone levels.
For example, although T levels are higher in nonheterosexual
cisgender women than in heterosexual cisgender women, T
levels are also positively associated with increased cortisol,
allostatic load, and perceived stress across hetero- and non-
heterosexual cisgender individuals (110). In TNG populations,
long-term use of GAHT is associated with reductions in cortisol
levels (8). However, TNG men who report transition-related
minority stress show elevated cortisol and blood pressure
(17,18). Although these data indicate that the additional psy-
chosocial stress experienced by TNG populations increases
stress-associated biomarkers, the role, if any, of gonadal
hormones in physiological responses to social stressors re-
mains unclear. By combining direct manipulations of hormone
state and social stress, researchers can leverage translational
models of GAHT to test the relative contribution of hormone
state and social allostatic load on physiological stress
response. In addition, researchers can design targeted ex-
periments assessing the effect of GAHT-like manipulations on
neural activity and function of brain regions across the hypo-
thalamic-pituitary-adrenal axis. Together these data could
identify specific mechanisms by which GAHT regulates phys-
iological responses to social stressors. Such work is needed to
develop novel therapies for TNG and cisgender populations.
GAHT AND COGNITION AND MEMORY

Little is known about GAHT’s influence on cognitive measures
in TNG people, either in youth seeking to delay puberty or in
aged TNG individuals with years of GAHT. Cognition, memory,
and learning (111,112) are influenced by gonadal hormones
and may be influenced by GAHT. The brain regions involved in
these processes—the hippocampus, prefrontal and perirhinal
cortices, medial septum, and neuromodulatory regions such as
the locus coeruleus, dorsal raphe, ventral tegmental area, and
substantia nigra—all express steroid receptors (Figure 2)
(67,71,112,113). In addition, these regions differently express
ERa and ERb, suggesting distinct roles for each in cognitive
outcomes (67,113). Furthermore, both nuclear and membrane
steroid signaling of estrogens and progestogens are involved
in cognitive measures in rodents (112,113). Estrogens and
progestogens control particular aspects of memory and
learning by modulating neurotransmitters involved in cognition
and memory (112,114). Despite these effects, evidence that
estrogen replacement therapies can protect against cognitive
decline remains controversial (115).

Much of what we know about gonadal hormones on
cognition and memory is from studies in animal models;
Biological Psychiatry: Cognitive Neuroscience and Neuroima
however, studies in cisgender humans partially support the
hypothesis that steroids influence cognition and memory in
aged adults. In a cohort of postmenopausal cisgender women,
hormone replacement did not alter cognitive outcomes (82).
However, cognitive decline is found in comparisons of pre/
perimenopausal to postmenopausal cisgender women (116).
Although evidence is limited, it is suggested that the menstrual
cycle, possibly because of P4 fluctuations, modulates
emotional recognition, emotional memory consolidation, and
fear extinction (117). P4 may play an inhibitory role in the
hippocampus during spatial tasks through rapid signaling
(118). However, in pre- and postmenopausal cisgender
women, there is no consistent effect of P4 on most cognitive
measures (119). Indeed, P4 has beneficial and disruptive in-
fluences on cognition and memory that depend on dosage,
duration and timing of administration, age, type of progesto-
gen, and type of cognitive assay (120). In cisgender men with
low and typical T levels, positive associations between
cognition and T supplementation are observed that depend on
the concentration and administration of T, the age and baseline
cognition of the subject, and the type of cognitive test (121).
Consistent with the minority stress model, aged adults who
identify as sexual and gender minorities are at greater risk for
cognitive decline than their cisgender and heterosexual
counterparts. Furthermore, sexual and gender minority in-
dividuals with cognitive decline were more likely to be
depressed, disabled, or a person of color (122,123). In a study
of 18 TNG women from Brazil, Full Scale IQ and Rey auditory-
verbal learning test measures improved after 60 days of E2-
GAHT; however, there was no relationship between E2 con-
centration and memory (124). More clinical studies are needed
to assess the interactions of GAHT and chronic stressors on
cognition and memory in adult and aging TNG populations.
Future preclinical studies should be designed appropriately to
ascertain the circuits and neurotransmitters involved in these
processes.
GAHT AND METABOLISM

While much is known about the steroidal control of metabolism
and physiology, the field is only starting to examine the long-
term consequences of GAHT on metabolism, growth, and
bone homeostasis. Circulating levels of gonadal steroid hor-
mones play various roles in a number of metabolic pathways
and processes. These include feeding, overall energy ho-
meostasis, and bone health. In feeding, androgens alter leptin
sensitivity of cells within the hypothalamic arcuate nucleus.
Ovariectomized mice treated with dihydrotestosterone, a
nonaromatizable androgen and more potent androgen recep-
tor agonist than T, show an increase in feeding behavior and
overall body mass (125). Estrogen receptors of all types are
coexpressed with other metabolic receptors including leptin
receptors in arcuate nucleus proopiomelanocortin–expressing
populations (126). These and other neurons expressing es-
trogen receptors within the hypothalamus are implicated in
feeding and adiposity. Deletion of ERa in proopiomelanocortin
neurons causes hyperphagia in mice (127). E2 signaling co-
ordinates hypothalamic MAPK signaling and ceramides to
regulate brown adipose tissue thermogenesis (128,129). In
addition, ERa neurons in the ventrolateral division of the
ging December 2022; 7:1268–1279 www.sobp.org/BPCNNI 1273
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Figure 3. Questions and considerations for
effective biomedical research on GAHTs. Summary
for research questions and considerations presented
in this review. Understanding GAHT requires under-
standing how GAHT affects certain brain functions
(research question 1) and what factors affect GAHT
to achieve beneficial outcomes for TNG individuals
(research question 2). For researchers engaging in
TNG-relevant research, it is important to properly
engage with TNG communities in several ways:
learning about TNG people outside of the immediate
biological question, involving TNG individuals who
are interested in participating, and supporting TNG
people who wish to contribute. E2, estradiol; GAHT,
gender-affirming hormone therapy; P4, progester-
one; T, testosterone; TNG, transgender, nonbinary,
and/or gender diverse.
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ventromedial hypothalamus express melanocortin-4 receptors
in an E2-dependent manner, allowing them to integrate both
estrogen and melanocortin signals to drive physical activity
(43). Many studies on metabolism typically have a long-term
goal to reduce adiposity in humans. This framework aligns it-
self with medical systems that associate fat accumulation with
a negative health outcome and use weight and body mass
index as a metric to deny access to health care (130). Re-
searchers must exercise caution when interpreting data and, in
contrast to the traditional framework, design studies to un-
derstand the changes in body weight and the localization of fat
accumulation from pre- to post-GAHT. Such experiments
would align with one of the major goals of medical transition—
body fat redistribution—and allow clinicians to tailor individual
GAHT regimens to achieve desired transition outcomes.

Finally, hormonal action on skeletal system growth and
maintenance must also be taken into account when tailoring
GAHT, especially for aged TNG individuals experiencing age-
dependent bone loss. Currently, it is known that menopausal
1274 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging
individuals exhibit a decrease in overall bone mass (131), and
deletion of ERa in arcuate nucleus kisspeptin neurons rapidly
increases trabecular bone mass in ovariectomized mice (132).
However, the effects of long-term GAHT on bone health remain
largely underinvestigated (133). Future studies should address
the influence of exogenous hormones on bone health in
models of GAHT. These metabolic end points must be taken
into account to understand and maintain the long-term health
of TNG individuals.

Ultimately, interrogating the dynamics of gonadal steroids in
the brain requires careful longitudinal monitoring. We believe
that interpreting data on fat deposition, energy homeostasis,
and bone health must involve a careful parameterization of
sex-related variables (9). We suggest that researchers track
changes in gonadal hormone levels in the hypothalamus
through microdialysis probes and further parameterize
adiposity metrics by including location of fat accumulation
(subcutaneous, visceral, gonadal, etc.) in model organisms.
Implementation of novel systems neuroscience methods, such
December 2022; 7:1268–1279 www.sobp.org/BPCNNI
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as all optical approaches for deep-brain imaging and neuronal
manipulation (101,102), will lead to an increased understanding
of the relationship between hormone dynamics, neural activity,
and metabolism. We also suggest that researchers use rodent
models of GAHT at different developmental stages to examine
how such treatment regimens affect various metabolic pro-
cesses across the lifespan (Figure 1C).
CONCLUSIONS

Translational models can lead to improved or novel technol-
ogies, but their success is often determined when they leave
the lab space and begin to interact with the community of
users and providers (134). Both intended and unintended
consequences are documented when studies are designed to
support or investigate communities facing prejudice within
health care and research institutions (135,136). This is notably
true for the TNG community; while TNG individuals vary greatly
in terms of gender identity and sexual orientation (137), theo-
rists have focused on aspects of TNG experience that are not
salient for many. Indeed, past studies have found that nearly
30% of participants do not identify within theoretically pro-
vided classifications (138). With increasing sociopolitical
recognition of nonbinary and genderqueer identities, traditional
binary classification is increasingly unhelpful in research (139).
By preemptively using limited and misunderstood aspects of
biology and TNG identity, theorists restricted the efficacy of
TNG research by continually focusing on and publicizing
stigmatized elements not illustrative of all TNG identities
(138,140–142). Unfortunately, barriers to STEM (science,
technology, engineering, and math) careers exist for TNG in-
dividuals (143,144) forcing TNG individuals to work outside of
institutional conversations through protests and activism (145).
However, social scientists have developed techniques to
produce reciprocal relationships between the TNG community
and researchers (146). Findings and research methodologies
developed through such collaborations are well-received by
community members (147) and continually used by re-
searchers (148). Developing animal models of GAHT does not
automatically create this reciprocal relationship between
practice and evidence production. Thus, biomedical re-
searchers must rely on studies that do. We propose that it is
necessary for biomedical scientists to engage with
community-based research findings to produce translational
GAHT research that materially addresses the mental and
physical health needs of the TNG community. The TNG com-
munity has identified research priorities for GAHT (Figure 3)
(146,149,150) that can be used to develop questions and
design experiments. Using these resources will ensure that
study outcomes and interpretations align with TNG needs and
experiences.
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