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Steroids have an important role in growth, development, sexual differentiation and
reproduction. All four classes of steroids, androgens, oestrogens, progestogens and
glucocorticoids, have varying effects on the brain. Androgens and oestrogens are in-
volved in the sexual differentiation of the brain, and also influence cognition.
Progestogens such as progesterone and its metabolites have been shown to be in-
volved in neuroprotection, although their protective effects are timing-dependent.
Glucocorticoids are linked with stress and memory performance, also in a dose- and
time-dependent manner. Importantly, dysfunction in steroid function has been impli-
cated in the pathogenesis of disease. Moreover, regulating steroid-signalling has been
suggested as potential therapeutic avenue for the treatment of a number of neurode-
velopmental, psychiatric and neurodegenerative disorders. Therefore, clarifying the
role of steroids in typical and atypical brain function is essential for understanding
typical brain functions, as well as determining their potential use for pharmacological
intervention in the atypical brain. However, the majority of studies have thus far have
been conducted using animal models, with limited work using native human tissue or
cells. Here, we review the effect of steroids in the typical and atypical brain, focusing
on the cellular, molecular functions of these molecules determined from animal mod-
els, and the therapeutic potential as highlighted by human studies. We further discuss
the promise of human-induced pluripotent stem cells, including advantages of using
three-dimensional neuronal cultures (organoids) in high-throughput screens, in accel-
erating our understanding of the role of steroids in the typical brain, and also with re-
spect to their therapeutic value in the understanding and treatment of the atypical

brain.
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1 | INTRODUCTION

Steroid hormones are cyclical chemical compounds made up of
rings of carbon atoms that play an essential role in a wide range
of physiological functions, including growth, development, en-
ergy metabolism, homeostasis and reproduction. Within the brain,
these molecules exert profound effects on brain development, sex-
ual differentiation, reproductive behaviour and cognition, including
learning and memory.i'5 Traditionally, steroids have been thought
to exert their actions by binding to classic nuclear receptors located
within cytoplasm, which then translocate to the nucleus and regu-
late gene transcription over a period of hours to days. The crucial
structural and functional effects that steroid hormones have on the
brain have made them prime targets for studying mechanisms as-
sociated with gene regulation. For example, a high dose of steroid
hormones where the levels are assumed to be low, and an absence
where there is supposed to be high levels of a hormone, have trans-
formative effects on the physiology of the brain.?® However, it is
now becoming increasingly apparent that many of the actions that
steroids exert occur within a time frame too rapid to be accounted
for by this mode of action. Indeed, many steroid nuclear receptors
and several novel steroid receptors have been found at the plasma
membrane, where they are considered to engage with signalling
proteins.>*”® The increasing appreciation of the contribution that
such ‘membrane-initiated’ actions have on how steroids impact brain
function has also led to suggestions that ‘neurosteroids’ may need to
be regarded more as neuromodulators, or transmitters in addition to
hormones.”° Interestingly, dysregulation of all four steroids classes
have been implicated in a range of disorders, including stress, autism-
spectrum disorders, schizophrenia and Alzheimer’s disease, to name
but a few. Moreover, there is continued interest in the use of steroids
as potential therapeutic agents.>!1"14 |n this review, we use ‘atypical
brain’ to describe abnormal brain development or function that con-
tributes to a specific disorder.

To date, much of our understanding of the molecular and cellu-
lar mechanisms by which steroids exert their effects within the brain
have originated from in vitro and in vivo animal based models. Such
studies have provided a fundamental understanding of the role of
steroids in neural tissue; however, the effects of these molecules and
the underlying molecular mechanisms in human neural tissue are not
well understood. Ethical considerations make working with human
tissue a challenge, if not impossible in certain cases. Although sev-
eral human neuroblastoma and immortalised neural cell lines exist,
it could be argued that these cellular systems do not faithfully reca-
pitulate a human neuronal cellular environment of specific neuronal
linages or inherent differences that would be expected between indi-
viduals. Thus, these cellular systems are not fully suited for detailed
cellular and molecular studies investigating the mechanisms under-
lying the effects of steroids in neural cells under typical or atypical
states. Recent advances in stem cell biology have now provided us
with the ability to generate native human neurons in which to study
basic and disease mechanisms.'>"*® This has led to the ability to repro-
gram patient somatic cells into human-induced pluripotent stem cells

(h-iPSCs) and the subsequent differentiation of these cells into neu-
ral cells of specific lineages.*®*” Importantly, these cells encapsulate
and recapitulate the genetic landscape and cellular abnormalities as-
sociated with complex disease.1?%° Critically, this approach provides
a potentially limitless source of live human cells for understanding
basic neurobiology and disease pathophysiology, as well as for mod-
elling the actions of potential drug targets.*¢'82! This review aims
to cover the effects of gonadal and adrenal steroids on the brain, in-
cluding long-term effects on sexual differentiation and acute effects
on cognition and memory. We aim to do this by giving an overview of
the different physiological effects brought about by steroid hormones
and then classifying the known nuclear and cytoplasmic mechanisms
responsible for those effects. These topics have been greatly inves-
tigated and therefore we can only briefly highlight a small selection
of studies. In addition, we discuss the effect of dysregulated steroid
hormone exposure and its implications in atypical brain states, before
going on to explore the possible use of steroid hormones as thera-
peutics. Finally, we discuss how the use of human iPSCs now offers
a novel cellular system in which to better understand the role of ste-
roids in human neurodevelopment, their contribution to disease and

therapeutic potential.

2 | STEROID HORMONES IN THE TYPICAL
AND ATYPICAL BRAIN

Although sexual dimorphism in an animal is determined by biologi-
cal sex, sexually dimorphic behaviour is not a binary phenomenon.
It is achieved through a complex cascade of cellular and molecular
changes induced by changing levels of steroid hormones in the cir-
culation. Steroid hormones act through nuclear receptor-mediated
mechanisms that cause permanent sexual dimorphism of the brain.
However, recent studies have shown that, under certain conditions,
steroid hormones also interact with cell surface receptors to cause
fast-acting, acute alterations in brain function. Here, we will discuss
the well-characterised effects of steroid hormones on sexual dimor-
phism of the brain and the underlying molecular mechanisms. We also
will discuss the more acute effects of steroids on behaviour, cognition
and memory that act independently of sexually dimorphic mecha-

nisms, and may play major roles in the typical and atypical brain.

2.1 | Sexually dimorphic brain and behaviour
mediated by testosterone- and oestrogen-induced
nuclear receptor regulation

Transformative effects of steroids on sexual dimorphism of the
brain first starts taking shape in humans during foetal development
when there is a surge of testosterone in the male foetus during 8 to

24 weeks of gestation,?>%*

and this hormone surge is assumed to have
long lasting structural and functional effects on the brain. The pres-
ence of fetal testosterone (fT) during gestation has been associated
with greater grey matter volume in right temporoparietal junction/

posterior superior temporal sulcus (RTPJ/pSTS), whereas an absence
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of fT has been associated with greater volume in planum temporale/
planum operculum (PT/PO) and posterior lateral orbitofrontal cortex
(pIOFC).23 Testosterone exposure during the prenatal period also af-
fects the adult sexually dimorphic nucleus of the preoptic area (SDN-
POA), a substructure of the medial preoptic area of the hypothalamus
(MPOA) in humans, which is 2.2 times larger in men as in women.?* In
rodent studies, the spinal cord nucleus (SNB; spinal nucleus of the bul-
bocavernosus) and the MPOA and especially its substructure, SDN-

25,26 whereas,

POA are also larger on average in males as in females,
on the other hand, the anteroventral periventricular nucleus (AVPV) is
larger in females as in males.?

There is a hypothesised role of fT in atypical neurodevelopment
through associative studies from our group which show significant as-
sociation of elevated fT levels with autism when compared to typical
individuals, and fT levels were positively associated with higher scores
on the Childhood Autism Spectrum Test (CAST) and the Child Autism
Spectrum Quotient (AQ-Child).?” The brain region RTPJ, which has
been shown to have a greater volume with increased fT, is also known
to be associated with autism.?%?? Additionally, elevated testosterone
levels have been positively associated with occurrence of obsessive
compulsive disorder, and Tourette syndrome,30 whereas elevated lev-
els of gestational oestrogens have been suggested to increase predis-
position to schizophrenia.®?

The mechanism of steroid-induced behavioural outcomes is not well
understood, and why there is increased steroid hormone levels in indi-
viduals with neuropsychiatric conditions even less so. Research using
animal models have identified two major pathways for long-term sex
steroid effects mediated by steroid receptors: apoptosis and epigenetic
modulation. Testosterone and oestrogens also induce acute changes
to neuron and synapse structure through a protein kinase-mediated
mechanism, as discussed below. Sex-specific behaviour is mediated
through nuclear receptor mechanisms (Figure 1) and, according to the
classical model, testosterone and androgen receptor (AR) binding has
been shown to be responsible for sex-specific behavioural effects in
males.323 There is additionally a parallel mode of sexual differentia-
tion involving oestrogens, and a loss of both oestrogen receptors (ERa
and ERp) has been shown to cause atypical male-specific behaviour in
rats®* and, in males, ERa is thought to augment male sexual behaviour,

whereas ERp is thought to supress female sexual behaviour.3>3¢

2.1.1 | Programmed neuronal death

The hormonal control of cell death is the most well-established mech-
anism associated with sexual dimorphism of the brain.®” Studies in
rodent models have revealed sex-specific activation of apoptosis in

particular subsets of neurons.** Reduced neuronal death has been

shown to be responsible for larger SNB and MPOA in males.?>2¢:38:37

Neuronal death in these brain regions in females is ameliorated by

25,38

treatment with oestrogens or testosterone, resulting in a perma-

nent reversal and masculinisation irrespective of biological sex. It is
thought that aromatase (CYP19), which is responsible for the synthe-
sis of oestrogens from testosterone and is actively expressed in brain

40,41

regions involved in sexual differentiation, plays an important role
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in masculinisation, and the use of aromatase inhibitors has revealed re-
duced male-typical sexual behaviour in rats. Interestingly, it has been
shown that apoptosis-mediated cell death is not responsible for sexual
differences in the ovine SDN (a substructure of the MPOA-equivalent
brain region in sheep).*? The sexually dimorphic brain region AVPV is
larger in females as a result of the unusual nature of oestrogen activ-
ity, which, in the male AVPV, triggers apoptosis of neurons via the
activity of both the ERo and ERB.24344

Mechanisms causing testosterone and oestrogen-mediated sex-
ually dimorphic neuronal death include the modulation of Bcl-2
(anti-apoptotic factor) and Bax (pro-apoptotic factor) expression.*>#¢
Oestrogens increase Bcl-2 levels and decrease Bax levels in the pre-
optic area of rats,*” and testosterone is considered to have the same

effect in an indirect fashion through aromatisation to oestrogens.

2.1.2 | Epigenetic mechanisms

A second major cellular mechanism of steroid signalling involves
epigenetic modulation to bring about long-term organisational ef-
fects. Testosterone and oestrogen signalling through AR and ERs
interact with histone-modifying factors such as histone acetyl
transferases to bring about profound gene regulatory effects.>*84?
ERx demonstrates high promoter methylation in both sexes cor-

50,51 and

responding to reduced ERa gene expression in the cortex,
a study using rats has shown that greater ERax promoter meth-
ylation is associated with higher neonatal maternal grooming and
early oestradiol exposure.52 Another study in mice showed that
testosterone administration in neonatal females altered brain DNA
methylation 20-fold in adulthood to shift towards a male methyla-
tion pattern,®® whereas short-term effects of testosterone were
relatively modest. This late-emerging effect provides insight into
the vital role of steroids in long-term sexually dimorphic molecular
changes in the brain, and also shows the importance of the effect
of steroids on DNA methylation in bringing about brain sex-specific
organisation.

2.2 | Testosterone and oestrogens modulate
immediate effects on cognition and memory by protein
kinase pathways

2.2.1 | Behavioural effects

Testosterone and oestrogens are known to have long-term effects
on cortical organisation through mechanisms mediated by nuclear
receptors. Current research has also uncovered the cytoplasmic
mechanisms of action and localisation of AR and ERs outside the cell
nucleus, in membranes, dendritic spines and presynaptic terminals

of neurons™>* (

Figure 1), showing more immediate kinase-mediated
effects®® on behaviour and cognition that are independent of sexual
programming during development. Immediate effects of testosterone
and oestrogens have been reported in human studies, such as in one
study from our group where a single sublingual dose of testosterone

administered to young women significantly impaired empathy and
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Enhance learning and memory
Age-related cognitive improvement
Neuroprotection in hippocampus

Down-regulates pro-apoptotic markers %’\
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==

Dendritic atrophy in hippocampus
Synaptic loss in hippocampus TR
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emotional memories
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FIGURE 1 Nuclear and cytoplasmic effects of steroid hormones. Schematic diagram describing the mechanism of actions for all four major
classes of steroids. Actions are classified into ‘nuclear’ and ‘cytoplasmic’ (mediated by membrane-bound receptors) and further described
whether such actions are considered to be beneficial or detrimental, if the steroid function is dysregulated. The nuclear mechanism of steroid
mediated signalling involves binding of steroid receptors with their corresponding steroid receptor element (SRE). Binding to androgen and
oestrogen receptors elements (ARE and ERE) have been associated with regulation of apoptotic molecules, Bax and Bcl2. BAD, Bcl2-associated
death promoter; CREB, cAMP response element-binding protein; GPER, G-protein coupled oestrogen receptor; GR, glucocorticoid receptor;
JAK, Janus kinase; MAPK, mitogen-activated protein kinase; MPR, mannose-6-phosphate receptor; PI3K, phosphoinositide 3-kinase; PKA,

protein kinase A; STAT, signal transducer and activator of transcription

social cognition,55 although the mechanism of action is not known.
Another study reported elevated testosterone levels associated with
higher emotional arousal and amygdala activation in males.>® In animal
model studies, testosterone and oestrogen administration to ovariec-
tomised adult female rats appear to alter sexually dimorphic behaviour

57-60 whereas oestro-

in the radial maze and Morris water maze tasks,
gen administration specifically appears to cause acute enhancement
of memory consolidation with improvements in spatial and nonspatial
memory tasks.®? As a result of technical limitations associated with
working with human samples, cellular/molecular mechanisms in hu-
mans are poorly understood, although some steroid-mediated mecha-
nisms involving protein kinases have been identified in animal studies,

as described below.

2.2.2 | Cellular/molecular mechanisms

General mechanisms responsible for testosterone and oestrogen-
mediated learning and memory alterations involve structural and
functional modulation of dendrites and dendritic spines. Animal
studies have reported that the formation of new memories is as-
sociated with oestrogens, which increases dendritic spine density
in the CA1 region of the hippocampus, at the same time as caus-
ing structural changes to existing spines.62 Dendritic spine density
in the hippocampus CA1 region has also been shown to increase
upon administration of testosterone, and this process is oestrogen-
independent.®3%* Previous studies from our group have also estab-

lished a role for oestrogens in the structural modulation of dendrites
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in human neurons,*® and oestrogens have been shown not only to
regulate synaptic transmission, but also to increase physical con-
nections between neurons.®® Dendritic spine density is regulated
by the interaction of steroid hormones with the extracellular signal
regulated kinase-mitogen activated protein (ERK-MAP) kinase path-
way, and studies in mice have shown that inhibiting phosphoryla-
tion of ERK-MAP kinases completely prevents oestrogen-associated
dendritic spine formation.>®> The effect of testosterone on spine
density is mediated via the same mechanism, after conversion of
testosterone into oestradiol intracellularly.®® In addition to stimu-

lating the formation of nascent excitatory synapses,*®>

oestrogens
also suppress signalling at inhibitory synapses.®”¢® This may under-
lie oestrogen’s ability to influence neuronal excitability and seizure
disorders.®? Oestrogens are also known to induce phosphoinositide
kinase and protein kinase A activity through the G-protein coupled
oestrogen receptor (GPER),*® Activation of GPER1 in developing
neurons results in the triggering of neurite outgrowth via a cAMP
response element-binding protein-mediated transcriptional mecha-
nism.¢”%® Interestingly, activation of GPER may also be involved in
the prevention of tau protein hyperphosphorylation in Alzheimer’s

disease,70’71

and protect against glutamate excitotoxicity and inhibi-
tion of GABA neurotransmission.”>””4 Moreover, signalling via GPER
can also result in the rapid desensitisation of serotonin receptors
to accelerate the selective serotonin reuptake inhibitor effect’>7”¢
and an increased signal transducer and activator of transcription
activation associated with the enhanced satiety response.”””8 Taken
together, the rapid protein kinase-mediated synaptic effects of tes-
tosterone and oestrogens on cognition demonstrate a wider effect
of steroid signalling in the brain not related to developmental pro-

gramming or sexual differentiation.

2.3 | Additional transformative effect of
progesterone and glucocorticoids through nuclear
receptor-mediated mechanisms

2.3.1 | Progesterone

Neurodeteriorative effects

Progesterone, similar to oestrogens, has neuroprotective effects, and
impacts cognitive function (Figure 1).”? In some cases, progesterone
has been shown to impair cognition and memory and, in other cases,

it has been shown to demonstrate an enhancement.®°

The disruptive
effect on memory and cognition is dependent on the timing of proges-
terone administration. For example, one study reported an improve-
ment in working and spatial memory after ovariectomy in aged female
rats, which was reversed on progesterone administration, demonstrat-
ing the detrimental effects of ovarian progesterone on the female
brain.8' Another study using human participants reported memory
impairment and reduced response to faces in amygdala and fusiform
gyrus after a single administration of progesterone.®? The disruptive
effect of progesterone is considered to occur through its metabolite
allopregnanolone, which binds to GABA, receptors to produce an in-
hibitory effect and alter the excitatory-inhibitory balance in the central

o erocrcocior A AU

nervous system (CNS).8% The disruptive nature of allopregnanolone-
GABA,, receptor interaction also has therapeutic effects, as discussed

later below.

Neuroenhancing effects

In contrast with the detrimental effects of progesterone described
above, many studies have shown memory enhancement following
progesterone administration. One study reported prevention of
age-related memory loss in aged overiectomised rats following
chronic administration of progesterone along with oestrogens.84
In certain cases, the progesterone metabolite allopregnanolone
is involved in the recovery of age-related cognitive deficits.%’
Progesterone was also shown to enhance learning and memory,
and to recover age-related cognitive decline in aged wild-type as
well as progesterone receptor knockout mice.®% A possible cellu-
lar mechanism for the role of progesterone as a memory enhancer
is its ability to provide neuroprotection against oxidative stress
in the hippocampus,®” by down-regulating pro-apoptotic markers
and up-regulating anti-apoptotic markers.®® Some studies suggest
that progesterone-mediated neuroprotection might be result of
rapid membrane-initiated kinase activity, which down-regulates
pro-apoptotic factors such as Bcl2-associated death promoter and
up-regulates anti-apoptotic factor Bcl2, and this pathway is trig-
gered via a membrane progesterone receptor.®?-?! Although the
effect of progesterone on the brain can be two-pronged, depend-
ing on the timing and dose of the hormone, in some conditions,
controlled doses of progesterone has been beneficial in amelio-

rating neurological symptoms, as also discussed later below.

2.3.2 | Glucocorticoids

Neurodeteriorative effects

Glucocorticoids (cortisol in humans and corticosterone in nonhu-
man mammals), similar to other steroid hormones, have an im-
portant function in the developing foetus, and are required for
the normal growth and maturation of the cerebral cortex, the
hippocampus and pituitary gland’? (Figure 1). Studies in animal
models have identified a high level of glucocorticoid-mediated
plasticity in the hippocampus including neurogenesis in dentate
gyrus93 and structural modulation of dendrites and synapses in
the Ammon’s horn.”* However, similar to progesterone, the glu-
cocorticoid surge must occur at a precise developmental window
and at a precise concentration to maintain normal developmental
trajectories.”?® Studies have shown that glucocorticoid admin-
istration during late gestation can affect structural development

of the foetal brain,”’

including a reduced neuron density in the
hippocampus.”® Antenatal glucorticoid administration causes thin-
ning of the anterior cingulate gyrus and exacerbates associated
affective disorders such as anxiety and depression. Anomalous
glucocorticoid exposure is also linked with an increase in the risk
of cerebral palsy in preterm infants.”” Some of the neurological ef-
fects of early glucocorticoid exposure also appear to be transmit-

ted across multiple generations.’® In humans, persistent lifelong
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modulation of the hypothalamic-pituitary-adrenal (HPA) axis can
cause long-term fluctuations of blood glucocorticoid level, which
can have adverse effects on psychiatric health.1°! Glucocorticoid-
induced stress can cause reduction in cognitive ability, including
deteriorating working and nonverbal memory, mental flexibility
and information processing.'%? These symptoms have been associ-
ated with dendritic atrophy and synaptic loss in hippocampal neu-
rons.'%% Glucocorticoids mediate cellular/molecular effects on the
synapse and dendrites through both the glucocorticoid receptor
(GR) and mineralocorticoid receptor‘104 The promoter region of GR
is highly sensitive to stress and glucocorticoid administration, and
one study has reported increased histone acetylation and DNA de-
methylation associated with the GR promoter region when stress
is low,10° increasing GR expression, which is associated with an
increased glucocorticoid-induced negative feedback loop and de-
creased HPA activity.106 Conversely, increased GR promoter DNA
methylation has been associated with child abuse victims and peo-

ple who commit suicide.*®”

Neuroenhancing effects

The effect of glucocorticoid-mediated stress can be beneficial when
the individual is exposed to it during a precise window.'® For ex-
ample, glucocorticoid administration just after a learning event fa-
cilitates subsequent consolidation of memory, and these effects are
particularly strong for emotion-related memories.'®*'2 However,
presentation of stress after memory retrieval affects reconsolidation,
and later recall in the individual can be impaired.lw'115 Additionally,
exposure to stress before learning in some cases impairs memory

116117 and, in other cases, enhances it."*®'* Low blood

formation
glucocorticoid levels have also been associated with enhanced cer-
ebral infusion, glucose utilisation and hippocampal neuron activity,
which are reversed when glucocorticoid levels increase.*?° This es-
tablishes the complicated interaction of glucocorticoid-mediated
stress with cognition and memory, and the importance of admin-
istering a low concentrations of glucocorticoid at critical windows
to have any beneficial effect on brain function. Further information
on this topic is provided by Moisiadis and Matthews’® and Sorrells

et al.!?®

3 | STEROIDS AS THERAPEUTIC AGENTS

Of the wide-ranging functions of steroids, oestrogens and progester-
one have consistently been shown to have a neurological ameliorative
and enhancing role, and thus have been proposed as potential treat-
ments for certain neuropsychiatric and neurodegenerative conditions.
Here, we discuss the ameliorative effects of oestrogens and proges-
terone, as well as their roles in the treatment of neuropsychiatric and

neurodegenerative conditions (Table 1).

3.1 | Oestrogens

The cognitive enhancing effects of oestrogens, such as 17f-
oestradiol, have highlighted suggestions that oestrogens or
oestrogen-mimicking compounds may be a useful therapeutic agent
for neuropsychiatric conditions.'***12! Studies in humans have
shown a higher occurrence of schizophrenia in males, and increased
psychosis in females during depletion of oestrogens,'**?! and the
administration of 17f-oestradiol or the selective oestrogen receptor
modulator, raloxifene, has demonstrated a positive effect on well-
being and cognition for typical individuals, as well as for individuals
with schizophrenia.'??>'2® The mechanisms by which 17p-oestradiol
is beneficial in neuropsychiatric disorders are not well understood,
although they are considered to occur partly through modulation
of mono-amine production, including serotonin and dopamine, as
well as through modulation of glutamatergic signalling, in addition
to anti-inflammatory effects.**2! In animals, oestrogens also have a
mild sexually dimorphic effect on a traumatic brain injury rat model,

with some studies showing higher survival in female rats,}?%12°

whereas others report better neurological outcomes in males.*?® In
a rat model of spinal cord injury, oestrogen treatment can signifi-
cantly reduce apoptosis at the same time as enhancing the recovery

of spinal cord functions.'?”

3.2 | Progesterone

Progesterone and its metabolite allopregnanolone have a neuropro-

tective function and are able to stimulate neurogenesis and enhance

TABLE 1 Proposed therapeutic roles of
oestrogens and progesterone

Steroid hormone Organism Therapeutic role
Oestrogen Human Wellbeing and improved cognition in typical and
schizophrenic!411°
Rodents Higher survival of females after traumatic brain injury*®*'
Positive neurological outcome in males*!®
Reduction of apoptosis and enhanced recovery after spinal
cord injury*??
Progesterone/ Human Protective effect in Alzheimer’s disease!?*
allopregnanolone g ents Reduced depression in Parkinson'’s rat model*??

Improved hippocampal structure and function after middle

cerebral artery occlusion'®®

Reduced cell death and DNA fragmentation after traumatic

brain injury*?’
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cognition.’?® They have a more predictable neuroprotective effect,
which is not sexually dimorphic, and thus have been more extensively
studied than oestrogens as a potential therapeutic agent for neu-
rodegenerative conditions. Progesterone has protective effects on
human neurodegenerative conditions such as Alzheimer’s disease.'?’
One study showed that the administration of progesterone to a rat
model of Parkinson’s disease significantly reduced depression-like
symptoms.'3® Administration of progesterone and allopregnanolone
to rats suffering from severe cerebral ischaemia after middle cerebral
artery occlusion was found to improve the structure and function of
the hippocampus, although the preservation of cognitive functions is
significantly better if progesterone was administered before inducing
cerebral ischaemia.’®! It is hypothesised that, even though there is
severe neuronal loss in the hippocampus after ischaemia,*?1% the
neuroprotective action of progesterone is able to enhance structure
and plasticity of remaining neurons to condition them to carry out
alternative strategies in the hippocampus or connected structures to
restore some of the lost cognitive functions.’*#*%> Traumatic injury to
the rat frontal cortex has been reported to kill large numbers of neu-
rons, as well as to produce acute inflammation, oedema, astrocyte hy-

3¢ and progesterone

pertrophy and blood-brain barrier compromise,
and allopregnanolone have been used to alleviate its effects by reduc-
ing cell death and DNA fragmentation, as well as protein expression
of pro-apoptotic markers caspase-3 and Bax, in addition to astrocyte
hypertrophy.*®” Allopregnanolone has also been successfully used to
prevent neuronal death in animal models of stroke and spinal cord in-
jury, and this involves a GABA, receptor-mediated mechanism, 138140
The benefits can be usually seen after only a brief period of proges-
terone administration.

It is thus evident that both oestrogens and progesterone have
neuroprotective effects on the brain and therefore may be useful
for treating certain symptoms of brain injury, as well as neuropsy-
chiatric and neurodegenerative diseases. The beneficial effects of
oestrogens occur via the modulation of neurotransmitters such as
serotonin, glutamate and dopamine in the brain, or by directly influ-
encing glutamatergic function. Progesterone and its metabolite allo-
pregnanolone appear to act by reducing apoptosis and a wide range
of inflammation responses associated with brain injury, at the same
time as structurally transforming hippocampal neurons to assist in
the restoration of cognitive functions. However, one major limita-
tion of all these studies is that they have been mostly undertaken
in animal models and how these data translate to humans remains
unclear. Indeed, there has only been limited success in translating
preclinical work into novel therapeutic agents to treat debilitating
neurological, neurodevelopmental or neurodegenerative disorders.
This lack of conversion is a result of many factors, although these
likely include species differences, as well as differences in brain
complexity and disease-specific phenotypes.'** One example of this
has been the adoption of hormone therapy for neurological condi-
tions in humans. The Women'’s Health Initiative study reported a
decrease in cognitive function and an increased risk of dementia
and stroke in women over 65 years of age who received conjugated
equine oestrogens plus medroxyprogesterone acetate compared to
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those who received placebo,'*? despite an abundance of preclinical
studies indicating a neuroprotective role for oestrogens in demen-
tia. Although, the findings of these studies have come under much
criticism, #3146 it is nevertheless critical to develop a better under-
standing of how potential steroid-based therapeutic agents impact
normal physiology in human neurons, as well as in appropriate mod-
els of disease to avoid unwanted side-effects. Although the use of
animal models is essential to such studies, the use of additional
models that allow investigations in human neurons would be of huge
benefit. Recent developments in human stem cell technologies es-
pecially in iPSC technology, have enabled researchers to model the
human brain in a Petri dish and, as this technology matures, there is
the potential that steroid research using human-derived tissues will
accelerate the development of novel hormone therapies for neuro-

logical conditions.

4 | ROLE OF IPSCS IN NEUROSTEROID
RESEARCH

4.1 | From iPSCs to specific neurons

The method of reprogramming adult somatic cells to pluripo-
tent stem cells was first described in 2006 by Takahashi and
Yamanaka.'*” They reported that dermal fibroblasts from adult
mice could be reprogrammed into a pluripotent state by retroviral
transduction of four transcription factors: OCT4, KLF4, c-MYC and
SOX2.%*" The reprogrammed cells were termed iPSCs and these are
similar to embryonic stem cells in their morphology, proliferation,
surface antigens, gene expression and capacity to differentiate into
the cell types of the three primordial germ layers. Subsequently,
Takahashi et al.**® applied the same technology to human adult der-
mal fibroblasts to generate the first human iPSCs. Following this
discovery, other studies have shown that it is possible to generate
human iPSCs from other adult somatic cell types, including (but not

d' and hair follicles.**® Over the past

limited to) peripheral bloo
10 years, an array of protocols has been developed that allow for
the differentiation of iPSCs into specific neuronal cell types. These
protocols have taken advantage of a wealth of developmental stud-
ies that have detailed the steps and molecular cues involved in ani-
mal embryology. For example, the first step in the development of
the neural tube, neural induction, is assumed to be the default path-
way involving the bone morphogenetic proteins (BMPs), Wnt and
fibroblast growth factor (FGF) signalling pathways.*>**>% Neural
induction leads to a default and primitive anterior identity, which
is subsequently patterned by extrinsic morphogens such as Wnts,
FGFs, retinoic acid and Sonic Hedgehog, giving rise to forebrain,
midbrain, hindbrain or spinal cord domains.

Neuronal differentiation of iPSCs follow the same pathways as in
vivo to give rise to mature neuronal populations.154 The most efficient
neural induction of human iPSCs is achieved by dual inhibition of the
SMAD signalling pathway, which involves the synergistic inhibition of
the BMP and transforming growth factor-p pathways to direct plu-

152

ripotent stem cells down a neuronal linage, ultimately giving rise
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to a population of neural progenitors.*>>*>415% These neural progen-
itor cells can then be patterned into neuronal cell types with regional
identities using specific combinations of morphogens, small molecules,
growth factors and transcription factors. It should be noted, however,
that protocols for the differentiation of iPSCs into neuronal subtypes
are imperfect, often yielding a heterogeneous population of cell types.
Nevetheless, depending on the combination and timing of these
signals, a variety of neuronal cell types can be obtained, including

1

telecephalic precursors, 56 midbrain dopaminergic neurons,*®” basal

forebrain cholinergic neurons'®® and spinal motor neurons,* as well

160

as glial cells, such as astrocytes*® oligodendrocytes'®! and microglia-

like cells.t6?

4.2 | IPSCs: the advantages and caveats of an
in-vitro model of brain development

Much of the work aiming to identify cellular/molecular mechanisms
of steroid action on the brain, cognition and memory has been car-
ried out using animal models. Some studies have manipulated steroid
hormones to investigate the effects on human behaviour; however
there are very few studies that administered steroid hormones on in
vitro human brain tissue or cells. The limitations of animal research
have resulted in the slow adoption of steroids as therapeutic agents.
Advances in stem cell technologies have resulted in the investigation
of steroid hormone interactions in a human system. It is now possible
to reprogram human somatic cells into iPSCs to study the closer in-
teraction of steroids with human target cells such as neurons derived
from iPSCs. This approach for studying the nervous system has the
advantage that these neurons carry the same genetic make-up of the
donor.

The rationale for using iPSC-derived neuronal tissue as a human
system to expedite clinical research is very strong. The human brain
develops very differently from the rodent brain and has some human-
specific types of neurons not found in rodents. 631> Moreover, some
steroid molecules that are effective in humans are not as effective in
rodents, whereas some steroid signalling mechanisms are also different
in humans than rodents. For example, cortisol is the active glucocorti-
coid in humans, whereas corticosterone is more active in rodents.'?°
It is also not clear whether the aromatase reaction plays an important
role in the developing human brain, and whether testosterone acts via
its native receptor AR to masculinise the brain rather than being con-
verted into oestrogens through the aromatase reaction, as observed
in animal models. It has also been found that, in humans, aromatase
is only expressed in selective brain regions such as the preoptic area,
hypothalamus and amygdala.l""‘l”167 For these reasons, it is essential
to develop in vitro human iPSC models to study effects of steroids in
humans. It is also possible to accurately characterise the interaction
of steroids with human gene products involved in synaptic and den-
dritic plasticity, and also to identify interactions with genes associated
with neuropsychiatric conditions such as autism and schizophrenia.
Additionally, investigation of the interactions with disease-associated
mutations will enable an understanding of how the cognition and mem-

ory enhancing effects of steroids can be better used as therapeutic

agents for neurodegenerative diseases such as Alzheimer’s disease and
Parkinson’s disease, neuropsychiatric conditions such as depression
and schizophrenia, and traumatic cerebral and spinal injury.

However, the iPSC method is not without its issues. Reprogramming
of highly differentiated somatic cells such as skin cells or hair cells
involves the interaction of key transcription factors with epigenetic
molecules to transform the chromatin into an open state to promote
higher active transcription.'®®17° Most differentiated somatic cells
have a closed chromatin state with several highly condensed heter-
ochromatin regions inhibiting the transcription of genes not required
to maintain a somatic lineage.r’! Unfortunately, the reprogramming
method is highly inefficient and not completely understood, and iPSCs
can sometimes retain lineage-specific chromatin signatures, thereby
creating differentiation biases towards the original somatic cell.!’?
There are also issues with the neuronal differentiation protocols. The
monolayer culture method, which is currently the most prevalent
method used to generate iPSC-neurons, employs a dual SMAD inhi-
bition strategy to generate neurons,**>1”% has several disadvantages.
The most important one is it lacks spatial organisation of the brain.
Neuronal morphology and gene expression is also heavily dependent
on the mechanical properties of cell adhesion to plate surface and
neighbouring cells, whereas plating density and cell adhesion sub-
strate determined quantity and types of neurons.'¢®

Thankfully, most of the issues are technical and some of them
are already being addressed. For example, a 2017 study showed that
histone H3K4 methylation patterns associated with somatic lineage
identity are a major cause for the inefficiency of transcriptional re-
programming,174 suggesting that demethylation of methylated H3K4
in iPSCs might be a possible strategy for increasing reprogramming
efficiency. To overcome drawbacks of monolayer cultures, there has
been rapid development of methods for generating cerebral organ-
oids, which are able to mimic the three-dimensional (3D) structure,
cell type composition and organisation, and connectivity of the human
brain.”>¥”7 Neurons in organoid cultures are able to demonstrate
greater complexity of cellular interaction when undergoing reduced
stress compared to monolayer cultures. Naturally occurring cell-to-cell
contact seen in organoids also helps organise progenitors and neurons

in layers typically observed in the human brain.*¢8175-177

4.3 | Studying the actions of steroids in human
neurons

To our knowledge, very few studies have directly investigated the ac-
tions of steroids in human neurons generated from iPSCs. The cellular
mechanisms associated with the clinical phenotypes are also not well
understood, especially role of protein kinase-mediated immediate ef-
fects in humans. Moreover, there is little fundamental knowledge of
the stoichiometric ratios of steroid biosynthesis pathway components
in neuropsychiatric conditions, and very little understanding of why
there is an elevated level of steroids associated with these conditions.
Human iPSC-derived neurons provide the tools to carry out controlled
experiments aiming to investigate these previously unidentified cel-
lular/molecular mechanisms.
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Our group has focused on the generation of fore-brain-like, glu-
tamatergic neurons from iPSCs, based on a previously described pro-
tocol.’>* We first generated iPSCs from keratinocytes in hair follicles
using a non-integrating Sendai virus based reprogramming method
(CytoTune-iPS Sendai Reprogramming; Thermo Fisher Scientific Inc.,
Waltham, MA, USA), then, using the aforementioned neuron differ-
entiation protocol, we generated mature and immature glutamater-
gic neurons within 40 days; these cells express a range of proteins,
including synaptic proteins associated with developing glutamater-
gic neurons (Figure 2A-C). Preliminary data demonstrated that male
iPSC-derived immature neurons respond to 17p-oestradiol expo-
sure. Specifically, 17p-oestradiol treatment for 24 hours resulted
in an increase in neurite outgrowth in these cells.*® Interestingly,
it was recently reported that 17p-oestradiol promoted synapse for-
mation between iPSCs-derived dopaminergic neurons and HEK293
cells and, furthermore, facilitated grafting of these neurons into stri-
atum of a rat model of Parkinson’s disease.’”® Another study by our
group, investigating the effect of testosterone on male iPSC-derived
neurons from individuals with autism using a real-time polymerase
chain reaction,”? has shown elevated differential expression of AR
in autism iPSC-neurons compared to control iPSC-derived neurons,
after just 24 hours of testosterone administration at physiological
levels (2 nmol L™).18% Some putative downstream genes were also
differentially expressed on testosterone administration, such as
brain-derived neurotrophic factor, gonadotrophin-releasing hor-
mone and apoptotic marker p38a (Figure 2D). This suggested differ-
ential effect of testosterone on autism iPSC-neurons compared to
control neurons after only a short burst of hormone administration.
Whether this is indicative of a membrane-mediated rapid mecha-
nism of action for testosterone remains to be determined in future
studies. Further studies will also be necessary to validate these ob-
servations, as well as the characterisation of phenotypic changes

brought about by testosterone.

4.4 | Promise of organoids as a tool to study steroid
hormone-brain interactions

Cerebral organoids are self-organised brain tissue derived from stem
cells, generated using a patterning growth factor-free culture method
to induce the transformation of embryoid bodies into neuroecto-
derm. By manipulating growth conditions and environment necessary
for mimicking developmental cues, complex brain tissue growth can
be established exhibiting heterogeneous regionalisation of different
brain areas, including some ventral forebrain regions, dorsal cortex and
choroid plexus. Cerebral organoids also form discrete cortical layers
with stereotypical inside-out organisation, as well as human-specific
characteristics such as presence of outer radial glia and matured corti-
cal neurons with various pyramidal identities.!”® This ability of a 3D
cerebral organoid culture to resemble the properties of the developing
human brain more closely than monolayer cultures or animal models
has made it a preferred model system for undertaking research into
the human central nervous system, and it has been proposed to use
this method to generate “personalised organoids” to test the effects
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of steroid hormones and develop drugs*>'®82 (Figure 3). Steroid
hormones with therapeutic properties such as oestrogens and proges-
terone can be studied by generating patient-specific organoids in 3D-
printed mini-bioreactors, recently developed for the study of the Zika
virus on neurodevelopment.'® Human brain imaging and animal model
studies have shown that testosterone and oestrogens have a well char-

acterised effect on cortical thickness,'84186

although the regulatory
mechanisms are not known and the organoid system is perfectly suited
for this kind of study. Sexual differentiation of cortical microstructures

can also be studied using high-throughput organoid cultures.

5 | CONCLUSIONS

We have reviewed the important role steroids play in development
and sexual differentiation of the brain through a nuclear receptor
mediated mechanism. Sex-dependent effects of steroids are long-
term and involve the regulation of transcriptional and epigenetic
machinery that brings about permanent changes to brain struc-
tures and functions. One well-characterised mechanism of action
is through differential modulation of apoptosis in neurons depend-
ing on biological sex. This results in increased size of brain regions
such as MPOA and SNB in males, and a larger AVPV in females.
The acute, immediate effects of steroids on cognition and memory
are evident and act through a cytoplasmic protein kinase-mediated
mechanism. Testosterone and oestrogens are both able to modu-
late dendritic spine density and structure, at the same time as al-
tering synaptic transmission, although they have different effects
on cognition. Testosterone impairs social cognition, and influences
autistic traits, whereas oestrogens have neuroprotective effects and
enhance memory consolidation and spatial and nonspatial memory
tasks. Progesterone, similar to oestrogens, has neuroprotective ef-
fects on the brain, although this effect is highly dependent on the
timing of exposure. The neuroprotective effect of progesterone
against oxidative stress in the hippocampus has a memory enhanc-
ing effect, whereas its metabolite, allopregnanolone binds to GABA,
receptors increasing inhibition of the CNS and thus disrupting the
excitatory-inhibitory balance. Glucocorticoids, the primary stress
hormone, have similar time-dependent and dose-dependent effects
on the brain. Although high doses of glucocorticoids are harmful to
the brain, low levels of glucocorticoid exposure during specific peri-
ods of the learning process can significantly enhance memory con-
solidation, especially if they are related to emotions.

Because steroids and their metabolites have been recurrently pro-
posed as potential therapeutic avenues for a range of neurodevelop-
mental, neuropsychiatric and neurodegenerative disorders, there is a
compelling to supplement and future preclinical studies carried out in
animal models, with those carried out in human neurons. However,
because many of these disorders have complex aetiologies and un-
derlying molecular and genetic underpinnings, it is not always pos-
sible to recapitulate this in animal models. Therefore, translating or
refining such findings from preclinical studies into therapies is not
straightforward. Deriving iPSCs from specific patient cohorts with
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FIGURE 2 Understanding the effects of testosterone using induced pluripotent stem cell (iPSC)-neurons derived from typically or atypically-
developing individuals. (A-C) Example of day 45 human iPSC-neurons expressing key neuronal and synaptic proteins (scale bar=10 um). After

45 days, iPSC-neurons are positive for the microtubule-associated protein, MAP2 (green) (A), the pre-synaptic protein, Synapsin-1 (B) and

the post-synaptic protein Ca%/calmodulin—dependent protein kinase Il (CaMKII) (C). (D) Preliminary data of the effects of testosterone (T)
treatment (24 h) on differential gene expression (log-fold change, P<.05) of androgen receptor (AR), brain-derived neurotrophic factor (BDNF),
gonadotrophin-releasing hormone (GnRH) and p38a. iPSC lines were generated from typically developed individuals (control: CTR.M3) or
atypically developing individuals (ie, patient diagnosed with autism-spectrum disorder [ASD.M1]). DAPI, 4’,6-diamidino-2-phenylindole. Error
bars indicate the SEM
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FIGURE 3 Cerebral organoids
recapitulate cortical tissue architecture.
(A) Cerebral organoids are generated from
pluripotent stem cells, such as induced
pluripotent stem cells (iPSCs), which are (©
removed from the two-dimensional dish
and aggregated to form small clumps
called embryoid bodies. These begin
spontaneously forming embryonic germ
layers, and subsequent media selects for
neuroepithelial tissue which is placed in a
droplet of Matrigel to stimulate outgrowth
of neural tube-like buds. These buds
expand and develop into lobes of brain
tissue, including the cerebral cortex. (B)
Sectioning of cerebral organoids reveals
their internal architecture with lobules
containing fluid-filled cavities, much

like ventricles, which are lined by neural
stem cells (NSCs) (labelled in red by
Sox2). Neurons (labelled in green by Tuj1)
generated from this ventricular zone then
migrate outward and cover the surface

of the organoid. DAPI (4',6-diamidino-
2-phenylindole) (blue) labels all cell

nuclei. (C) Proposed method to generate
“personalised organoids” for steroid
hormone research

similar genetic background and clinical phenotyping, has the potential
to improve our understanding of how steroid-based therapies can be
used and, more importantly, possibly improved. Recent developments
in iPSC technologies, along with the ability to recapitulate develop-
ing 3D brain structures of individual donors, has made it possible to
undertake high-throughput testing of steroid molecules, including
several recently discovered neurosteroids that endogenously medi-
ate neuronal functions previously not known to be associated with
steroid signalling pathways. Future studies into the synthesis and
mechanisms of action of these neurosteroids will further enhance our
understanding of the effects of steroids on the brain, and enable us
to isolate compounds with greater therapeutic potential for neurode-

generative conditions.

Skin, hair, blood, etc.

_ IEE

N

Neuroepithelial tissue

Embryoid body Cerebral organoids

Sox2 (NSCs) Tuj1 (Neurons) DAPI

Reprogramming

© @@

Dose-dependent study

Q N S o
N 2% ™ ©
@ NG R
x)o& & oé’\b' QAO\G
> 3 & &
60\ é\’b o) o)
&
& R
N
ée
ACKNOWLEDGEMENTS

We are grateful to the participants in the present study. The study
was supported by grants from the European Autism Interventions
(EU-AIMS), the Wellcome Trust ISSF Grant (No. 097819) and the
King's Health Partners Research and Development Challenge
Fund, a fund administered on behalf of King’'s Health Partners by
Guy’s and St Thomas’ Charity awarded to DPS, and the Innovative
Medicines Initiative Joint Undertaking under grant agreement no.
115300, resources of which are composed of financial contribu-
tion from the European Union’s Seventh Framework Programme
(FP7/2007-2013) and EFPIA companies’ in kind contribution (JP
and SBC), the Mortimer D Sackler Foundation, the Autism Research
Trust, the Chinese University of Hong Kong, and a doctoral



ADHYA ET AL

2 of
291 | wiLey-

fellowship from the Jawaharlal Nehru Memorial Trust awarded to
DA. SBC was also supported by the Wellcome Trust, the Templeton
World Charitable Foundation and the MRC during the period of this
work. The research was also supported by the National Institute
for Health Research (NIHR) Collaboration for Leadership in Applied
Health Research and Care East of England at Cambridgeshire and
Peterborough NHS Foundation Trust. The views expressed are
those of the author(s) and not necessarily those of the NHS, the
NIHR or the Department of Health. The funding organisations had
no role in the design and conduct of the study, in the collection,
management, analysis and interpretation of the data, or in the prep-
aration, review or approval of the manuscript. We are grateful to
Debbie Spain and Suzanne Coghlan for participant recruitment. We
thank the Wohl Cellular Imaging Centre (WCIC) at the loPPN, Kings

College, London, for help with microscopy.

ORCID

D. P. Srivastava http://orcid.org/0000-0001-6512-9065

REFERENCES

1. Brinton RD. Neurosteroids as regenerative agents in the brain: ther-
apeutic implications. Nat Rev Endocrinol. 2013;9:241-250.

2. McCarthy MM. Estradiol and the developing brain. Physiol Rev.
2008;88:91-124.

3. McEwen BS, Akama KT, Spencer-Segal JL, Milner TA, Waters EM.
Estrogen effects on the brain: actions beyond the hypothalamus via
novel mechanisms. Behav Neurosci. 2012;126:4-16.

4. Srivastava DP, Woolfrey KM, Penzes P. Insights into rapid mod-
ulation of neuroplasticity by brain estrogens. Pharmacol Rev.
2013;65:1318-1350.

5. McEwen BS, Bowles NP, Gray JD, et al. Mechanisms of stress in the
brain. Nat Neurosci. 2015;18:1353-1363.

6. McCarthy MM, Nugent BM. Epigenetic contributions to hormonally-
mediated sexual differentiation of the brain. J Neuroendocrinol.
2013;25:1133-1140.

7. Foradori CD, Weiser MJ, Handa RJ. Non-genomic actions of andro-
gens. Front Neuroendocrinol. 2008;29:169-181.

8. Toran-Allerand CD, Singh M, Setalo G Jr. Novel mechanisms of
estrogen action in the brain: new players in an old story. Front
Neuroendocrinol. 1999;20:97-121.

9. Balthazart J, Ball GF. Is brain estradiol a hormone or a neurotransmit-
ter? Trends Neurosci. 2006;29:241-249.

10. Rudolph LM, Cornil CA, Mittelman-Smith MA, et al. Actions of ste-
roids: new neurotransmitters. J Neurosci. 2016;36:11449-11458.

11. Gillies GE, McArthur S. Estrogen actions in the brain and the basis for
differential action in men and women: a case for sex-specific medi-
cines. Pharmacol Rev. 2010;62:155-198.

12. Hines M. Sex-related variation in human behavior and the brain.
Trends Cogn Sci. 2010;14:448-456.

13. Srivastava DP, Penzes P. Rapid estradiol modulation of neuronal con-
nectivity and its implications for disease. Front Endocrinol (Lausanne).
2011;2:77.

14. Torrey EF, Davis JM. Adjunct treatments for schizophrenia and bi-
polar disorder: what to try when you are out of ideas. Clin Schizophr
Relat Psychoses. 2012;5:208-216.

15. Brennand KJ, Marchetto MC, Benvenisty N, et al. Creating patient-
specific neural cells for the in vitro study of brain disorders. Stem Cell
Reports. 2015;5:933-945.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Dolmetsch R, Geschwind DH. The human brain in a dish: the promise
of iPSC-derived neurons. Cell. 2011;145:831-834.

Gaspard N, Vanderhaeghen P. From stem cells to neural networks:
recent advances and perspectives for neurodevelopmental disor-
ders. Dev Med Child Neurol. 2011;53:13-17.

Shum C, Macedo SC, Warre-Cornish K, Cocks G, Price J, Srivastava
DP. Utilizing induced pluripotent stem cells (iPSCs) to under-
stand the actions of estrogens in human neurons. Horm Behav.
2015;74:228-242.

Durak O, Tsai LH. Human induced pluripotent stem cells: now open
to discovery. Cell Stem Cell. 2014;15:4-6.

Yu DX, Marchetto MC, Gage FH. Therapeutic translation of iPSCs for
treating neurological disease. Cell Stem Cell. 2013;12:678-688.
Brennand KJ, Simone A, Tran N, Gage FH. Modeling psychiat-
ric disorders at the cellular and network levels. Mol Psychiatry.
2012;17:1239-1253.

Hines M. Gender development and the human brain. Annu Rev
Neurosci. 2011;34:69-88.

Lombardo MV, Ashwin E, Auyeung B, et al. Fetal testosterone influ-
ences sexually dimorphic gray matter in the human brain. J Neurosci.
2012;32:674-680.

Hofman MA, Swaab DF. The sexually dimorphic nucleus of the pre-
optic area in the human brain: a comparative morphometric study. J
Anat. 1989;164:55-72.

Amateau SK, McCarthy MM. Induction of PGE2 by estradiol medi-
ates developmental masculinization of sex behavior. Nat Neurosci.
2004;7:643-650.

Davis EC, Popper P, Gorski RA. The role of apoptosis in sexual differ-
entiation of the rat sexually dimorphic nucleus of the preoptic area.
Brain Res. 1996;734:10-18.

Auyeung B, Baron-Cohen S, Ashwin E, Knickmeyer R, Taylor K,
Hackett G. Fetal testosterone and autistic traits. Br J Psychol.
2009;100:1-22.

Lombardo MV, Chakrabarti B, Bullmore ET, Consortium MA, Baron-
Cohen S. Specialization of right temporo-parietal junction for men-
talizing and its relation to social impairments in autism. Neurolmage.
2011;56:1832-1838.

Martinez-Murcia FJ, Lai MC, Gorriz JM, et al. On the brain struc-
ture heterogeneity of autism: Parsing out acquisition site effects
with significance-weighted principal component analysis. Hum Brain
Mapp. 2017;38:1208-1223.

Alexander GM, Peterson BS. Testing the prenatal hormone hypothe-
sis of tic-related disorders: gender identity and gender role behavior.
Dev Psychopathol. 2004;16:407-420.

Brown JS Jr. Association of increased prenatal estrogen with risk fac-
tors for schizophrenia. Schizophr Bull. 2011;37:946-949.

Matsuda K, Sakamoto H, Kawata M. Androgen action in the brain
and spinal cord for the regulation of male sexual behaviors. Curr Opin
Pharmacol. 2008;8:747-751.

Shah NM, Pisapia DJ, Maniatis S, Mendelsohn MM, Nemes
A, Axel R. Visualizing sexual dimorphism in the brain. Neuron.
2004;43:313-319.

McCarthy MM, Arnold AP. Reframing sexual differentiation of the
brain. Nat Neurosci. 2011;14:677-683.

Kudwa AE, Bodo C, Gustafsson JA, Rissman EF. A previously unchar-
acterized role for estrogen receptor beta: defeminization of male
brain and behavior. Proc Natl Acad Sci U S A. 2005;102:4608-4612.
Ogawa S, EngV, Taylor J, Lubahn DB, Korach KS, Pfaff DW. Roles of
estrogen receptor-alpha gene expression in reproduction-related
behaviors in female mice* * This work was supported by the
Harry Frank Guggenheim Foundation (to S.0.), the University of
Missouri-Columbia molecular biology program (to D.B.L.), and NIH
Grant HD-05751 (to D.W.P.). Endocrinology. 1998;139:5070-5081.
Forger NG. Control of cell number in the sexually dimorphic brain
and spinal cord. J Neuroendocrinol. 2009;21:393-399.


http://orcid.org/0000-0001-6512-9065
http://orcid.org/0000-0001-6512-9065

ADHYA ET AL

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Sakuma Y. Gonadal steroid action and brain sex differentiation in the
rat. J Neuroendocrinol. 2009;21:410-414.

Tsukahara S. Sex differences and the roles of sex steroids in apopto-
sis of sexually dimorphic nuclei of the preoptic area in postnatal rats.
J Neuroendocrinol. 2009;21:370-376.

Houtsmuller EJ, Brand T, de Jonge FH, Joosten RN, van de Poll NE,
Slob AK. SDN-POA volume, sexual behavior, and partner preference
of male rats affected by perinatal treatment with ATD. Physiol Behav.
1994;56:535-541.

Tabatadze N, Sato SM, Woolley CS. Quantitative analysis of long-
form aromatase mRNA in the male and female rat brain. PLoS ONE.
2014,9:€100628.

Reddy RC, Scheldrup M, Meaker M, Stormshak F, Estill CT, Roselli
CE. Cell death in the central division of the medial preoptic nu-
cleus of male and female lamb fetuses. Brain Res. 2014;1554:21-
28.

Patchev AV, Gotz F, Rohde W. Differential role of estrogen receptoriso-
forms in sex-specific brain organization. FASEB J. 2004;18:1568-1570.
Simerly RB. Wired for reproduction: organization and development
of sexually dimorphic circuits in the mammalian forebrain. Annu Rev
Neurosci. 2002;25:507-536.

Lin CC, Tsai YL, Huang MT, et al. Inhibition of estradiol-induced
mammary proliferation by dibenzoylmethane through the E2-ER-
ERE-dependent pathway. Carcinogenesis. 2006;27:131-136.

Pike CJ. Estrogen modulates neuronal Bcl-xL expression and beta-
amyloid-induced apoptosis: relevance to Alzheimer's disease. J
Neurochem. 1999;72:1552-1563.

Tsukahara S, Hojo R, Kuroda Y, Fujimaki H. Estrogen modulates
Bcl-2 family protein expression in the sexually dimorphic nucleus
of the preoptic area of postnatal rats. Neurosci Lett. 2008;432:58-
63.

Bao AM, Swaab DF. Sexual differentiation of the human brain: rela-
tion to gender identity, sexual orientation and neuropsychiatric dis-
orders. Front Neuroendocrinol. 2011;32:214-226.

Tsai HW, Grant PA, Rissman EF. Sex differences in histone modifica-
tions in the neonatal mouse brain. Epigenetics. 2009;4:47-53.
Menger Y, Bettscheider M, Murgatroyd C, Spengler D. Sex differ-
ences in brain epigenetics. Epigenomics. 2010;2:807-821.
Westberry JM, Trout AL, Wilson ME. Epigenetic regulation of estro-
gen receptor alpha gene expression in the mouse cortex during early
postnatal development. Endocrinology. 2010;151:731-740.

Kurian JR, Olesen KM, Auger AP. Sex differences in epigenetic regu-
lation of the estrogen receptor-alpha promoter within the develop-
ing preoptic area. Endocrinology. 2010;151:2297-2305.

Ghahramani NM, Ngun TC, Chen PY, et al. The effects of perinatal
testosterone exposure on the DNA methylome of the mouse brain
are late-emerging. Biol Sex Differ. 2014;5:8.

Hammes SR. The further redefining of steroid-mediated signaling.
Proc Natl Acad Sci U S A. 2003;100:2168-2170.

van Honk J, Schutter DJ, Bos PA, Kruijt AW, Lentjes EG, Baron-
Cohen S. Testosterone administration impairs cognitive empathy in
women depending on second-to-fourth digit ratio. Proc Natl Acad Sci
USA. 2011;108:3448-3452.

Ackermann S, Spalek K, Rasch B, et al. Testosterone levels in healthy
men are related to amygdala reactivity and memory performance.
Psychoneuroendocrinology. 2012;37:1417-1424.

Isgor C, Sengelaub DR. Prenatal gonadal steroids affect adult spa-
tial behavior, CA1 and CA3 pyramidal cell morphology in rats. Horm
Behav. 1998;34:183-198.

Roof RL. Neonatal exogenous testosterone modifies sex difference
in radial arm and Morris water maze performance in prepubescent
and adult rats. Behav Brain Res. 1993;53:1-10.

Williams CL, Barnett AM, Meck WH. Organizational effects of early
gonadal secretions on sexual differentiation in spatial memory.
Behav Neurosci. 1990;104:84-97.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

ISR 1 -2

Williams CL, Meck WH. The organizational effects of gonadal ste-
roids on sexually dimorphic spatial ability. Psychoneuroendocrinology.
1991;16:155-176.

Inagaki T, Gautreaux C, Luine V. Acute estrogen treatment facilitates
recognition memory consolidation and alters monoamine levels in
memory-related brain areas. Horm Behav. 2010;58:415-426.
Jedlicka P, Vlachos A, Schwarzacher SW, Deller T. A role for the
spine apparatus in LTP and spatial learning. Behav Brain Res.
2008;192:12-19.

Chen JR, Wang TJ, Lim SH, Wang YJ, Tseng GF. Testosterone modu-
lation of dendritic spines of somatosensory cortical pyramidal neu-
rons. Brain Struct Funct. 2013;218:1407-1417.

Li M, Masugi-Tokita M, Takanami K, Yamada S, Kawata M.
Testosterone has sublayer-specific effects on dendritic spine mat-
uration mediated by BDNF and PSD-95 in pyramidal neurons in the
hippocampus CA1 area. Brain Res. 2012;1484.:76-84.

Sellers KJ, Erli F, Raval P, Watson IA, Chen D, Srivastava DP. Rapid
modulation of synaptogenesis and spinogenesis by 17beta-estradiol
in primary cortical neurons. Front Cell Neurosci. 2015;9:137.

Mukai H, Kimoto T, Hojo Y, et al. Modulation of synaptic plas-
ticity by brain estrogen in the hippocampus. Biochim Biophys Acta.
2010;1800:1030-1044.

Huang GZ, Woolley CS. Estradiol acutely suppresses inhibition in the
hippocampus through a sex-specific endocannabinoid and mGIuR-
dependent mechanism. Neuron. 2012;74:801-808.

Mukherjee J, Cardarelli RA, Cantaut-Belarif Y, et al. Estradiol modu-
lates the efficacy of synaptic inhibition by decreasing the dwell time
of GABAA receptors at inhibitory synapses. Proc Natl Acad Sci U S A.
2017;114:11763-11768.

Sato SM, Woolley CS. Acute inhibition of neurosteroid estrogen
synthesis suppresses status epilepticus in an animal model. Elife.
2016;5:€12917.

Meberg PJ, Kinney WR, Valcourt EG, Routtenberg A. Gene expres-
sion of the transcription factor NF-kappa B in hippocampus: regula-
tion by synaptic activity. Brain Res Mol Brain Res. 1996;38:179-190.
Mendez P, Wandosell F, Garcia-Segura LM. Cross-talk between
estrogen receptors and insulin-like growth factor-1 receptor in the
brain: cellular and molecular mechanisms. Front Neuroendocrinol.
2006;27:391-403.

Srivastava DP, Evans PD. G-protein oestrogen receptor 1: trials and
tribulations of a membrane oestrogen receptor. J Neuroendocrinol.
2013;25:1219-1230.

Liu SB, Zhang N, Guo YY, et al. G-protein-coupled receptor 30 me-
diates rapid neuroprotective effects of estrogen via depression of
NR2B-containing NMDA receptors. J Neurosci. 2012;32:4887-4900.
Kelly MJ, Qiu J, Wagner EJ, Ronnekleiv OK. Rapid effects of estro-
gen on G protein-coupled receptor activation of potassium chan-
nels in the central nervous system (CNS). J Steroid Biochem Mol Biol.
2002;83:187-193.

McAllister CE, Creech RD, Kimball PA, Muma NA, Li Q. GPR30 is
necessary for estradiol-induced desensitization of 5-HT1A receptor
signaling in the paraventricular nucleus of the rat hypothalamus.
Psychoneuroendocrinology. 2012;37:1248-1260.

Xu H, Qin S, Carrasco GA, et al. Extra-nuclear estrogen recep-
tor GPR30 regulates serotonin function in rat hypothalamus.
Neuroscience. 2009;158:1599-1607.

Kwon O, Kang ES, Kim |, et al. GPR30 mediates anorectic estrogen-
induced STAT3 signaling in the hypothalamus. Metabolism.
2014,63:1455-1461.

Prossnitz ER, Arterburn JB. International union of basic and clinical
pharmacology. XCVII. G protein-coupled estrogen receptor and its
pharmacologic modulators. Pharmacol Rev. 2015;67:505-540.
Brotfain E, Gruenbaum SE, Boyko M, Kutz R, Zlotnik A, Klein M.
Neuroprotection by estrogen and progesterone in traumatic brain in-
jury and spinal cord injury. Curr Neuropharmacol. 2016;14:641-653.



of
2ot | wiLey-

80.

81.

82.
83.
84.

85.

86.
87.
88.
89.

90.

91.

92.

93.
94.

95.

96.

97.
98.
99.

100.

ADHYA ET AL

Barros LA, Tufik S, Andersen ML. The role of progesterone in
memory: an overview of three decades. Neurosci Biobehav Rev.
2015;49:193-204.

Bimonte-Nelson HA, Singleton RS, Williams BJ, Granholm AC.
Ovarian hormones and cognition in the aged female rat: Il. proges-
terone supplementation reverses the cognitive enhancing effects of
ovariectomy. Behav Neurosci. 2004;118:707-714.

van Wingen G, van Broekhoven F, Verkes RJ, et al. How progester-
one impairs memory for biologically salient stimuli in healthy young
women. J Neurosci. 2007;27:11416-11423.

de Wit H, Schmitt L, Purdy R, Hauger R. Effects of acute progester-
one administration in healthy postmenopausal women and normally-
cycling women. Psychoneuroendocrinology. 2001;26:697-710.
Markham JA, Pych JC, Juraska JM. Ovarian hormone replacement to
aged ovariectomized female rats benefits acquisition of the morris
water maze. Horm Behav. 2002;42:284-293.

Escudero C, Casas S, Giuliani F, et al. Allopregnanolone prevents
memory impairment: effect on mRNA expression and enzymatic ac-
tivity of hippocampal 3-alpha hydroxysteroid oxide-reductase. Brain
Res Bull. 2012;87:280-285.

Frye CA, Walf AA. Progesterone enhances learning and memory of
aged wildtype and progestin receptor knockout mice. Neurosci Lett.
2010;472:38-42.

He L, Yang H, Zhai LD, Shao H, Li YS. A preliminary study on pro-
gesterone antioxidation in promoting learning and memory of young
ovariectomized mice. Arch Med Sci. 2011;7:397-404.

Deutsch ER, Espinoza TR, Atif F, Woodall E, Kaylor J, Wright DW.
Progesterone’s role in neuroprotection, a review of the evidence.
Brain Res. 2013;1530:82-105.

Mittelman-Smith MA, Rudolph LM, Mohr MA, Micevych PE. Rodent
models of non-classical progesterone action regulating ovulation.
Front Endocrinol (Lausanne). 2017;8:165.

Pang Y, Dong J, Thomas P. Characterization, neurosteroid binding
and brain distribution of human membrane progesterone recep-
tors delta and epsilon (mPRdelta and mPR{epsilon}) and mPRdelta
involvement in neurosteroid inhibition of apoptosis. Endocrinology.
2013;154:283-295.

Parsons B, MacLusky NJ, Krey L, Pfaff DW, McEwen BS. The tem-
poral relationship between estrogen-inducible progestin receptors
in the female rat brain and the time course of estrogen activation of
mating behavior. Endocrinology. 1980;107:774-779.

Fowden AL, Li J, Forhead AJ. Glucocorticoids and the preparation for
life after birth: are there long-term consequences of the life insur-
ance? Proc Nutr Soc. 1998;57:113-122.

Gould E, Cameron HA. Regulation of neuronal birth, migration and
death in the rat dentate gyrus. Dev Neurosci. 1996;18:22-35.
McEwen BS. Stress and hippocampal plasticity. Annu Rev Neurosci.
1999;22:105-122.

Kapoor A, Petropoulos S, Matthews SG. Fetal programming of
hypothalamic-pituitary-adrenal (HPA) axis function and behavior by
synthetic glucocorticoids. Brain Res Rev. 2008;57:586-595.
Moisiadis VG, Matthews SG. Glucocorticoids and fetal programming
part 1: Outcomes. Nat Rev Endocrinol. 2014;10:391-402.

Modi N, Lewis H, Al-Nageeb N, Ajayi-Obe M, Dore CJ, Rutherford
M. The effects of repeated antenatal glucocorticoid therapy on the
developing brain. Pediatr Res. 2001;50:581-585.

Tijsseling D, Wijnberger LD, Derks JB, et al. Effects of antenatal glu-
cocorticoid therapy on hippocampal histology of preterm infants.
PLoS ONE. 2012;7:e33369.

French NP, Hagan R, Evans SF, Mullan A, Newnham JP. Repeated
antenatal corticosteroids: effects on cerebral palsy and childhood
behavior. Am J Obstet Gynecol. 2004;190:588-595.

Yehuda R, Halligan SL, Grossman R. Childhood trauma and risk for
PTSD: relationship to intergenerational effects of trauma, parental
PTSD, and cortisol excretion. Dev Psychopathol. 2001;13:733-753.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Reynolds RM. Glucocorticoid excess and the developmental origins
of disease: two decades of testing the hypothesis-2012 Curt Richter
Award Winner. Psychoneuroendocrinology. 2013;38:1-11.

Reynolds RM, Strachan MW, Labad J, et al. Edinburgh type 2 diabe-
tes study I. Morning cortisol levels and cognitive abilities in people
with type 2 diabetes: the Edinburgh type 2 diabetes study. Diabetes
Care. 2010;33:714-720.

Popoli M, Yan Z, McEwen BS, Sanacora G. The stressed synapse: the
impact of stress and glucocorticoids on glutamate transmission. Nat
Rev Neurosci. 2011;13:22-37.

Krozowski ZS, Funder JW. Renal mineralocorticoid receptors and
hippocampal corticosterone-binding species have identical intrinsic
steroid specificity. Proc Natl Acad Sci U S A. 1983;80:6056-6060.
Weaver IC, Cervoni N, Champagne FA, et al. Epigenetic program-
ming by maternal behavior. Nat Neurosci. 2004;7:847-854.

Zhang TY, Labonte B, Wen XL, Turecki G, Meaney MJ. Epigenetic
mechanisms for the early environmental regulation of hippocampal
glucocorticoid receptor gene expression in rodents and humans.
Neuropsychopharmacology. 2013;38:111-123.

Labonte B, Yerko V, Gross J, et al. Differential glucocorticoid re-
ceptor exon 1(B), 1(C), and 1(H) expression and methylation in sui-
cide completers with a history of childhood abuse. Biol Psychiatry.
2012;72:41-48.

Schwabe L, Joels M, Roozendaal B, Wolf OT, Oitzl MS. Stress ef-
fects on memory: an update and integration. Neurosci Biobehav Rev.
2012;36:1740-1749.

Andreano JM, Cahill L. Glucocorticoid release and memory consoli-
dation in men and women. Psychol Sci. 2006;17:466-470.

Beckner VE, Tucker DM, Delville Y, Mohr DC. Stress facilitates con-
solidation of verbal memory for a film but does not affect retrieval.
Behav Neurosci. 2006;120:518-527.

Roozendaal B, Okuda S, Van der Zee EA, McGaugh JL. Glucocorticoid
enhancement of memory requires arousal-induced noradrener-
gic activation in the basolateral amygdala. Proc Natl Acad Sci U S A.
2006;103:6741-6746.

Smeets T, Otgaar H, Candel I, Wolf OT. True or false? Memory
is differentially affected by stress-induced cortisol eleva-
tions and sympathetic activity at consolidation and retrieval.
Psychoneuroendocrinology. 2008;33:1378-1386.

Cai WH, Blundell J, Han J, Greene RW, Powell CM. Postreactivation
glucocorticoids impair recall of established fear memory. J Neurosci.
2006;26:9560-9566.

Maroun M, Akirav I. Arousal and stress effects on consolidation and
reconsolidation of recognition memory. Neuropsychopharmacology.
2008;33:394-405.

Wang XY, Zhao M, Ghitza UE, Li YQ, Lu L. Stress impairs reconsolida-
tion of drug memory via glucocorticoid receptors in the basolateral
amygdala. J Neurosci. 2008;28:5602-5610.

Domes G, Heinrichs M, Reichwald U, Hautzinger M. Hypothalamic-
pituitary-adrenal axis reactivity to psychological stress and memory
inmiddle-aged women: high responders exhibit enhanced declarative
memory performance. Psychoneuroendocrinology. 2002;27:843-853.
Schwabe L, Bohringer A, Chatterjee M, Schachinger H. Effects of
pre-learning stress on memory for neutral, positive and negative
words: Different roles of cortisol and autonomic arousal. Neurobiol
Learn Mem. 2008;90:44-53.

Diamond DM, Campbell AM, Park CR, et al. Influence of predator
stress on the consolidation versus retrieval of long-term spatial mem-
ory and hippocampal spinogenesis. Hippocampus. 2006;16:571-576.
Elzinga BM, Bakker A, Bremner JD. Stress-induced cortisol eleva-
tions are associated with impaired delayed, but not immediate recall.
Psychiatry Res. 2005;134:211-223.

Sorrells SF, Caso JR, Munhoz CD, Sapolsky RM. The stressed
CNS: when glucocorticoids aggravate inflammation. Neuron.
2009;64:33-39.



ADHYA ET AL

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Weickert TW, Allen KM, Weickert CS. Potential role of oestrogen
modulation in the treatment of neurocognitive deficits in schizo-
phrenia. CNS Drugs. 2016;30:125-133.

Kulkarni J, Gavrilidis E, Wang W, et al. Estradiol for treatment-
resistant schizophrenia: a large-scale randomized-controlled trial in
women of child-bearing age. Mol Psychiatry. 2015;20:695-702.
Weickert TW, Weinberg D, Lenroot R, et al. Adjunctive raloxifene
treatment improves attention and memory in men and women with
schizophrenia. Mol Psychiatry. 2015;20:685-694.

Neese SL, Clough RW, Banz WJ, Smith DC. Z-Bisdehydrodoisynolic
acid (Z-BDDA): an estrogenic seco-steroid that enhances behavioral
recovery following moderate fluid percussion brain injury in male
rats. Brain Res. 2010;1362:93-101.

Roof RL, Hall ED. Gender differences in acute CNS trauma and
stroke: neuroprotective effects of estrogen and progesterone. J
Neurotrauma. 2000;17:367-388.

Emerson CS, Headrick JP, Vink R. Estrogen improves biochemical
and neurologic outcome following traumatic brain injury in male rats,
but not in females. Brain Res. 1993;608:95-100.

Samantaray S, Smith JA, Das A, et al. Low dose estrogen prevents
neuronal degeneration and microglial reactivity in an acute model
of spinal cord injury: effect of dosing, route of administration, and
therapy delay. Neurochem Res. 2011;36:1809-1816.

Wang JM, Liu L, Irwin RW, Chen S, Brinton RD. Regenerative poten-
tial of allopregnanolone. Brain Res Rev. 2008;57:398-409.

Singh M, Su C. Progesterone and neuroprotection. Horm Behav.
2013;63:284-290.

Casas S, Garcia S, Cabrera R, Nanfaro F, Escudero C, Yunes R.
Progesterone prevents depression-like behavior in a model of
Parkinson’s disease induced by 6-hydroxydopamine in male rats.
Pharmacol Biochem Behav. 2011;99:614-618.

Morali G, Montes P, Hernandez-Morales L, Monfil T, Espinosa-Garcia
C, Cervantes M. Neuroprotective effects of progesterone and allo-
pregnanolone on long-term cognitive outcome after global cerebral
ischemia. Restor Neurol Neurosci. 2011;29:1-15.

Hartman RE, Lee JM, Zipfel GJ, Wozniak DF. Characterizing learning
deficits and hippocampal neuron loss following transient global ce-
rebral ischemia in rats. Brain Res. 2005;1043:48-56.
Letechipia-Vallejo G, Lopez-Loeza E, Espinoza-Gonzalez V, et al.
Long-term morphological and functional evaluation of the neuropro-
tective effects of post-ischemic treatment with melatonin in rats. J
Pineal Res. 2007;42:138-146.

Garcia-Chavez D, Gonzalez-Burgos |, Letechipia-Vallejo G, Lopez-
Loeza E, Morali G, Cervantes M. Long-term evaluation of cytoar-
chitectonic characteristics of prefrontal cortex pyramidal neurons,
following global cerebral ischemia and neuroprotective melatonin
treatment, in rats. Neurosci Lett. 2008;448:148-152.
Gonzalez-Burgos |, Letechipia-Vallejo G, Lopez-Loeza E, Morali
G, Cervantes M. Long-term study of dendritic spines from hip-
pocampal CA1 pyramidal cells, after neuroprotective melatonin
treatment following global cerebral ischemia in rats. Neurosci Lett.
2007;423:162-166.

Lenzlinger PM, Morganti-Kossmann MC, Laurer HL, Mclntosh TK.
The duality of the inflammatory response to traumatic brain injury.
Mol Neurobiol. 2001;24:169-181.

Djebaili M, Guo Q, Pettus EH, Hoffman SW, Stein DG. The neu-
rosteroids progesterone and allopregnanolone reduce cell death,
gliosis, and functional deficits after traumatic brain injury in rats. J
Neurotrauma. 2005;22:106-118.

Guennoun R, Labombarda F, Gonzalez Deniselle MC, Liere P, De
Nicola AF, Schumacher M. Progesterone and allopregnanolone in
the central nervous system: response to injury and implication for
neuroprotection. J Steroid Biochem Mol Biol. 2015;146:48-61.
Labombarda F, Ghoumari AM, Liere P, De Nicola AF, Schumacher
M, Guennoun R. Neuroprotection by steroids after neurotrauma

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

e

in organotypic spinal cord cultures: a key role for progester-
one receptors and steroidal modulators of GABA(A) receptors.
Neuropharmacology. 2013;71:46-55.

Liu A, Margaill I, Zhang S, et al. Progesterone receptors: a key
for neuroprotection in experimental stroke. Endocrinology.
2012;153:3747-3757.

Dragunow M. The adult human brain in preclinical drug develop-
ment. Nat Rev Drug Discovery. 2008;7:659-666.

Rossouw JE, Anderson GL, Prentice RL, et al. Risks and benefits of
estrogen plus progestin in healthy postmenopausal women: principal
results From the Women'’s Health Initiative randomized controlled
trial. JAMA. 2002;288:321-333.

Asthana S, Brinton RD, Henderson VW, McEwen BS, Morrison JH,
Schmidt PJ. Frontiers proposal. National Institute on Aging “bench
to bedside: estrogen as a case study”. Age (Dordr). 2009;31:199-
210.

Craig MC, Maki PM, Murphy DG. The Women's Health Initiative
Memory Study: findings and implications for treatment. Lancet
Neurol. 2005;4:190-194.

Maki PM, Henderson VW. Hormone therapy, dementia, and cog-
nition: the Women’s Health Initiative 10 years on. Climacteric.
2012;15:256-262.

Singh M, Simpkins JW, Bimonte-Nelson HA, Brinton RD. Window of
opportunity for estrogen and progestin intervention in brain aging
and Alzheimer’s disease. Brain Res. 2013;1514:1-2.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors.
Cell. 2006;126:663-676.

Takahashi K, Tanabe K, Ohnuki M, et al. Induction of pluripotent
stem cells from adult human fibroblasts by defined factors. Cell.
2007;131:861-872.

Loh Y-H, Agarwal S, Park I-H, et al. Generation of induced pluripo-
tent stem cells from human blood. Blood. 2009;113:5476-5479.
Aasen T, Raya A, Barrero MJ, et al. Efficient and rapid generation
of induced pluripotent stem cells from human keratinocytes. Nat
Biotechnol. 2008;26:1276-1284.

Aubert J, Dunstan H, Chambers |, Smith A. Functional gene screen-
ing in embryonic stem cells implicates Wnt antagonism in neural dif-
ferentiation. Nat Biotechnol. 2002;20:1240-1245.

Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain
M, Studer L. Highly efficient neural conversion of human ES and
iPS cells by dual inhibition of SMAD signaling. Nat Biotechnol.
2009;27:275-280.

LaVaute TM, Yoo YD, Pankratz MT, Weick JP, Gerstner JR, Zhang S-
C. Regulation of neural specification from human embryonic stem
cells by BMP and FGF. Stem Cells. 2009;27:1741-1749.

Shi Y, Kirwan P, Smith J, Robinson HP, Livesey FJ. Human cerebral
cortex development from pluripotent stem cells to functional excit-
atory synapses. Nat Neurosci. 2012;15:477-486, S1.

Boissart C, Poulet A, Georges P, et al. Differentiation from human
pluripotent stem cells of cortical neurons of the superficial layers
amenable to psychiatric disease modeling and high-throughput drug
screening. Transl Psychiat. 2013;3:294.

Watanabe K, Kamiya D, Nishiyama A, et al. Directed differentiation
of telencephalic precursors from embryonic stem cells. Nat Neurosci.
2005;8:288-296.

Kawasaki H, Mizuseki K, Nishikawa S, et al. Induction of midbrain
dopaminergic neurons from ES cells by stromal cell-derived inducing
activity. Neuron. 2000;28:31-40.

Bissonnette CJ, Lyass L, Bhattacharyya BJ, Belmadani A, Miller RJ,
Kessler JA. The controlled generation of functional basal forebrain
cholinergic neurons from human embryonic stem cells. Stem Cells.
2011;29:802-811.

Hu BY, Zhang SC. Differentiation of spinal motor neurons from plu-
ripotent human stem cells. Nat Protoc. 2009;4:1295-1304.



of
101 | wiLey-

160.

161.

162.

163.
164.

165.
166.

167.

168.
169.

170.
171.

172.
173.

174.

175.

ADHYA ET AL

Serio A, Bilican B, Barmada SJ, et al. Astrocyte pathology and the ab-
sence of non-cell autonomy in an induced pluripotent stem cell model
of TDP-43 proteinopathy. Proc Natl Acad Sci. 2013;110:4697-4702.
Hu BY, Du ZW, Zhang SC. Differentiation of human oligodendro-
cytes from pluripotent stem cells. Nat Protoc. 2009;4:1614-1622.
Abud EM, Ramirez RN, Martinez ES, et al. iPSC-derived human
microglia-like cells to study neurological diseases. Neuron.
2017;94:278-293. €9.

Allman JM, Tetreault NA, Hakeem AY, Park S. The von Economo neu-
rons in apes and humans. Am J Hum Biol. 2011;23:5-21.

Clowry G, Molnar Z, Rakic P. Renewed focus on the developing
human neocortex. J Anat. 2010;217:276-288.

Steffenhagen C, Kraus S, Dechant FX, et al. Identity, fate and poten-
tial of cells grown as neurospheres: species matters. Stem Cell Rev.
2011;7:815-835.

Azcoitia |, Arevalo MA, De Nicola AF, Garcia-Segura LM.
Neuroprotective actions of estradiol revisited. Trends Endocrinol
Metab. 2011;22:467-473.

Azcoitia |, Yague JG, Garcia-Segura LM. Estradiol synthesis within
the human brain. Neuroscience. 2011;191:139-147.
Ardhanareeswaran K, Mariani J, Coppola G, Abyzov A, Vaccarino FM.
Human induced pluripotent stem cells for modelling neurodevelop-
mental disorders. Nat Rev Neurol. 2017;13:265-278.

Fussner E, Djuric U, Strauss M, et al. Constitutive heterochroma-
tin reorganization during somatic cell reprogramming. EMBO J.
2011;30:1778-1789.

Mattout A, Biran A, Meshorer E. Global epigenetic changes during so-
matic cell reprogramming to iPS cells. J Mol Cell Biol. 2011;3:341-350.
Liang G, Zhang Y. Embryonic stem cell and induced pluripotent stem
cell: an epigenetic perspective. Cell Res. 2013;23:49-69.

Choi J, Lee S, Mallard W, et al. A comparison of genetically matched
cell lines reveals the equivalence of human iPSCs and ESCs. Nat
Biotechnol. 2015;33:1173-1181.

Shi Y, Kirwan P, Livesey FJ. Directed differentiation of human plurip-
otent stem cells to cerebral cortex neurons and neural networks. Nat
Protoc. 2012;7:1836-1846.

Hormanseder E, Simeone A, Allen GE, et al. H3K4 methylation-
dependent memory of somatic cell identity inhibits reprogram-
ming and development of nuclear transfer embryos. Cell Stem Cell.
2017;21:135-143.

Eiraku M, Watanabe K, Matsuo-Takasaki M, et al. Self-organized for-
mation of polarized cortical tissues from ESCs and its active manipu-
lation by extrinsic signals. Cell Stem Cell. 2008;3:519-532.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Lancaster MA, Renner M, Martin CA, et al. Cerebral organoids
model human brain development and microcephaly. Nature.
2013;501:373-379.

Pasca AM, Sloan SA, Clarke LE, et al. Functional cortical neurons
and astrocytes from human pluripotent stem cells in 3D culture. Nat
Methods. 2015;12:671-678.

Nishimura K, Doi D, Samata B, et al. Estradiol facilitates functional
integration of iPSC-derived dopaminergic neurons into striatal
neuronal circuits via activation of integrin «a581. Stem Cell Reports.
2016;6:511-524.

Cocks G, Curran S, Gami P, et al. The utility of patient specific in-
duced pluripotent stem cells for the modelling of Autistic Spectrum
Disorders. Psychopharmacology. 2014;231:1079-1088.

Gitau R, Adams D, Fisk NM, Glover V. Fetal plasma testosterone
correlates positively with cortisol. Arch Dis Child Fetal Neonatal Ed.
2005;90:F166-F169.

Fatehullah A, Tan SH, Barker N. Organoids as an in vitro model of
human development and disease. Nat Cell Biol. 2016;18:246-254.
Wen Z, Christian KM, Song H, Ming GL. Modeling psychiat-
ric disorders with patient-derived iPSCs. Curr Opin Neurobiol.
2016;36:118-127.

Qian X, Nguyen HN, Song MM, et al. Brain-region-specific or-
ganoids using mini-bioreactors for modeling ZIKV exposure. Cell.
2016;165:1238-1254.

Bramen JE, Hranilovich JA, Dahl RE, et al. Sex matters during ado-
lescence: testosterone-related cortical thickness maturation differs
between boys and girls. PLoS ONE. 2012;7:e33850.

Nguyen TV, McCracken JT, Ducharme S, et al. Interactive effects
of dehydroepiandrosterone and testosterone on cortical thickness
during early brain development. J Neurosci. 2013;33:10840-10848.
Stewart J, Kolb B. The effects of neonatal gonadectomy and prenatal
stress on cortical thickness and asymmetry in rats. Behav Neural Biol.
1988;49:344-360.

How to cite this article: Adhya D, Annuario E, Lancaster MA,

Price J, Baron-Cohen S, Srivastava DP. Understanding role of

steroids in typical and atypical brain development: Advantages

of using a “brain in a dish” approach. J Neuroendocrinol.
2018;30:€12547. https://doi.org/10.1111/jne. 12547



https://doi.org/10.1111/jne.12547

