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Editorial on the Research Topic
Steroids and the Brain

Steroids contain the perhydrocyclopentanophenanthrene ring in their chemical nuclei. In
vertebrates, steroids are synthesized in gonads, adrenal, and other endocrine glands and secreted
into general circulation as hormones. Steroids and their receptors play significant roles in broad
functions of the brain, such as regulation of socio-sexual behavior, aggression, neurogenesis,
learning and memory, stress, cognition, mood and emotion. However, the brain is not only a target
of steroids action but may also be the site of de novo synthesis from cholesterol or their precursors
entering the brain. Malfunctions of steroid synthesis and signaling are related to a variety of human
disorders such as gender dysphoria, anxiety, depression, autism spectrum disorder, and aging
related diseases notably Alzheimer’s, among others. Therefore, this Research Topic aimed to collect
knowledge in all aspects of steroid function in the brain from an evolutionary to physiological and
pathological standpoints, which may bring new insights into steroid actions. The subtopics include
neurosteroids, sex steroids and sexual dimorphism, learning, memory, various neuropsychiatric
disorders, stress and steroids, and endocrine disrupting chemicals.

NEUROSTEROIDS

Neurosteroids are metabolic steroids synthesized from cholesterol in the central and the peripheral
nervous systems (1, 2). The first article, a perspective of Steroids and Brain, is written by Baulieu
who was the first to discover local synthesis of steroids in the brain (3). This perspective specifically
reports on MAP4343, a synthetic pregnenolone-derivative. Additionally discussed is FKBP52, a key
protein component of hetero-oligomeric steroid receptors, which interacts with Tau protein, thus
playing important roles in Alzheimer’s disease and other dementias.

The second article by Diotel et al. reviews neurosteroidogenesis and signaling of estrogen,
progestogen, and androgen in the brain of fish, birds, and mammals and discusses the roles
of sex steroids in neurogenesis, neuroprotection, and sexual behavior (4). This review further
probes how steroids and lipoproteins are transported between the periphery and the brain. The
authors emphasize the beneficial effects of steroids and lipoproteins against ischemic stroke, also
highlighting their potential anti-inflammatory, antioxidant, and neuroprotective properties.

The third article by Da Fonte et al. is an original research article that reports on secretoneurin
A (SNa) and regulation of goldfish radial glial cells (RGCs). The neuropeptide SNa is derived from
proteolytic processing of the secretogranin-2 in magnocellular cells within the RGC rich preoptic
nucleus. Radial glial cells are the main macroglia and have established roles in neuroesgtogen
synthesis as the only site for aromatase B expression in the teleost brain, a characteristic linked
to neurogenesis (5). Their previous study indicated that SNa inhibits the expression of aromatase
B that converts estrogens from androgen in RGCs (6). The new results based on transcriptomic
analysis suggest additional roles for SNa in the control of cell proliferation and neurogenesis.
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The next original research article by Ulhaq and Kishida
investigated the role of aromatase B (7) in the development of
serotonergic neurons. Aromatase B is highly expressed during
early development of the zebrafish brain. Early development
of serotonergic neurons is also considered to play important
roles in neurogenesis. In this article, they tested the effect of
estradiol administration and morpholino mediated aromatase
B knockdown in zebrafish embryos and larvae. Their results
suggest that neuroestrogen synthesis sustains early development
of serotonergic neurons.

Brain-derived steroids also act locally to affect socio-
sexual behaviors (8) and locomotor movements associated
with migration (9). Wingfield et al. discuss how and why
neurosteroid production evolved and why peripherally produced
steroids do not always fulfill central roles. Their investigations
on free-living animals suggest that neurosteroids may have
evolved to regulate specific behavior throughout the year
independently of different life history stages. They highlight
two examples. The first is the control of territorial aggression
of songbirds in autumn by sex steroid production from
circulating  precursors such as dehydroepiandrosterone
(DHEA) or de novo in the brain. The second example
is the production of 7a-hydroxypregnenolone within
the brain that appears to affect locomotor behavior in
several contexts.

SEX STEROIDS AND SEXUAL
DIMORPHISM

Sex steroids coordinate the development and maintenance
of the central nervous system. In the first article of this
subtopic, Larson discusses the relationship between sex steroids
and neuroinflammation, and the impact on neuropsychiatric
and neurodegenerative disorders (10). She highlights the
complex interactions between sex steroids, neuroinflammation,
and regeneration of the central nervous system through
adult neurogenesis.

Sex steroids also play key roles in the regulation of
social recognition, reproductive behavior and parental
care, which are highly sexually dimorphic. However,
contribution of sex steroids in modulating adult neurogenesis
in the forebrain ventricular-subventricular zone that
continuously generates new neurons throughout life is
underestimated (11). review the literature
describing sexual dimorphism and sexual differences across the
physiological phases.

Steroids play important roles in sexually dimorphic brain
development during perinatal and pubertal periods. It was
previously demonstrated that estrogen receptor o and
aromatase genes are essential to sexual differentiation of
the anteroventral periventricular nucleus (AVPV) and the
principal nucleus of the bed nucleus of the stria terminalis
(BNSTp) in mammals (12, 13). Androgen receptor gene
is also essential to sexual differentiation of the BNSTp.
Kanaya et al. studied if these genes are sexually differentially
expressed in the AVPV and BNSTp during puberty. Their

Ponti et al

results suggest that testicular testosterone may affect the
formation of male BNSTp during puberty via androgen
receptor and estrogen receptor a after conversion to estradiol
by aromatase.

Cao et al. review sex differences in glutamatergic synaptic
inputs and intrinsic excitability of rat medium spiny neurons,
the output neurons of the striatum (14). They also review
evidence for estradiol-mediated sexual differentiation in the
nucleus accumbens core (15). The striatal brain regions including
the caudate-putamen, nucleus accumbens core and shell are
interesting because they express membrane-associated but
not nuclear estrogen receptors. The authors conclude that
striatal brain regions exhibit heterogeneity in sex differences in
electrophysiological properties.

Although estrogens play important roles in
dimorphism of the brain, whether and how estrogens regulate
the cerebral cortex are not fully understood. Denley et al.
review evidence that estrogens regulate the molecular machinery
required for fine-tuning the processes central to the cortex
(16). The authors also discuss how estrogens regulate the
function of the key molecules and signaling pathways involved
in corticogenesis and highlight whether these processes are
sexually dimorphic.

Funabashi et al. hypothesize that transsexual humans
produce different gonadotropin levels in response to sex
steroids stimulation, because the bed nucleus of the stria
terminalis was suggested to be involved in gender identity
and this brain area is involved in gonadotropin secretion
(17). The authors examined if estrogen combined with
progesterone leads a change in gonadotropin secretion in
female-to-male, male-to-female transsexual, and control subjects.
Their results suggest that the brain area related to gender
identity may also be involved in gonadotropin secretion
in humans.

The next original research article by Sano et al. investigated
the role of estrogen receptor f in the dorsal raphe nucleus
on female sexual behavior in mice. Previously, the authors
showed that estrogen receptor B may have an inhibitory role
in lordosis behavior of female mice (18). This study focused
on the dorsal raphe nucleus that expresses estrogen receptor
B in higher density than estrogen receptor o (19). Specific
knock down of estrogen receptor f in the dorsal raphe nucleus
showed the inhibitory role of estrogen receptor $ in this
nucleus on sexual behavior on the day after estrous in cycling
female mice.

The last article of this subtopic discusses retinal disorders
by Nuzzi et al. Epidemiological studies and research articles
indicate a correlation between many retinopathies and sex due
to potential effects of sex steroids against the development
of certain disorders (20). For example, macular holes are
more common in women than men, particularly in post-
menopausal women. The course of retinitis pigmentosa
appears to be ameliorated by progestin therapy. Diabetic
retinopathy appears to be more common among men
than women. The authors conclude that sex steroids may
be useful for the treatment of eye diseases, particularly
retinal disorders.

sexual
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LEARNING, MEMORY, AND VARIOUS
NEUROPSYCHIATRIC EFFECTS

Original research by Jakob et al. concerns the interactions of
estrogen and the genotype of dopamine transporter (DAT1)
in reinforcement learning in humans (21). The authors
assessed how the natural rise of 17B-estradiol (E2) in the
late follicular phase and the 40 base-pair variable number
tandem repeat polymorphism of DAT1 affects reinforcement
learning capacity. Their data suggest an interaction of DAT1
genotype and the transient hormonal state. They found
that carriers of the 9-repeat allele experienced a significant
decrease from early to late follicular phase in the ability to
avoid punishment.

Ratner et al. extend their discovery of positive and negative
neurosteroid allosteric modulators of GABA type-A, NMDA,
and non-NMDA type glutamate receptors (22, 23) toward a
state-of-the art view of how modulation of neural circuitry may
affect memory and memory deficits. They conclude that the
effects of neurosteroids on neural networks across the life span
of males and females point to an underlying pharmacological
connectome that may modulate memory across diverse altered
states of mind.

The article by Hojo and Kawato reviews the local production
of sex steroids in the hippocampus, a center for learning and
memory in adult rodents. Hippocampal principal neurons have
a complete system for sex steroids biosynthesis in males. Another
recent study from the same group clarified that the levels of
hippocampal steroids fluctuate across the estrous cycle in adult
female rats (24). They also introduce a direct evidence of the
role of hippocampal neurosteroids in hippocampal function
including neurogenesis, long-term potentiation, and memory
consolidation (25).

Hippocampal sex steroids including 5a-dihydrotestosterone
(DHT), testosterone (T), and E2 rapidly modulate dendritic
spines, which is essential for synaptic plasticity and memory
(26). Soma et al. investigated the possible involvement of Src
tyrosine kinase in the rapid changes of dendritic spines in
response to DHT, T, and E2 using hippocampal slices of adult
male rats. DHT, T, and E2 increased the total density of spines,
and differentially modified the morphology of spines. However,
a Src tyrosine kinase inhibitor completely blocked the increases
in spine numbers induced by these steroids, indicating that Src
kinase is essentially involved in non-genomic modulation of
spine density and morphology induced by sex steroids.

Domonkos et al. reviewed the effects of T on anxiety during
development in rodents (27). It was found that females are
less anxious than males from puberty to middle age. Early
organizational effects of T may influence anxiety-like behavior of
females and males. However, it may be modified by activational
effects of T and its metabolites. They conclude that the effects
of sex steroids leading to anxiogenesis or anxiolysis depend on
factors that affect hormonal status, such as age (28).

Aggression is an essential social behavior that increases
survival and reproductive fitness. Munley et al. discuss the
neuroendocrine mechanism of aggression in Siberian hamsters

which display robust neural, physiological, and behavioral
changes across seasons. The authors showed considerable
evidence that DHEA, an adrenal hormone precursor, is
important in maintaining aggression during the non-breeding
season both in male and female hamsters (29). They conclude
that adrenal DHEA likely serves as an essential precursor for
neural androgen synthesis during non-breeding season (30).

Previously, it was found that E2 replacement in
ovariectomized female rats reduced seizure related damage
in the sensitive hilar region of hippocampal dentate gyrus (31).
Tacobas et al. determine the protective effects of E2 against
kainic acid-induced status epilepticus associated transcriptome
alterations in the dentate gyrus of ovariectomized female rats.
Their results suggest that the estrogen signaling pathway acts
like a buffer against status epilepticus induced alteration of
neurotransmission, which possibly contributes to E2 mediated
maintenance of brain function after status epilepticus in post-
menopausal women.

Tobiansky et al. highlight how androgens alter behavioral
flexibility, decision making, and risk taking in their review article.
After reviewing the neuroanatomy of the mesocorticolimbic
system, they present evidence that androgen and other steroid
receptors are present in the mesocorticolimbic system (32).
They then describe evidence for local androgen synthesis in
mesocorticolimbic regions (33). This review also describes
how androgens modulate the neurochemistry and structure of
the mesocorticolimbic system, especially the dopaminergic
system. Finally, they discuss how androgens influence
executive functions.

It has been observed that pervasive age-related dysfunction in
hypothalamic-pituitary-gonadal axis is associated with cognitive
impairments in aging and age-related neurodegenerative diseases
such as Alzheimer’s disease. Although estrogen modulates
cognition, the effect of estrogen replacement therapy on
cognition and disease diminishes with advancing age. Bhatta et al.
highlight the important role for luteinizing hormone in brain
function (34, 35).

STRESS AND STEROIDS
Pinna  explains that the endocannabinoid system
and the biosynthesis of neuroactive steroids are

involved in the neuropathology of post-traumatic
stress disorder (PTSD) and major depressive disorders.
The author suggests that establishing a biomarker
axis for PTSD is wuseful to define the disorder (36).
Allopregnanolone  biosynthesis is  downregulated in
PTSD patients and stimulation of neurosteroidogenesis
may be a useful strategy to treat PTSD. The author
claims that peroxisome-proliferator activated receptor-
o can be a target of the endocannabinoid system to
enhance neurosteroidogenesis.

The article by Frost et al. is an original research on the
effect of childhood emotional abuse on the associations of
corticomotor white matter structure and stress neuromodulators
in women with and without depression. Although experience
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of adversity alters the activity of the sympathetic nervous
system and the hypothalamic-pituitary-adrenal axis, the
underlying neural pathways are not understood well (37).
The authors investigated 74 women who exhibit depression
severity and/or childhood emotional abuse. They used
diffusion tensor imaging to examine if the structure of
white matter predicts differences in the interaction of the
sympathetic nervous system and the hypothalamic-pituitary-
adrenal axis as a function of early adversity. Their findings
suggest that corticomotor projections may be a key to
altered neural circuitry in adults with history of childhood
emotional abuse.

van Campen et al. studied if stress and corticosteroids
aggravate morphological changes in the dentate gyrus of the
hippocampus after early-life febrile seizures in mice. It is
suggested that stress is a seizure precipitant in patients with
epilepsy (38). The authors investigated the consequences of
ear corticosteroid exposure for epileptogenesis in mice. They
investigated structural and functional plasticity in the dentate
gyrus, such as changes in neurogenesis, morphology, mossy
fiber sprouting, glutamatergic postsynaptic currents, and long-
term potentiation. The results show that corticosterone exposure
during early epileptogenesis elicited by experimental febrile
seizures aggravates morphological but not functional changes in
dentate gyrus.

Metabolism of glucocorticoids occurs in the brain by
the actions of 11B-hydroxysteroid dehydrogenases (11p-
HSD1, 11B-HSD2) (39). Rensel et al. measured 11B-HSDI,
11B-HSD2, glucocorticoid, and mineralocorticoid receptor
(GR, MR) expressions in the songbird brain. 11B-HSD2,
GR, and MR mRNAs were expressed throughout the
adult brain. 11p-HSD2 expression covaried with GR and
MR mRNAs in several brain regions. Although 11f-
HSD1 mRNA was undetectable in the adult brain, the
brain of developing bird expressed low levels of 11f-
HSD1 mRNA. These results suggest that 11p-HSD2
protects the adult songbird brain by rapid metabolism
of glucocorticoids.
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Bisphenol A (BPA) is a xenoestrogen, which is widely
used in plastic products and considered an environmental
endocrine disruptor. It is thought that BPA affects normal brain
development by interfering with neuronal differentiation because
steroids play significant roles in brain development. Fujiwara
et al. investigated the effects of BPA and bisphenol F [BPE, (40)],
an alternative chemical of BPA, on neural differentiation using
a human fetus-derived neural progenitor cell-line. Their results
showed that BPA but not BPF decreased 8 ITI-tubulin mRNA and
p III-tubulin, suggesting that BPA potentially disrupts human
brain development.

The last article by Ubuka et al. searched for BPA responsive
genes in the rat brain to understand modifications to
neurodevelopmental processes and behavior in later life.
They used transgenic rats carrying enhanced green fluorescent
protein tagged to gonadotropin-inhibitory hormone (GnIH)
promotor (41). GnIH is a hypothalamic neuropeptide that
has inhibitory effects on gonadotropin secretion and behavior
(42, 43). They found upregulation of transmembrane protease
serine 2 (Tmprss2) and downregulation of Forkhead box Al.
Tmprss2 immunoreactivity was observed in 26.5% of GnIH
neurons in the hypothalamus of 3-day-old male rat. Their results
suggest that BPA disturbs the neurodevelopmental process
and behavior by modifying Tmprss2 and Foxal expressions in
the brain.
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Stress is the most frequently self-reported seizure precipitant in patients with epilepsy.
Moreover, a relation between ear stress and epilepsy has been suggested. Although
ear stress and stress hormones are known to influence seizure threshold in rodents,
effects on the development of epilepsy (epileptogenesis) are still unclear. Therefore, we
studied the consequences of ear corticosteroid exposure for epileptogenesis, under
highly controlled conditions in an animal model. Experimental febrile seizures (eFS) were
elicited in 10-day-old mice by warm-air induced hyperthermia, while a control group
was exposed to a normothermic condition. In the following 2 weeks, mice received
either seven corticosterone or vehicle injections or were left undisturbed. Specific
measures indicative for epileptogenesis were examined at 25 days of age and com-
pared with vehicle injected or untreated mice. We examined structural [neurogenesis,
dendritic morphology, and mossy fiber sprouting (MFS)] and functional (glutamatergic
postsynaptic currents and long-term potentiation) plasticity in the dentate gyrus (DG).
We found that differences in DG morphology induced by eFS were aggravated by
repetitive (mildly stressful) vehicle injections and corticosterone exposure. In the injected
groups, eFS were associated with decreases in neurogenesis, and increases in cell
proliferation, dendritic length, and spine density. No group differences were found in
MFS. Despite these changes in DG morphology, no effects of eFS were found on func-
tional plasticity. We conclude that corticosterone exposure during early epileptogenesis
elicited by eFS aggravates morphological, but not functional, changes in the DG, which
partly supports the hypothesis that ear stress stimulates epileptogenesis.

Keywords: stress, corticosteroids, epilepsy, epileptogenesis, febrile seizures, hyperthermia, early-life

Abbreviations: DG, dentate gyrus; eFS, experimental febrile seizures; HT, hyperthermia; N'T, normothermia.
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van Campen et al.

Corticosteroids and Epileptogenesis

INTRODUCTION

Epilepsy is a common neurological disorder, especially in child-
hood where its prevalence is as high as 0.5-1.0% (1). An impor-
tant factor influencing epilepsy and epileptic seizures is stress,
which is the most frequently self-reported seizure precipitant
in patients with epilepsy [reviewed in Ref. (2)]. The seizure
precipitating effects of stress are also confirmed by prospective
studies (3-7). Besides direct effects on seizure susceptibility,
stress can also influence the risk of being diagnosed with
epilepsy later in life (8-10). Thus, associations between stress
and epilepsy exist on multiple levels. However, the mechanisms
behind these relations are so far poorly understood.

Animal models can provide more insight into the exact mech-
anisms by which stress influences epilepsy. In various preclinical
epilepsy models, stress has been shown to lower the threshold
for the induction of epileptic seizures and to increase seizure
severity (11-16). The effects of stress on epilepsy are largely
attributed to neuronal exposure to stress hormones. Especially
stress hormone exposure early in life can have profound effects
on later brain morphology and function and predispose to the
development of brain diseases [as reviewed in Ref. (17-21)].
Stress hormones have been shown to directly affect neuronal
excitability [reviewed in Ref. (22, 23)]. Despite these effects of
stress on seizures on the one hand, and on brain development on
the other, effects of stress and stress hormones on the develop-
ment of epilepsy (i.e., epileptogenesis) are currently unknown.

To improve insight into the impact of stress hormones on
epileptogenesis, we studied the effects of corticosterone, an
important stress hormone, during early-life epileptogenesis on
neuronal morphology and functional plasticity in the rodent
brain. Using a controlled design, we elicited experimental feb-
rile seizures (eFS) in young mouse pups by warm-air induced
hyperthermia (HT) and subsequently exposed them to repetitive
(1) high concentrations of corticosterone, (2) vehicle injections
(a control condition that is also a mild stressor), or (3) no
injections. We next examined alterations in morphological and
functional parameters in the dentate gyrus (DG), a hippocampal
subarea that is affected by eFS (24-28) as well as stress hormones
(29). To assess morphological changes, we investigated neuro-
genesis, cell proliferation, dendritic morphology, spine density,
and mossy fiber sprouting (MFS). Functional plasticity was
assessed measuring glutamatergic transmission and long-term
potentiation (LTP) in the DG. We hypothesize that corticoster-
one aggravates the epileptogenic changes after eFS.

MATERIALS AND METHODS

Animals

Breeding pairs of C57BL6/] mice were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA) and subsequently bred in-
house. Litters used in this experiment were derived from multiple
breeding pairs (n - 99). On postnatal day (P) 1, litters were culled
to four to six pups consisting of both males and females. The
pups were not weaned during the experiment. Animals were
kept in a controlled 12-h light-dark cycle (light on 7 a.m. to

7 p-m.) with a temperature of 22 + 1°C. Food and water were avail-
able ad libitum (2111 RMH-TM diet; Hope Farms, Woerden, the
Netherlands). All animals were housed in transparent Plexiglas
cages (Macrolon type II) with sawdust bedding and paper tis-
sues for nest building. Cages were cleaned at P7 and at P17/18
(in between injection days) by replacing half of the sawdust
bedding. All experimental procedures were performed accord-
ing to the institutional guidelines of the University Medical
Center Utrecht and approved by the committee on ethical
considerations in animal experiments of Utrecht University
(DEC Utrecht, permit number 2012.1.03.047). All efforts were
made to minimize suffering of the animals. Pups were assigned
to multiple treatment groups per litter. A maximum of two pups
per litter was used per treatment group per method of analysis to
minimize litter effects on outcome measures. All animal experi-
ments were performed within a period of 6 months and animals
in all treatment groups were tested across the whole period to
control for environmental or seasonal variation. For the purpose
of this study, experiments were only performed on male animals.

Corticosterone Levels after Injection

To evaluate corticosterone levels after injection with corticoster-
one or vehicle, naive P12 mice (n = 4-6 per time point per treat-
ment group) were injected intraperitoneally with corticosterone
(corticosterone-HBC complex 3 mg/kg dissolved in saline,
total injection volume of 10 pl/g body weight) or vehicle (both
obtained from Sigma-Aldrich, the Netherlands) between 8.30
and 9.00 a.m. Immediately before, or at 15, 30, 60, 120, 180, or
240 min after injection, mice were decapitated and trunk blood
was collected. Between injection and decapitation, pups were
returned to their home cage and left undisturbed. A separate
group of non-injected mice was decapitated at the same time
points to control for diurnal corticosterone variability.

Epileptogenesis

Epileptogenesis was induced using the HT-induced eFS model, a
very subtle epilepsy model with close resemblance to the human
situation in which children who experience complex febrile
seizures are at increased risk to develop temporal lobe epilepsy
later in life (30, 31). A unique aspect of this model is the relatively
long-lasting latent phase of epileptogenesis, making it easier to
study effects of additional risk factors prior to the actual onset
of epilepsy, and irrespective of the damage and compensatory
mechanisms induced by spontaneous seizures.

Prolonged eFS were induced in P10/11 mice by heated-air
induced HT using a previously described paradigm in rats
(32), which we adapted to mice ((33)). A temperature-sensitive
transponder (IPTT-300 BioMedic Data Systems, Plexx BV, Elst,
the Netherlands) was implanted subcutaneously on P9/10 in
pups with a bodyweight between 5.0 and 6.5 g. One day after
transponder implantation, body weight was determined and mice
were placed in a preheated cylindrical chamber and exposed to
a warm air stream of 41-48°C. To prevent skin burn and adverse
effects on behavior, the temperature of the chamber floor was
maintained at 39°C. Core body temperature was measured at
least every 2.5 min period using a wireless temperature reader
(WRS-6007; Plexx BV). To provoke prolonged seizures, air

Frontiers in Endocrinology | www.frontiersin.org

12

January 2018 | Volume 9 | Article 3


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive

van Campen et al.

Corticosteroids and Epileptogenesis

temperature was adjusted to maintain the core body tem-
perature between 41.5 and 42°C. The presence of tonic—clonic
convulsions was monitored by observation. These behavioral
seizures correlate closely with electroencephalographic seizures,
i.e., spike-wave discharges in the hippocampus, as shown by pre-
vious experiments in our lab (27, 34). After 30 min of HT (defined
as core temperature > 39°C) pups were rapidly cooled in a water
bath at room temperature, gently dried with paper and returned
to the dam. This procedure is known to induce epileptogenesis,
as spontaneous (encephalographic) seizures are observed after a
latent period of approximately 3 months in 35-68% of animals
(26, 35, 36), and epileptiform interictal discharges in 88% (35).
normothermia (NT) controls were treated as HT pups, except
that the temperature of the air stream was kept at 30-32°C, result-
ing in a constant body temperature. All eFS experiments were
performed between 10.00 a.m. and 3.00 p.m.

Injections and Decapitation

Animals were weighed at 2, 4, 6, 8, 10, 12, and 14 days after
exposure to HT/NT and injected intraperitoneally with corticos-
terone or vehicle between 8.00 and 9.30 a.m., during the circadian
trough. A separate group of animals was left undisturbed after
HT/NT. One day (~24 h) after the last injection, mice were
weighed and decapitated or perfused (see Figure 1). Decapitation
was performed between 8.00 and 9.30 a.m.

Endocrinology

Trunk blood samples were collected immediately after decapita-
tion at P25/26 from all animals subjected to HT/NT except those
receiving perfusion fixation. Directly after decapitation, thymus
and both adrenals were resected and weighed. Blood samples
were centrifuged for 10 min at 4,000 rpm at 4°C. Plasma was
stored at —80°C until assayed with an I'*-corticosterone radio-
immunoassay for mice (MP Biomedicals, Inc., Aberdeen, UK)
according to the manufacturer’s instructions. All samples were
processed in the same assay to exclude inter-assay variability.

Morphology and Functional Plasticity

All morphological and functional outcome parameters were
examined in the DG. This hippocampal area was selected
based on its functional and anatomical characteristics. First,
the (epileptogenic) changes induced by eFS are located in the
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FIGURE 1 | Experimental design. Animals were exposed to hyperthermia
(HT) or normothermia (NT) at postnatal day (P) 10 or 11 and subsequently
received injections with corticosterone, vehicle or no injection every other day
in the latent phase of epileptogenesis. Brains were dissected 24 h after the
last injection, before the onset of spontaneous seizure activity.

hippocampus, including the DG (24-28, 36, 37). Second, the
DG has an important function in filtering excitation and seizure
propagation to the other parts of the hippocampus (38, 39).
Third, it is one of the few sites where neurogenesis continues
in later life, a process that can be stimulated by seizures and
has been implicated in epileptogenesis (40-44). Finally, the DG
exhibits abundant receptors for corticosterone and therefore its
morphology and function are largely influenced by early-life
stress (29).

All following experimental procedures were performed by
experimenters unaware of the treatment groups. Per outcome
measure, tissue of animals belonging to different treatment
groups was ordered in a semi-randomized way to control for
environmental or experimenter effects on recording, staining
and/or quantification over the total experimental period.

Neurogenesis

Male mice (n = 6 per group) were decapitated between 9.00
and 10.30 a.m. Brains were dissected, post fixed at 4°C in 4%
formaldehyde for 4 h, transferred to 30% sucrose for 24 h, frozen
on powdered dry ice and stored at —80°C. Cryostat sections
(20 pm) were cut in the coronal plane, collected in series of 15 on
Superfrost slides and stored at —80°C until further use.

As a measure of neurogenesis, tissue was stained for Double-
cortin (DCX), a marker for neuronal precursor cells and
immature neurons, and Ki67, a marker for proliferating cells
using modified protocols. Mounted sections were postfixed in
acetone-methanol (1:1) at —20°C for 7.5 min, washed in 0.05 M
Tris HCI 0.9% saline (TBS) pH 7.6 and heated in 0.01 M citrate
buffer (pH 6.0) in a microwave oven for 10 min at 800 W followed
by 5 min at 480 W and 5 min at 260 W. After a cool down period
of 20 min, sections were washed in TBS. Endogenous peroxidase
activity was blocked with 0.5% (for DCX) or 1.5% (for Ki67) H,O,
in TBS for 15 min. Sections were washed and, after incubation in
2% milk powder in TBS for 30 min, incubated with the primary
antibody [DCX (polyclonal goat anti-DCX, SantaCruz; 1:800)
or Ki67 (polyclonal rabbit anti-Ki67p, Novocastra, 1:5,000)],
diluted in supermix (0.25% gelatine and 0.1% Triton in TBS) at
room temperature for 1 h and then incubated overnight at 4°C.
The next morning, sections were washed and incubated for 2 h
with donkey antigoat biotinylated (for DCX, Jackson; 1:500) or
goat antirabbit biotinylated (for Ki67, Vector; 1:200) secondary
antibody diluted in supermix at room temperature. Sections were
washed, incubated in avidin-biotin complex (ABC) (ABC Elite,
Vector Laboratories; 1:800 in TBS) for 2 h (for DCX) or 1.5 h
(for Ki67) at room temperature, washed again and incubated with
biotinylated tyramide (1:500) in 0.01% H,O, in TBS for 30 min.
Sections were washed and incubated in ABC (1:800 in TBS) for
1.5 h at room temperature and washed in TBS. After washing in
0.05 M Tris HCI pH 7.6 (TB), chromogen development was per-
formed with diaminobenzidine (DAB; 50 mg/100 ml Tris buffer,
pH 7.6, 0.01% H,O,, 0.05% Nickel) for 40 min. Sections were
washed in TB and stored overnight at 4°C. The next day, sections
were washed in distilled water, counterstained with Hematoxylin
and shortly rinsed in distilled water. After washing with running
tap water, sections were dehydrated using a grading series of
ethanol, cleared in xylene and coverslipped using Entallan.
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DCX* and Ki67* cells in the granule cell layer and the sub-
granular zone of the DG were quantified unilaterally in every
15" section in a total of five sections per animal within Bregma
range —1.46 to —2.80 (coronal) without a left/right prefer-
ence within or between animals. DCX* cells were quantified
stereologically using a Stereolnvestigator system (Microbright
field, USA) with a X100 oil-immersion objective of a Zeiss
Axiophot microscope and Stereolnvestigator software, according
to the optical fractionator method. The number of DCX* cells
was estimated using a 25 pm X 25 pm counting frame, with
a grid size of 70 um X 80 um. Section thickness was 10.5 pm.
The estimated total of DCX* cells within the studied range was
determined using the optical fractionator method and multiplied
by two to correct for unilateral counting. The mean Gundersen
coefficient of error of stereological quantification (m = 1) was
0.076 (range 0.06-0.10). Ki67+ cells were counted manually using
a light microscope (Olympus BH-2) with x40 magnification and
multiplied by the inverse of the sampling fraction and by two to
correct for unilateral counting. The total estimated number of
DCX* or Ki67* cells per animal was used for analysis.

Dendritic Morphology

Male mice (n = 6 per group) were decapitated between 9.00 and
10.30 a.m. Directly after decapitation, brains were dissected.
Rapid Golgi staining (FD rapid-Golgi staining, Neurotechnolo-
gies) was performed according to the manufacturer’s instruc-
tions with an impregnation time of 9 days. Vibratome sections
(200 pm) were cut in the transversal plane (Leica VT 1000S;
Leica Microsystems, Nussloch, Germany). Images were obtained
using Zen 2011 (Carl Zeiss) in combination with an automated
stage and focus control connected to the microscope. Golgi-
impregnated dentate granule cells, fulfilling the following crite-
ria, were randomly selected: (1) localization in the middle part
(relative to the DG curvature and start of the CA3 region) of
the suprapyramidal blade of the DG, within Bregma range —2.16
and —3.16 (transversal), (2) consistent and dark impregnation
along the entire extent for all dendrites, and (3) relative isolation
from neighboring impregnated neurons to avoid interference
with analysis.

For morphological quantification, eight neurons from each
animal in each treatment group were traced. Image stacks of 0.5 um
thickness were automatically acquired and combined. Neurons
were traced using NeuroLucida software (MicroBrightField, Inc.,
Colchester, VT, USA) to obtain a 3D representation of each cell.
Numerical analysis and graphical processing were performed
with NeuroExplorer (MicroBrightField). Traced dendritic trees
were evaluated by two investigators unaware of the treatment,
on completeness of staining/tracing and on whether they
belonged to a single cell, followed (if required) by a consensus
meeting. Dendritic trees that were considered not completely
stained/traced or belonging to multiple neurons were excluded
from analysis [n = 50 (17%), 5-10 neurons per group, evenly
distributed over the groups]. Spines were counted in two seg-
ments of +£20 pm per neuron, located on different dendrites.
Segments were randomly chosen based on the following criteria:
(1) localization at approximately 100 pm (80-120 um) radial dis-
tance from the cell soma; (2) secondary or higher order dendritic

branches; and (3) straight and remaining in a single focal-plane.
Of each cell, dendritic properties were evaluated by analyzing
the total dendritic length and maximum dendritic reach (radial
distance), and the dendritic complexity index [(£ branch tip
orders + # branch tips) X (total dendritic length/total number
of primary dendrites) (45)]. If dendritic length significantly dif-
fered between treatment groups, post hoc Sholl plots (46) were
constructed by plotting the dendritic length as a function of radial
distance from the soma center in 18 um intervals. To normalize
the distribution of the dendritic complexity index, neurons with
a dendritic complexity index > 2 SD from the group mean were
considered outliers and removed from the respective analysis
[n =12 (5%), 1-3 neurons per group, evenly distributed over the
groups]. The remaining cells were subdivided into cells located in
the inner-most part of the granule cell layer versus cells located
in the middle or outer part of the granule cell layer (see Results).
This subdivision was performed independently by two investiga-
tors blind to the treatment groups and compared afterward. In
96% of the cases the subdivision made by the two investigators
was in agreement. In the remaining cases consensus was reached
after in-depth investigation of the location.

Mossy Fiber Sprouting

Male mice (n = 6 per group) were killed between 9 and 12 a.m.
under deep pentobarbital anesthesia (200 mg/kg body weight,
i.p.) by transcardial perfusion with 0.1% sodium sulfide for 5 min,
followed by 4% formaldehyde for 5 min (each in 0.01 phosphate-
buffered saline, pH 7.4). Brains were removed from the skull,
postfixed at 4°C in 4% formaldehyde/15% sucrose overnight,
immersed at 4°C in 30% sucrose in phosphate-buffered saline
until they sank and frozen on powered dry ice. Cryostat sections
(30 um) were cut in the coronal plane, mounted on superfrost
slides in series of 15 and stored at —80°C until further use.
Mossy fibers were stained with Timm histochemistry, according
to Danscher (47). Staining was performed in two batches, each
containing one slide of every animal to avoid staining-based vari-
ation between treatment groups. Sections were developed in the
dark for 180 min in a freshly prepared 90/45/15/0.75 (volume/
volume) solution of 50% arabic gum, 51% hydroquinone, 25.5%
citric acid/23.5% sodium citrate, and 17% silver nitrate. After
washing with running tap water, sections were dehydrated using
a grading series of ethanol, cleared in xylene and coverslipped
using malinol.

Mossy fiber staining in the hippocampal CA3 area and
infrapyramidal blade of the DG (the main areas of possible MES)
was scored according to the scoring system described by Holmes
etal. (48), ranging from 0 (no staining) to 5 (maximum staining).
Eight sections of the septal hippocampus per animal (four
sections for both staining batches), within Bregma range —1.46
to —2.80 (coronal), were scored by two independent observers,
followed by a consensus meeting. Consensus scores of these eight
sections were pooled per animal and the average was used for
statistical analysis.

Slice Preparation for Electrophysiology
Male mice (n = 6-9 per group) were decapitated between 8.15
and 9.15 a.m., a few minutes after taking the animal out of its
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home cage. Only the first two mice of each litter were used for
electrophysiological analysis to avoid confounding effects of
a rise in plasma corticosterone due to acute stress. After rapid
dissection, the brain was chilled in ice-cold, carbogenated (95%
02:5% CO,) artificial cerebrospinal fluid (aCSF) containing in
mM: NacCl 120, KCI 3.5, MgSO, 5.0, NaH,PO, 1.25, CaCl, 0.2,
NaHCOs 25.0, and p-glucose 10.0. After removing frontal lobes
and cerebellum, 350 pum transversal hippocampal sections were
prepared using a vibratome (Leica VT 1000S; Leica Microsystems,
Nussloch, Germany). Both hemispheres were separated and all
sections were incubated at room temperature in continuously
carbogenated aCSF for at least 1 h.

Patch-Clamp Recording of Spontaneous Excitatory
Postsynaptic Currents (SEPSCs)

Patching of DG neurons was performed using an upright
microscope (Nicon Eclipse E600FN) with differential interfer-
ence contrast and a water immersion objective (x40) to visually
identify the cells. The sections were continuously perfused with
carbogenated aCSF containing in mM NaCl 120, KCl 3.5, MgSO,
5.0, NaH,PO, 1.25, CaCl, 0.2, NaHCOs 25.0, and p-glucose 10
and 20 uM biccuculine to block y-aminobutyric acid (GABA)a-
receptor mediated transmission (flow rate 2.0 ml/min, tempera-
ture 32°C, pH 7.4). Cell patching was performed as described by
Pasricha et al. (49). Briefly, patch electrodes were pulled from a
Sutter Instruments Micropipette puller and had a tip resistance
of 4-6 MQ when filled with the pipette (intracellular) solution
containing in mM; Cs-methane sulfonate 120, CsCl 17.5, HEPES
10, BAPTA 5, MgATP 2, NaGTP 0.1, pH 7.3 (adjusted with
CsOH). An Axopatch 200B amplifier (Axon Instruments, Foster
City, CA, USA) was used for whole cell recordings, operating
in the voltage-clamp mode. The patch-clamp amplifier was
interfaced to a computer via a Digidata (type 1322A; Axon
Instruments) analog-to-digital converter. Data acquisition was
performed with Clampex, version 8.2 (Axon Instruments) at a
sampling rate of 50 pus and a 5 kHz Bessel filter. The surface of
the section was cleaned to have better vision of the cells in the
deeper layers of DG. After establishing a gigaseal, the membrane
patch was ruptured and the cell was clamped at a holding poten-
tial of =70 mV to allow measurement of currents mediated by
the «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors, as at this potential, the N-methyl-p-aspartic
acid or N-methyl-D-aspartate receptor is blocked by Mg
sEPSCs were recorded for 5 min, starting 5-10 min after mem-
brane rupture. After administration of tetrodotoxin (TTX,
0.5 uM, Bioconnect services) for 5 min to block voltage-gated
Na channels and consequently also the development of action
potentials, miniature EPSCs (mEPSCs) were measured for
5 min. Only one cell was recorded per slice and no more than
two recordings were obtained per animal. Only recordings with
an uncompensated series resistance of <2.5 times the pipette
resistance, <20% variation during the recording period, and
with frequencies <2 SD from the mean, were accepted for
analysis. For each event, the area under the curve (AUC) and
inter-event interval was analyzed using Clampfit version 9.2
(Axon Instruments). The median AUC and inter-event interval
per cell were used for statistical analysis.

Field Potential Recordings

Sections were transferred to a submersion type recording
chamber and continuously perfused with carbogenated aCSF
containing in mM: NaCl 124, KCI 2.5, MgSO, 4.0, NaH,PO, 1.2,
CacCl, 4.0, NaHCO; 26.0, p-glucose 10.0, and 20 uM bicuculline
(flow rate 2 ml/min, temperature 32°C, pH 7.4). Field excitatory
postsynaptic potentials (fEPSPs) were recorded in the DG, using
glass microelectrodes filled with aCSE, positioned in the medial
perforant pathway over the suprapyramidal blade of the DG,
as confirmed by paired pulse stimulation elicited paired pulse
inhibition. Minimum and maximum stimulation intensities
were identified. After an incubation period of 20 min, an input-
output response curve was generated by gradually increasing the
stimulus intensity to define the stimulus intensity that generated
the half-maximal response in peak-amplitude; this intensity
was used for the remainder of the experiment. To measure
paired pulse depression, paired pulses were delivered at an inter
stimulus interval of 50, 100, and 200 ms. After 15-20 min of
stable baseline recordings, sections were tetanized with 4 trains
of 50 pulses of supramaximal intensity at 100 Hz (30 s inter
train interval) to induce LTP. Field potentials were recorded
for 1 h posttetanus at 30 s intervals. At the end of this period,
the post-tetanic paired pulse depression and final input-output
curve were determined. LTP was quantified by calculating the
ratio between fEPSP slopes recorded post tetanization and pre
tetanization. Data were acquired and analyzed with Signal 2.0
software (Cambridge Electronic Design, UK).

Statistical Analysis

The effect of eFS and injection type on outcome measures was
analyzed with a general linear mixed model in a 2 X 3 design,
examining the main effects of HT (HT versus NT) and injection
type (corticosterone versus vehicle versus none), as well as their
interaction. A priori we hypothesized that group differences
would be caused by HT treatment or injection type. Therefore,
not all possible group comparisons were included in statistical
analysis. More specifically, in case of a significant main effect of
injection type, post hoc tests were performed comparing injec-
tion types with Bonferroni correction for multiple comparison.
Additionally, differences between HT and NT animals were
analyzed per injection group with an independent samples ¢-test,
Bonferroni corrected for multiple comparison. When data from
multiple neurons per animal, or multiple segments per neuron,
were analyzed, a linear mixed model was used, including the ani-
mal (for dendritic complexity and glutamatergic transmission)
or neuron (for spine density) as subject variables. Effects of HT,
injection type and their interaction on Sholl distribution were
tested with a repeated measure general linear model. Correlation
between parameters was assessed with Pearson correlation
coefficient. Mean fEPSP slopes pre- and posttetanization were
compared with a paired samples ¢-test.

Normality of residues was evaluated with Q-Q plots, vari-
ance of residues was evaluated with error plots. Differences were
considered statistically significant at p < 0.05 (two-tailed) after
correction for multiple comparison. Differences that were sig-
nificant before, but not after correction for multiple comparison
(0.05 < p < 0.15), were considered trends. Data were analyzed
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using SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). Unless stated
otherwise, data are presented as mean + SEM.

RESULTS

Epileptic Seizures and Neuroendocrine
Changes

Experimental seizures were elicited in all mice exposed to the HT
protocol and the average seizure duration was 26.4 + 2.0 min.
Corticosterone injection resulted in a high peak concentration
of corticosterone (1,043.3 + 28.0 ng/ml at 15 min after injection)
with a fast return to baseline in approximately 180 min, while
vehicle injection elicited a much smaller (94.6 + 8.2 ng/ml)

and more short-termed increase in corticosterone levels
(Figure 2A).

Weight increase between HT/NT treatment and decapita-
tion, a 15 days interval, was significantly lower in HT animals
compared to controls [main effect HT, F(50) = 10.73, p = 0.001],
but was not influenced by subsequent injections (Figure 2B).
No group differences were observed in adrenal and thymus weights
(data not shown). Although there were less than 2 min between
successive decapitations of animals belonging to the same litter,
later decapitation was associated with increased corticosterone
levels (Figure 2C, left panel). While no group differences were
observed in corticosterone levels in animals decapitated first of
their litter (Figure 2C, middle panel), injection type did signifi-
cantly influence corticosterone levels in animals decapitated as
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FIGURE 2 | Endocrinology. (A) Corticosterone (cort) levels at several time points after single intraperitoneal injection with corticosterone, vehicle, or no
injection at 9.00 a.m. Reference corticosterone levels: basal < +50 ng/ml, circadian peak or mild stress +50-200 ng/ml, severe stress +200-600 ng/ml, and
supraphysiological > +600 ng/ml (50-52). (B) Weight increase was significantly lower in hyperthermia (HT)- compared to normothermia (NT)-treated animals overall,
while analyses per injection type only showed a trend difference in the not injected groups. (C) Corticosterone levels after decapitation increased with the order of
decapitation within the litter (left panel). In animals decapitated as first of their litter (middle panel), corticosterone levels did not differ between treatment group,
while in animals decapitated third to sixth of their litter (right panel), corticosterone levels differed between injection types—with significantly lower levels in the
corticosterone injected animals—but not between HT- and NT-treated animals. Data represented as mean + SEM. **p < 0.001, **p < 0.01, and "p < 0.05 before
correction for multiple comparison (trend).
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third to sixth of their litter [Figure 2C, right panel, main effect
injection, Foes) = 8.7, p < 0.001; corticosterone versus vehicle
p = 0.009, corticosterone versus no injection p < 0.001, vehicle
versus no injection p = 0.36], indicating that repetitive corticos-
terone injection indeed affected stress hormone regulation, which
confirms successful manipulation.

Morphology

Neurogenesis

Neurogenesis significantly differed between HT and NT
animals. HT was associated with a decrease in the number of
immature DCX-positive neurons [main effect HT, F(1 30 = 6.21,
p = 0.019] (Figure 3A), and an increase in the number of
proliferating cells in the DG [main effect HT, F = 4.94,
p = 0.034] compared to NT (Figure 3B). Accordingly, the
number of immature neurons and proliferating cells per animal
were negatively correlated (r = —0.55, p = 0.001). Analyses per
injection type revealed that the effects of HT on both DCX-
and Ki67-staining were significant in the vehicle injected
animals [F,10 = 12.16, p = 0.018, respectively, F,10 = 15.89,
p = 0.009], while a similar effect was observed at trend level
after corticosterone injection [F,10 = 5.71, p = 0.12, respec-
tively, F1,100 = 6.88, p = 0.09]. Non-injected HT and NT groups
did not differ at all.

Dendritic Morphology

To assess the effects of eFS and injection type on dendritic mor-
phology, we evaluated total dendritic length, dendritic reach,
dendritic complexity and spine density. As dendritic complexity
differed between dentate granule cells with a cell body located
in the inner part of the granular cell layer, bordering the sub-
granular layer (referred to as “inner layer;” n = 15-27 per group),
versus the middle or outer part of the granule cell layer (referred
to as “outer layer;” n = 11-25 per group) (Figure 4A, Al), these
cells were analyzed separately. In inner layer neurons, dendritic
complexity index was increased in HT animals compared to
NT controls [main effect HT, F111) = 6.23, p = 0.014], an effect
that was only significant in animals receiving no subsequent
injections [Fu7 = 6.64, p = 0.04] and was less pronounced
after vehicle or corticosterone injection (Figure 4A, A2, left
panel). Also the total dendritic length of inner layer neurons
was increased in HT animals [main effect HT, F.) = 4.47,
p = 0.04], an effect that aggravated with injection type, although
analyses per injection type only revealed a difference in the
corticosterone-injected group at trend level (Figure 4A, A2,
right panel). No main nor interaction effects were observed on
total dendritic reach. Sholl analyses per neuron revealed a main
effect of HT [F1,120) = 6.18, p = 0.01] and radial distance from the
soma [Fs 35 = 560.71, p < 0.001] on dendrite length, as well as a

FIGURE 3 | Neurogenesis. (A) Left: the number of immature neurons in the dentate gyrus was decreased in male animals exposed to hyperthermia (HT) compared
to normothermia (NT) after injection. Middle/right: representative example of DCX staining at lower and higher magnification. (B) Left: the number of proliferating cells
in the dentate gyrus was increased in males exposed to HT. Middle/right: representative example of Ki67 staining at lower and higher magnification. Data
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FIGURE 4 | Dendritic morphology. (A) Dendritic complexity. (A1) Dendritic complexity differed between dentate granule cells with a cell body located in the granular
cell layer or inner part of the molecular layer (inner layer) versus the middle or outer part of the molecular cell layer (outer layer), representative examples of
corticosterone (cort) injected animals after hyperthermia (HT) and normothermia (NT). (A2) Left: dendritic complexity index (DCI) in inner layer neurons was increased
after HT compared to NT. Right: total dendritic length of inner layer neurons was increased after HT, an effect that increased with injection type. (A3) HT significantly
influenced Sholl distribution. (B) Spine density. (B1) Representative example of HT-cort and NT-cort animal. (B2) Spine density was significantly higher in animals
exposed to HT compared to NT, an effect that increased with injection type. Data represented as mean + SEM. *p < 0.05 and "p < 0.05 before correction for
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HT X injection type X radial distance interaction [Fs3ss = 3.18,
p = 0.005] (Figure 4A, A3). In outer layer neurons, no main
or interaction effects of HT or injection type were observed on
dendritic complexity (data not shown).

Spine density was significantly higher in animals exposed to
HT compared to NT [main effect HT, F1,165 = 7.28, p=0.008]. This
effect was significant after corticosterone injection [Fss = 8.80,
p = 0.01], at trend level after vehicle injection [F 5 = 4.67,
p = 0.11], while it was not observed in animals receiving no
injections [F( 52 = 0.00, p = 1.00] (Figure 4B, B1,B2).

Mossy Fiber Sprouting

Hippocampal MFS was assessed in the DG and the CA3 area of the
hippocampus. As expected, intense Timm staining was observed
in the hilus of the DG and in the stratum lucidum of the CA3
area, the main projection sites of mossy fibers. The amount of
infrapyramidal Timm staining, characteristic for MFS, was very
low in all treatment groups (mean MES score DG 0.76 + 0.09,
CA31.07 + 0.08, on a scale ranging from 0 to 5). HT or injection
type did not significantly affect MFS score in both areas, although
there was a trend towards an increased MFS score in the CA3
area after HT in animals receiving corticosterone injections
[Fa,10 = 7.56, p = 0.06, Figure 5].

Functional Plasticity

The eFS-induced changes in morphology and particularly the
increased spine density may affect glutamatergic transmission in
the DG, which could be reflected at the level of single cells as
well as field potentials. To test this, we examined effects of HT
and corticosterone injection on single cell spontaneous synaptic
events (which are among other things determined by the number
of synaptic contacts) and field excitatory potentials.

Single Cell Glutamatergic Transmission

Whole-cell voltage-clamp recordings of AMPA receptor medi-
ated EPSCs in the DG were analyzed in 9-11 cells per treatment
group. Input resistance and capacitance did not differ between

groups (see Table 1). For both sEPSCs and mEPSCs, no
HT X injection interaction or main effect of HT was observed.
Interestingly, injection type did influence sEPSC and mEPSC
properties (Figures 6A,B). A significant main effect of injection
type existed on the interval between consecutive events for both
sEPSC [main effect injection, Fp3) = 3.48, p = 0.03; corticoster-
one versus vehicle p = 0.63; corticosterone versus no injections
p = 0.06, vehicle versus no injections p = 0.01] (Figure 6A, right
panel) and mEPSC [main effect injection, Fp3) = 3.95, p = 0.03;
corticosterone versus vehicle p = 0.65; corticosterone versus
no injections p = 0.07, vehicle versus no injections p = 0.01]
(Figure 6B, right panel), with a lower inter-event interval in the
vehicle injection group compared to the non-injection group;
a similar difference, although only at trend level, was observed
for the corticosterone-injection versus non-injection groups.
Also the AUC of the sEPSCs was influenced by injection type
[Fese) = 4.39, p = 0.02; corticosterone versus vehicle p = 0.04,
vehicle versus no injections p = 0.004, corticosterone versus no
injections not significant] with a smaller AUC after vehicle injec-
tion compared to the other groups (Figure 6A, middle panel),
while the AUC of mEPSC did not significantly differ between
groups (Figure 6B, middle panel).

Synaptic Plasticity

Changes in glutamatergic transmission at the single cell level may
alter circuit properties and the ability to induce synaptic plastic-
ity. This was tested with field potential recording and application
of high-frequency stimulation. Treatment groups did not differ
with respect to baseline slopes or stimulation intensity necessary
to produce the half-maximal fEPSP, suggesting that HT and
injection type did not influence baseline-evoked transmission
(see Table 1). No significant differences were observed in paired
pulse facilitation before and after high-frequency stimulation
(Figure 7A). The input-output curve was increased after high
frequency, and did not differ significantly between treatment
groups (Figure 7B). A significant increase in fEPSP slope post
tetanization (LTP) was elicited in 71% of all animals (38-88%

FIGURE 5 | Mossy fiber sprouting (MFS). (A) Left: the MFS score in dentate gyrus (DG) did not differ significantly between treatment groups. Right: in the
CA3 area of the hippocampus only a trend was seen toward an increase in MFS score after hyperthermia (HT) in animals receiving corticosterone injections.
(B) Representative example of MFS in the CA3 area in HT and normothermia (NT) animals with corticosterone versus vehicle injection. Arrow: MFS. Data
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per group). Synaptic plasticity at half-maximal or maximal
stimulation was not significantly influenced by the HT X injec-
tion interaction or by HT, but only by injection type [main effect
injection, Fp3s = 4.20, p = 0.02; corticosterone versus vehicle

TABLE 1 | Baseline measurements of single cell glutamatergic transmission and
synaptic plasticity.

Treatment group Single cell transmission Synaptic plasticity

Input Capacitance Baseline Stimulation
resistance (pF) slope intensity

(mQ) (V/s) (mA)
HT-cort 336 + 49 9.8 +0.7 -0.13 +£0.02 0.63 +0.05
NT-cort 338 + 38 9.0+ 0.8 -0.20 £ 0.02 0.71 +£0.038
HT-vehicle 303 + 33 9.0+0.7 -0.19 +£0.02 0.66 + 0.02
NT-vehicle 320 + 38 9.2+0.7 -0.14 £ 0.03 0.77 +£0.08
HT-none 285 + 35 9.4+08 -0.22 +0.02 0.80+0.12
NT-none 302 + 37 9.6+ 1.1 —-0.22 +0.04 0.84+0.14

Baseline measurements of functional plasticity were not significantly influenced by the
HT x injection type interaction, HT, or injection type. Data represented as mean + SEM.

p = 0.02, corticosterone versus no injections p = 0.44, vehicle
versus no injections p = 0.01, other group comparisons not sig-
nificant] (Figure 7C). At maximum stimulation intensities, no
group differences were observed.

DISCUSSION

To increase understanding of the effects of stress and stress
hormones on early-life epileptogenesis, we induced epilep-
togenesis in young mice using the HT-induced eFS model and
subsequently exposed them to (1) corticosterone, (2) vehicle
injection (a mild stressor), or (3) no injections, and evaluated
morphological and functional parameters in the DG. In this
latent phase of early epileptogenesis, few effects of eFS were
observed in animals that were not subsequently injected.
However, in mice that received repetitive corticosterone or
vehicle injection (mild stress), eFS induced epileptogenesis
was associated with changes in DG morphology, namely a
lower number of immature cells, an increased cell proliferation
and an increased dendritic length and spine density. These
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FIGURE 7 | Synaptic plasticity. (A) Paired pulse facilitation before and after high-frequency stimulation (HFS). (B) The input—output curve is increased after HFS, but
did not differ significantly between treatment groups. (C) Top: injection type, but not HT, influenced field-evoked postsynaptic potentials (fFEPSP). Upper middle: LTP
recordings of fEPSP in hyperthermia (HT) vs. normothermia (NT) animals after repetitive corticosterone injection (tetanization started at t = 0). Inset: example showing
increased slope and amplitude of fEPSP after tetanization. Lower middle: fEPSP in HT vs. NT animals after repetitive vehicle injection. Bottom: fEPSP in HT vs. NT
animals without subsequent injections. Data represented as mean + SEM, *p < 0.05.

morphological changes associated with epileptogenesis did not
translate into differences in glutamatergic functional plasticity.

Experimental Model

The eFS model is a model of early-life prolonged febrile seizures
with close resemblance to the human situation (30, 31). The
relatively long-lasting latent phase of epileptogenesis in this
model provides the unique opportunity to study epileptogenesis
in the absence of spontaneous seizures and relatively apart from
the damage and compensatory mechanisms that may arise
due to recurrent electrographical or clinical seizure activity.
However, non-epileptogenic effects of the initial eFS cannot be
fully excluded. As we were interested in epileptogenic changes,
outcome measures were assessed before the onset of spontaneous
seizures. Based on earlier literature, a subset of animals exposed
to eFS is expected not to develop epilepsy (26, 35, 36). However,
the normal distribution of our outcome measures suggests a
gradual distribution of epileptogenesis among animals. Further
studies measuring long-term (seizure) outcome are required to
determine whether the morphological and functional measures
assessed are stable during the course of epileptogenesis, as well as
their relevance for epilepsy outcome.

We hypothesized the mild epileptogenic changes in the latent
phase after eFS to be aggravated by stress (hormone) expo-
sure. As different stressors might differentially affect seizure-
susceptibility [reviewed in Ref. (2, 23, 53)], we decided to use a
clean design of injections with corticosterone—the end product
of the stress response, exerting large effects on brain structure
and function, including neuronal excitability (22)-, and control
groups of mild injection stress and undisturbed animals. Stress
paradigms in rodents are usually associated with a reduction in
bodyweight and effects on adrenals and thymus. In our experi-
ment, we did not observe such changes, possibly due to the
mild nature of the injection stress. However, the reduced cor-
ticosterone levels in corticosterone-injected animals that were
decapitated after prior handling of littermates, which can be
considered an acute stressor, indicate that corticosterone injec-
tions did downregulate responsiveness of the hypothalamic-
pituitary-adrenal axis. The effects of these supraphysiological
doses of corticosterone were smaller than expected, which
might relate to the young age of the animals, just after the stress
hyporesponsive period. Also, the transient increases in corti-
costerone levels in the morning may not have interfered with
the ultradian pulsatility of endogenous hormone levels (54),
benefiting its comparability to real life stress exposure.

Effects of Corticosteroids on Structural
Plasticity during Epileptogenesis

In animals that were not subsequently injected, HT only affected
dendritic complexity, but none of the other outcome measures.

The negative results during this early phase of epileptogenesis
are in line with previous studies that also reported no differ-
ences in MFS (24, 27) or DG neurogenesis (24) around this age.
Similarly, in non-injected mice we observed no effects of HT on
DG spine density.

Differences between animals exposed to HT and NT only
became manifest after repetitive corticosterone or vehicle
injections. The increase of HT-associated changes after stress
(hormone) exposure is in line with the vast amount of previous
studies reporting stress exposure before seizure induction to
increase seizure-susceptibility and seizure-severity [reviewed
in Ref. (55)]. The effects of HT combined with corticosteroids
or mild stress on proliferation are similar to those reported at a
later stage of epileptogenesis after HT only (25, 26), suggesting
that corticosterone and stress accelerate epileptogenesis-related
structural plasticity. We observed an inverse relation between
the number of proliferating cells and the amount of immature
neurons, suggesting that the increased proliferation mainly
occurs in non-neuronal (e.g., glial) cells, consistent with the
gliosis prominent in many epilepsy models (56, 57).

Dendritic length, complexity and spine density are generally
reported to decrease after seizures (58-63), which is considered
a compensatory mechanism in response to the excess of excita-
tory input. Dendritic complexity was previously shown to be
increased after eFS (28). The enhanced dendritic length and
spine density that we found during the latent phase of early
epileptogenesis in combination with corticosterone exposure
and mild stress is therefore likely to be part of the epileptogenic
process.

Clearly, the parameters that we investigated might not only
be altered by epileptogenesis but also by corticosterone and
stress themselves. This is shown for instance by the increased
number of DCX* cells in the vehicle injected compared
to non-injected N'T group, that is consistent with the litera-
ture (21, 64).

Effects of Corticosteroids on Functional
Plasticity during Epileptogenesis

In non-injected animals, glutamatergic transmission and LTP
were unaffected by HT. The latter is somewhat surprising, as
around this age HT was shown to affect GABAergic transmission
in DG (65) and both glutamateric and GABA-ergic transmission
in CA1 (27, 66-69). Since we did not record GABAergic signals,
we cannot exclude that in our model GABAergic transmission
in the DG might have been altered.

In view of the increased dendritic length and spine density
observed after HT when followed by corticosterone (and to a
lesser degree vehicle) injection, the latent phase of early epilep-
togenesis may be accompanied by an expanded postsynaptic
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“potential” for synaptic transfer of signals. We tested whether
this translated to the functional level; i.e., a higher spine density
may result in increased mEPSC frequency and this, in turn, may
enhance the ability to induce LTP (70). However, this appeared
not to be the case. Rather than HT, the condition of mild stress
related to vehicle injection resulted in a higher frequency
of both sEPSCs and mEPSCs, and a smaller AUC of sEPSCs;
the latter could explain the reduced ability to induce LTP in
these groups. The discrepancy between structural changes in
dendrites and spines versus sEPSC frequency is unexpected,
but emphasizes that presynaptic changes, e.g., after mild injec-
tion stress, are important for the overall outcome in functional
terms. Presynaptic effects of stress or corticosterone are indeed
well documented (71, 72), also in the mouse DG (49), although
these were never investigated with this particular paradigm and
at this age. The data furthermore illustrate that the functional
effect of mild injection stress cannot be extrapolated to effects
of a high dose of corticosterone. This may relate to a bell-shaped
dose-dependency for corticosterone, as indeed often observed
(73, 74) or, importantly, the fact that mild (injection) stress
causes the release of several stress-related hormones in addition
to corticosterone.

Potential Implications for Epileptogenesis

The increase in morphological differences after HT when fol-
lowed by corticosteroid and mild stress exposure suggests that
stress (hormones) aggravates or accelerates epileptogenesis.
Epileptogenesis, i.e., the neurobiological processes leading to
epilepsy, is not limited to the time before the onset of spon-
taneous seizures, but continues during the course of epilepsy,
contributing to the progression of the disease (75, 76). As none
of the currently available anti-epileptic drugs can favorably
modify the disease process, prevention or reduction of epi-
leptogenesis remains one of the main challenges in the field
of epilepsy (77-79) and could be beneficial for all patients,
irrespective of the underlying pathology. Children with complex
febrile seizures are of special interest, as they have a high risk
to develop epilepsy—ranging from 21% after prolonged febrile
seizures (80) to as much as 49% after prolonged seizures with
focal semiology that reoccur within 24 h (81)—that is already
identified at the very beginning of epileptogenesis, making them
very suitable for early intervention. Large population-based
studies, prospectively following children after complex febrile
seizures and systematically documenting stress exposure, as well
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Environmental chemicals are known to disrupt the endocrine system in humans and to
have adverse effects on several organs including the developing brain. Recent studies
indicate that exposure to environmental chemicals during gestation can interfere with
neuronal differentiation, subsequently affecting normal brain development in newborns.
Xenoestrogen, bisphenol A (BPA), which is widely used in plastic products, is one such
chemical. Adverse effects of exposure to BPA during pre- and postnatal periods include
the disruption of brain function. However, the effect of BPA on neural differentiation remains
unclear. In this study, we explored the effects of BPA or bisphenol F (BPF), an alternative
compound for BPA, on neural differentiation using ReNcell, a human fetus-derived neural
progenitor cell line. Maintenance in growth factor-free medium initiated the differentiation
of ReNcell to neuronal cells including neurons, astrocytes, and oligodendrocytes. We
exposed the cells to BPA or BPF for 3 days from the period of initiation and performed
real-time PCR for neural markers such as p III-tubulin and glial fibrillary acidic protein
(GFAP), and Olig2. The g III-tubulin MRNA level decreased in response to BPA, but not
BPF, exposure. We also observed that the number of § II-tubulin-positive cells in the
BPA-exposed group was less than that of the control group. On the other hand, there
were no changes in the MAP2 mRNA level. These results indicate that BPA disrupts
neural differentiation in human-derived neural progenitor cells, potentially disrupting brain
development.

Keywords: neural differentiation, bisphenol A, neuron, estrogen, environmental chemicals, brain development,
bisphenol F

INTRODUCTION

A variety of environmental chemicals are known to induce adverse effects in animals and humans
including general toxicity (e.g., organ damage), carcinogenesis, mutagenesis, and reproductive
toxicity. The risk assessment of these toxic substances is done according to OECD guidelines.
Recently, several animal studies have shown that gestational exposure to low-dose toxicants, such
as dioxin, may cause adverse effects including neurodevelopmental alterations without affecting

Abbreviations: BPA, bisphenol A; BPE bisphenol F; NPCs, neural stem/progenitor cells; DA, dopaminergic, VM, ventral
mesencephalon.
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the dams (1, 2). These reports suggested that the developing
brain is vulnerable to exposure to environmental chemicals,
even at low doses. Many studies have demonstrated neurode-
velopmental and behavioral disorders attributable to gestational
and/or lactational exposure to environmental chemicals. We
have previously shown that during the maternal and postnatal
periods, dioxin can cross the developing blood-brain barrier
and cause learning deficits, emotional abnormalities, and
changes in social behavior (3-5).

During brain development, neural cells, including neurons
and glial cells, are differentiated from neural stem/progenitor cells
(NPCs) (6). The differentiation process is precisely and tightly
controlled by many factors, including hormones and receptors.
Estrogen is an important factor for neural differentiation, protec-
tion, and function. Estrogen acts by binding to nuclear estrogen
receptors (ERs). The differentiation of dopaminergic (DA) neu-
rons in the ventral mesencephalon (VM) (7) is also regulated by
the estrogen-ER pathway. Several environmental chemicals, such
as bisphenol A (BPA), isoflavones, and phthalates, which are also
called phytoestrogen or xenoestrogen, are known to disrupt such
pathways because of their estrogenic actions (8, 9). Among these,
the toxicity of BPA is considered one of problems as disruptors
on estrogenic pathway.

Large volumes of BPA are used to make toys, plastic contain-
ers, and dental pastes (10-12). BPA is readily eluted from these
products and delivered to the human body through foods and
drinks. Consequently, BPA has been detected in the tissue includ-
ing the brain of human fetuses, babies, and pregnant mothers
(13). The distribution of BPA in both fetuses and babies reflects
that BPAs are delivered through placenta and breast milk. In fact,
BPA was detected in fetal cord blood, placental tissues, and breast
milk (14, 15). Surprisingly, the metabolites of BPA can also cross
the placenta, and such metabolites are deconjugated to BPA in
fetuses (16). Transplacental and lactational exposure may cause
different adverse effect. In addition, the differences of these
adverse effects may depend on not only the timing of exposure
to BPA in transplacental (fetal) or lactational but also sex in mice
and rat (17). This hypothesis is evidenced further by a human
epidemiological study, showing that gestational BPA exposure
induced sex-dependent associations with aggressive behaviors in
children and adolescents (18). Thus, we consider it important to
investigate the effects of BPA on brain development, especially
neural differentiation. Recent studies also showed that low-dose
BPA exposure causes toxicological effects in the brain (19).
BPA induces estrogen-like effects via ERs (20-22), disrupting
sexual differentiation in the developing brain and changing sex-
dependent behaviors by perinatal exposure. Past studies revealed
sex-based behavioral differences following maternal exposure to
BPA in learning and memory, novel exploration, and emotional
behavior (23-25). BPA exposure increases locomotor activity and
anxiety-like behavior (26, 27), decreases impulsive behavior, and
changes social behaviors (24, 28). Although the precise mecha-
nisms that cause these behavioral alterations are unclear, some
studies have indicated that BPA exposure suppresses synapse
formation (29), disrupts neural migration (30, 31), increases the
number of glial cells (32, 33), and upregulates neural cytoskeletal
proteins (32, 34). In vitro studies using cell lines showed the

inhibition of dopamine release (35) and the augmentation of
the microtubule-associated protein 2 (MAP2) mRNA expres-
sion. MAP2 is a cytoskeleton-related protein in neurons, and
its expression is changed in the presence of neurodegenerative
diseases such as schizophrenia (19, 20). These changes may
cause abnormal brain development and behavioral alterations.
BPA may exert adverse effects on normal brain development by
disrupting neural differentiation, including DA neurons in the
VM. However, the mechanisms of BPA action have not yet been
fully clarified, especially in humans.

To avoid BPA exposure, several alternative substances are
produced. Bisphenol F (BPF) is one such compound that is used
in epoxy resins and coatings. Although the exposure levels of BPF
in the environment, humans, and wild animals are lower than
those of BPA, BPF may also affect human health, including brain
development. However, to our knowledge, the effects of BPF on
neural differentiation from NPCs in humans have not yet been
reported.

In this study, to examine the effects of BPA and BPF exposure
during neural differentiation, we used a human fetal VM-derived
NPC cell line, ReNcell VM cell line. This cell line is appropriate
to investigate the effects on the neural differentiation of human,
because this was derived from a 10-week human VM brain
tissue and established as an NPC cell line with immortaliza-
tion. Moreover, as stated above, BPA and BPF may disrupt the
differentiation through ERs because of the potencies of their
estrogen-like effects. We then examined the changes in neuronal
differentiation attributable to BPA or BPF exposure.

MATERIALS AND METHODS

All experiments in this study were performed under the restric-
tions in biosecurity and safety procedures of Gunma University.

Chemicals
Bisphenol A (99% purity) and BPF (99% purity) were purchased
from Sigma-Aldrich (MO, USA). BPA and BPF were dissolved
in ethanol and DMSO, respectively. f-estradiol (E2), 98% pure
and dissolved in ethanol (99.5% purity), was also obtained from
Sigma-Aldrich.

Cell Culture

ReNcell VM (Millipore, MA, USA) is an immortalized NPC line
derived from the VM of a 10-week-old human fetal brain. The
cells were cultured as previously described (36). The passage of
all cells used in this investigation was lower than 31, because
previous work has shown that these cells maintain a stable
karyotype up to 45 passages. Briefly, ReNcell VM cells were
expanded in an expansion medium (ReNcell NSC Maintenance
Medium, Millipore, MA, USA), supplemented with 20 ng/ml of
epidermal growth factor (Millipore, MA, USA) and 20 ng/ml
of basic fibroblast growth factor (Millipore, MA, USA) on
laminin-coated (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) 1.7-ug/cm? TC-treated culture flasks at 37°C in a 5% CO;
humidifier incubator. The medium was renewed every 2 days dur-
ing proliferation, and the cells were subcultured approximately
every 5 days (90% confluence) by detaching them using Accutase
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(Millipore, MA, USA). After each passage, cell concentration and
viability were determined by counting with a hemocytometer
(Hausser Scientific, Horsham, England) using the trypan blue dye
(Invitrogen, CA, USA) exclusion test. After this, the cells were
again seeded at 5 X 10* cells/ml in freshly laminin-coated flasks.
Differentiation of the cells was accomplished by adding fresh
differentiation medium (ReNcell NSC Maintenance Medium
without growth factors) to confluent monolayers of cells. Unless
otherwise indicated, cells were incubated for 3 days in a differ-
entiation medium, and the medium was changed every 2 days.

At the onset of differentiation, the cells were exposed to BPA,
BPF, or E2 and incubated for 3 days. Control cells were exposed
to solvents following the same protocol. E2-exposed group was
used for positive control, because BPA and BPF have the potency
to induce estrogen-like effects through ERs.

Cell Cytotoxicity Assay

Cell cytotoxicity was measured using the Cell Counting Kit-8
(CCK-8; Dojindo, Osaka, Japan) according to the manufacturer’s
protocol. Briefly, ReNcell VM cells (1 X 10° cells/well) were
seeded onto laminin-coated TC-treated culture 96-well plates
and cultured with an expansion medium at 37°C in a 5% CO,
humidifier incubator. After 24 h, cells were incubated with a BPA-
containing expansion medium for another 24 h. At the end of the
culturing period, we added 10 pl of CCK-8 reagent to the cells and
incubated them for 4 h at 37°C.

A water-soluble tetrazolium salt (WST-8) containing a CCK-8
reagent reacts with dehydrogenase from living cells and turns
into WST-8 formazan, an orange dye. The fluorescence intensity
correlates with the number of living cells in the sample. After
incubation with CCK-8 reagents for 4 h, we measured the absorb-
ance of light at 450 nm with a Synergy HTX plate reader (Biotek
Instruments, Inc., VT, USA).

Quantitative Real-time PCR

Total RNA was isolated using the miTotal™ RNA Extraction
Miniprep System (VIOGENE, New Taipei City, Taiwan), and
2.0 pg of total RNA was reverse-transcribed into cDNA using
ReverTraAce qPCR RT Master Mix (TOYOBO, Osaka, Japan).
Quantitative real-time PCR was performed with specific primers
(Table 1) in the StepOne thermal cycler (Applied Biosystems/

TABLE 1 | Primer sequences.

Primer Forward Reverse

B II-tubulin ~ CATGGACGAGATGGAGTTCA TTCGTACATCTCGCCCTCTT
MAP2 CAGAAGTTCAGGCCCACTCT  GGTTTTCCGCTTAACACAGG
GFAP GAGATCGCCACCTACAGGAA  CAGGCTGGTTTCTCGAATCT
S100p GGGAGACAAGCACAAGCTG TCCACAACCTCCTGCTCTTT
Olig2 GACAAGCTAGGAGGCAGTGG  GGCTCTGTCATTTGCTTCTTG
Nestin GACTTCCCTCAGCTTTCAGG TCAGGACTGGGAGCAAAGAT
Dex TCCCCAACACCTCAGAAGAC  GCGTAGAGATGGGAGACTGC
NCAM1 GAACCAGCAAGGAAAATCCA  CAGGACGAAGATGACGATGA
MCTA TTGGTTGGCTCAGCTCTGTA CAGCATTCCACAATGGTCAC
ESR1 GATGAATCTGCAGGGAGAGG  TCCAGAGACTTCAGGGTGCT
ESR2 TCAGGCATGCGAGTAACAAG TCCAGCAGCAGGTCATACAC
Rtp1 GGTTGGAAGCAGTACCTGGA  GGTCCAGGAACATGTGGAAG
GAPDH GATCATCAGCAATGCCTCCT TGAGTCCTTCCACGATACCA

Life Technologies, CA, USA) using THUNDERBIRD SYBER
qPCR Mix (TOYOBO Japan) for 40 cycles according to the fol-
lowing program: a denaturation step at 95°C for 30 s followed
by an annealing/extension step at 95°C for 30 s. The data were
analyzed using the delta-delta Ct method. GAPDH was used for
normalization.

Immunocytochemistry

Following growth and differentiation on laminin-coated chamber
slides, cells were washed with PBS and fixed with 3% paraformal-
dehyde solution in PBS for 30 min. After washing twice with PBS,
cells were incubated with 0.1% triton X-100 solution and were
blocked in PBS containing 10% BSA for 1 h at room temperature.
Subsequently, cells were incubated with the following antibodies:
p II-tubulin (Sigma-Aldrich, MO, USA) (1:500 dilution) and glial
fibrillary acidic protein (GFAP) (Abcam, Cambridge, England)
(1:500 dilution) overnight at room temperature. After washing
with PBS, cells were incubated with the following secondary
antibodies for 1 h in the dark at room temperature. Cells were
then washed with PBS again, and the nuclei were counterstained
with 1 pg/ml Hoechst 33342 (Sigma-Aldrich, MO, USA) for
10 min, in the dark. Stained cells were washed with PBS and
were observed with a fluorescence microscope (EVOS fl: Thermo
Fisher Scientific, MA, USA).

Statistical Analysis

Experimental data were analyzed using GraphPad Prism
(GraphPad Software, CA, USA). Results are represented as
mean + SEM. Statistical analysis was performed by one-way
analysis of variance (ANOVA) followed by the Tukey test. In
Figures 2 and 6B, Student’s t-test was used to compare two
groups. For all comparisons, the results were considered to be

significant if the p-value was <0.05.

RESULTS

BPA Did Not Induce ReNcell
VM Cell Death

First, to examine whether BPA exposure induced ReNcell VM
cell death, we investigated the cytotoxicity of BPA using a CCK-8
(DOJINDO LABORATORIES, Kumamoto, Kyushu, Japan). The
amount of formazan dye, measured as the absorbance of light at
450 nm, is proportional to the number of living cells. There was
no difference in the absorbance, indicating that BPA exposure did
not induce cell death at concentrations between 107'¢ and 107"
M (Figure 1).

BPA Induced a Dose-Dependent Decrease
in Both g III-Tubulin and S100
f mMRNA Levels

Next, we investigated the ratio of differentiated cell types using
a real-time PCR method with various neural markers, such
as PII-tubulin for neurons during differentiation, MAP2 for
mature neuron, GFAP and S100p for astrocytes, Olig2 for oligo-
dendrocytes, and nestin, Dcx, NCAM 1, and MCT 1 for NPCs.
The expression of both ESR1 (ERa) and ESR2 (ERP) was also
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FIGURE 1 | The cell viability of ReNcell ventral mesencephalon cells was
assessed after a 24-h exposure to BPA or a control reagent. The cell viability
assay was performed using a Cell Counting Kit-8 kit (see Materials and
Methods section for details). Data are represented as mean + SEM (n = 7/
group).

FIGURE 2 | mRNA levels of several genes in differentiated-ventral
mesencephalon (VM) cells. mRNA levels of p II-tubulin, glial fibrillary acidic
protein (GFAP), Olig2, nestin, Dcx, NCAM1, and MCT in differentiated ReNcell
VM cells after exposure to 10-© M bisphenol A (BPA). Data are represented as
mean + SEM, n = 3. The control group values were defined as 1. *p < 0.05.

confirmed in ReNcell VM cells. We observed a decrease in § III-
tubulin and S100p mRNAs induced by 107" M BPA treatment
(Figure 2). The expression of other markers was not altered. ESR1
and ESR2 mRNA levels were not altered by the exposure to BPA
(Figure S1 in Supplementary Material). Their expression was not
altered by BPF or E2 treatment. To verify the dose dependency
of the effect of BPA on f III-tubulin, cells were exposed to vari-
ous concentrations of BPA. E2 (107° M) was used as a positive
control. BPA at both 107" and 107° M significantly decreased
B II-tubulin levels (Figure 3). Analysis by ANOVA showed a
significant dose-dependent effect [F(4, 17) = 9.688; p = 0.0003].
E2 also decreased p III-tubulin levels.

FIGURE 3 | Dose-dependent differences in mRNA levels of § ITI-tubulin in
differentiated ReNcell ventral mesencephalon cells following exposure to
107" and 107" M bisphenol A (BPA) and 10~ M B-estradiol. Expression
levels of p II-tubulin were analyzed by a real-time quantitative PCR assay.
Data are represented as mean + SEM, n = 3.

BPA Reduced the Number of g I1I-Tubulin-

Positive Cells

We hypothesized that the decrease of p III-tubulin mRNA levels
by BPA may be due to the decrease of the number of differenti-
ated neurons. To test this hypothesis, we performed immuno-
fluorescence staining with both anti-f III-tubulin and anti-GFAP
antibodies, along with Hoechst staining for nucleus. The number
of B II-tubulin-positive cells was counted and expressed as a
percentage of the total number of cells (the number of Hoechst-
positive cells) (Figure 4A). We observed that the percentage
of B III-tubulin-positive cells decreased significantly in the
BPA-exposed group compared to that in controls (Figure 4B).
In addition, E2 also decreased the percentage of p III-tubulin-
positive cells.

BPF Did Not Affect p I1I-Tubulin Levels

We also investigated whether BPF induced changes similar to BPA
using RT-PCR and immunofluorescence staining for p III-tubulin.
To compare the effects of BPF and BPA exposure, we used the
same concentration of BPF (107! M) as was used for BPA. RT-PCR
(Figure 5) and immunofluorescence staining (Figures 6A,B)
showed no significant alteration in response to BPF exposure.

DISCUSSION

In this study, we investigated the effects of BPA exposure on neural
differentiation from NPCs. Exposure to BPA for 3 days from the
initiation of neural differentiation decreased both p IlI-tubulin and
$100 p mRNAs without inducing cell death. The number of § III-
tubulin-positive cells was decreased significantly following BPA
exposure; by contrast, BPF, a substitute for BPA, did not alter p ITI-
tubulin mRNA levels or the number of § III-tubulin-positive cells.
Moreover, we observed similar changes in p III-tubulin mRNA
and P III-tubulin-positive cells following E2 treatment.
Together with previous studies showing that BPA may act as a

Frontiers in Endocrinology | www.frontiersin.org

29

February 2018 | Volume 9 | Article 24


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive

Fujiwara et al.

BPA Disrupts Neural Differentiation

A pIII-tubulin (red)

control

BPA

E2

B (%)

il

positive cell/total cell

=

BPA

con‘trol E2

GFAP (green)

Merged

FIGURE 4 | Number of g ITI-tubulin-positive cells. (A) ReNcell ventral mesencephalon cells treated with bisphenol A (BPA), B-estradiol (E2), or control were
immune-stained with antibodies for p II-tubulin (red) and glial fibrillary acidic protein (GFAP) (green). Nuclei were identified by Hoechst 33342 staining. Panel (B)
shows the ratio of  ITI-tubulin-positive cells per total cells. The number of § II-tubulin-positive cells was counted with four arbitrarily selected fields per well (scale

bar: 200 um). Data are represented as mean + SEM, n = 47.

“xenoestrogen,” these results suggest that BPA exposure affects
neural differentiation through estrogen-like and/or ER-mediated
pathways. In addition, BPF may be a useful substitute for BPA and
may avoid the adverse effects of BPA on neural differentiation.
The effects of BPA on neural differentiation using primary cell
culture methods using NPCs of the telencephalon or hippocam-
pus have been reported. Using NPCs of the rat hippocampus,
Agarwal et al. showed that BPA caused oxidative stress in mito-
chondria of the NPCs. Such mitochondrial dysfunction inhibited
the proliferation and differentiation to B-III-tubulin-positive
neuronal cells (37). We also showed the decrease of the number of

B-III-tubulin-positive neuronal cells by BPA without alteration of
the expression level of MAP2 mRNA. These results indicate that
BPA accelerated the differentiation in the later stage from p-III-
tubulin-positive neuronal cells to MAP2-positive neuron but not
in the earlier stage from NPCs to B-III-tubulin-positive neuronal
cells. On the other hand, there were no effects in oligodendrocytes
differentiation in our study. Okada et al. reported that exposure
to BPA increased the ratio of oligodendrocytes differentiated
from NPCs of the rat telencephalon (38). However, other report
showed that BPA reduced the differentiation to oligodendrocytes
from NPCs of the rat hippocampus (39). Moreover, there are no
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reports showing the change in astrocyte differentiation by BPA.
These results, including our study, suggest that BPA may disrupt
neural differentiation from NPC to neuron, whereas further
study may be required to confirm its effect on differentiation to
oligodendrocyte or astrocyte.

Estrogen and its nuclear receptors, ERs, regulate brain
development during differentiation, growth, and the acquisition
of brain function (40, 41). Moreover, protection from several
toxicants, cellular survival, and neuronal peptides synthesis are
also induced by estrogen. In the neural differentiation process,
E2 induces the expression of neurotrophic factors such as
brain-derived neurotrophic factor, neural growth factor, and
neurotropin-3. Such increases in neurotrophic factor expres-
sion may affect the proliferation of NPCs, the ratio of neurons
FIGURE 5 | mRNA levels of p II-tubuiin in differentiated ReNcell ventral to glial cells, and neurite outgrowth. BPA may also bind to ERs
mesencephalon cells exposed to bisphenol A. Cells were harvested after and exert agonistic and/or antagonistic activities in humans and
3 days exposure to 107, 107*%, and 10-'® M bisphenol F (BPF) and extracted animals, potentially causing neurotoxicity, reproductive toxic-
toTaI RNA. Real-time qugntitaﬂve PCR analyses were performed using a ity, and immune toxicity. The binding afﬁnity of BPA to ERs is
primer set for B II-tubulin. Data are represented as mean + SEM, n = 3. 1/500-1/15,000 smaller than that of E2 (21, 42, 43) in humans

A BIII-tubulin (red) GFAP (green) Merged

control

BPF
B (%)
20-
T 15
B
8 I
=
B 104
@
-
E
8
g 5
control BPF

FIGURE 6 | The effects of bisphenol F (BPF) on the number of B IlI-tubulin-positive cells. (A) We performed immunostaining of ReNcell ventral mesencephalon cells
treated with BPF or control reagents with antibodies for p ITI-tubulin (red) and glial fibrillary acidic protein (GFAP) (green), and Hoechst 33342 solution was used for
nuclei staining (scale bar: 200 pm). (B) The ratio of p IlI-tubulin-positive cells to total cells was measured. Data are represented as mean + SEM, n = 3.
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and rats. Nevertheless, BPA can strongly activate ER-mediated
transcription in transient transfection-based reporter gene assay
(20,42, 44, 45). In the present study, to examine whether the effect
of BPA is induced through ER, it would be useful to examine
the change in estrogen-responsive genes in differentiating human
brain cells. However, such gene has not yet been identified. A pre-
vious report showed that the exposure to BPA or BPF induced the
expression of estrogen-sensitive markers, cyp19alb, in develop-
ing zebra fish brain (46). Unfortunately, this gene is not expressed
in mammalian brain. Other candidate estrogen-responsive genes
are Nlrp3 and Rtpl, which are expressed in adult mice cerebral
cortex (47). Thus, we examined the change in these mRNA
levels during differentiation. However, we could not observe
any changes of the expression of Rtpl even by the exposure to
E2 (Figure S2 in Supplementary Material), and Nlrp3 was not
expressed in the differentiating cells. These results indicate that
the marker that we used may not be appropriate to examine the
effect of E2 and BPA in differentiating cells. To further investigate
the involvement of ER-mediated pathway on BPA effect during
neural differentiation, additional study including the identifica-
tion of estrogen-responsive genes in differentiating cells may be
necessary. Nevertheless, by considering the strong BPA action
on ER-mediated transcription, the possibility that the BPA
action seen in the present study is exerted through ER cannot
be excluded.

Although BPA can activate ER-mediated transcription, its
effect on ER-mediated action in neural differentiation is con-
troversial. This is partly because E2 plays different roles in this
process. ERs are expressed and may be involved in the differen-
tiation of DA neurons (48). However, while E2 may mediate the
proliferation and survival of NPCs (49), long-term E2 exposure
induces the suppression of cell proliferation in the dentate gyrus
(50). Thus, even if BPA acts through ERs, its action may be
affected by the dose, length, and period of exposure (39). Huang
et al. reported that BPA suppressed DA neuron differentiation
in human embryonic stem cells by suppressing E2-activated
insulin-like growth factor pathways (51). In the VM region,
Elsworth et al. reported that prenatal BPA exposure decreased
the number of DA neurons in the fetal VM and spine synapses
in the hippocampus (52). In the present study, both BPA and E2
suppressed neural differentiation. Further study is required to
differentiate the effects of BPA on ER-mediated regulation of DA
neuron differentiation.

We also observed a decrease in S100f mRNA induced by
BPA. S100p is often used as an astrocyte marker because it is spe-
cifically synthesized and secreted from astrocytes. Unfortunately,
we could not find a good antibody to stain S100f protein for
immunocytochemistry. Thus, we could not count the number of
S100B-positive cells. On the other hand, mRNA levels of GFAP,
another astrocyte marker, were not altered by BPA. These results
indicate that BPA may specifically affect the expression or the
secretion of S100p without changing the number of astrocytes.
However, although we were able to immunostain GFAP, we could
not obtain a stable count of the number of astrocytes, because
astrocytes have long processes and relatively small stomata, both
of which were strongly GFAP-positive. Thus, in the present study,
we were unable to fully examine the effect of BPA on astrocyte

differentiation. Wise et al. reported that BPA did not alter the
number of astrocytes in the rat prefrontal cortex (53). On the
other hand, S100p is known as a neurotrophic factor (54) that
regulates neuronal development processes such as neurite
outgrowth. Thus, abnormal neuronal differentiation resulting
from BPA exposure may be partly due to decreases in S100f. The
decrease in B III-tubulin-positive cells may be partly induced by
a decreased secretion of S100p.

To avoid the potential adverse effects of BPA, BPF is some-
times used as a substitute. BPF has also been detected in various
foods and in the human body. Prenatal exposure to BPF, like BPA,
caused several behavioral changes, including increased anxi-
ogenic behaviors and depression in mice (55, 56). The expression
of several neuropeptide-related genes has also been shown to be
affected by BPF in zebra fish (57). The binding capacity of BPF to
ERs was equivalent to that of BPA and BPF-activated ERs. These
reports indicate that BPF may disrupt ER-mediated processes,
potentially having adverse effects on the brain. In the present
study, we did not observe any changes in neural differentiation
following BPF treatment. Thus, at least regarding neural differen-
tiation, BPF may have less adverse effects than BPA.

In conclusion, BPA may disrupt the neural differentiation
of human-derived NPCs. Such alterations may cause abnormal
brain development following gestational exposure.
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Sex steroid hormones are synthesized from cholesterol and exert pleiotropic effects
notably in the central nervous system. Pioneering studies from Baulieu and colleagues
have suggested that steroids are also locally-synthesized in the brain. Such steroids,
called neurosteroids, can rapidly modulate neuronal excitability and functions, brain
plasticity, and behavior. Accumulating data obtained on a wide variety of species
demonstrate that neurosteroidogenesis is an evolutionary conserved feature across
fish, birds, and mammals. In this review, we will first document neurosteroidogenesis
and steroid signaling for estrogens, progestagens, and androgens in the brain of
teleost fish, birds, and mammals. We will next consider the effects of sex steroids in
homeostatic and regenerative neurogenesis, in neuroprotection, and in sexual behaviors.
In a last part, we will discuss the transport of steroids and lipoproteins from the
periphery within the brain (and vice-versa) and document their effects on the blood-brain
barrier (BBB) permeability and on neuroprotection. We will emphasize the potential
interaction between lipoproteins and sex steroids, addressing the beneficial effects of
steroids and lipoproteins, particularly HDL-cholesterol, against the breakdown of the
BBB reported to occur during brain ischemic stroke. We will consequently highlight the
potential anti-inflammatory, anti-oxidant, and neuroprotective properties of sex steroid
and lipoproteins, these latest improving cholesterol and steroid ester transport within the
brain after insults.

Keywords: aromatase, cholesterol, blood-brain barrier, estrogens, HDL, lipoproteins, stroke, progestins

INTRODUCTION

Steroid hormones display important physiological functions and exert pleiotropic effects on
many target organs including among others the gonads, the liver, and the nervous system.
Neurosteroids are produced in the central nervous system (CNS), either via de novo synthesis
from cholesterol or from local metabolism of steroid intermediate produced in the periphery.
The shift from systemic to local synthesis and regulation of steroid action within target tissues,
such as the brain, was referred to “Balkanization” of the endocrine system, and could allow the
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tissue to autonomously synthesize and modulate local steroid
signaling (Schmidt et al., 2008). Neurosteroids and peripherally
produced steroids have pleiotropic effects and can modulate
both brain homeostasis and cerebral functions. The aim of
the present review is to summarize the current knowledge
regarding the activity and the expression of the steroidogenic
enzymes and the targets of steroids, produced in the periphery
as well as locally in the brain. We will further consider the
roles of androgens, estrogens, and progestagens on physiology
and behavior, focusing our discussion on constitutive and
regenerative neurogenesis, notably in stroke conditions, as well
as the impact of these locally-produced sex steroids on sexual
behavior. These points will be discussed from studies performed
in fish, birds, and mammals from a comparative point of view.
Furthermore, we will discuss the transport of peripheral steroids
through the blood-brain barrier (BBB) and their effects on
its permeability. We will emphasize the role of this transport
by lipoproteins in the functioning of the BBB and during
CNS insults, raising the question of the potential roles of
cholesterol/steroid transport in neuroprotection and reactive
neurogenesis.

NEUROSTEROIDOGENESIS IN THE BRAIN:
AN OVERVIEW IN FISH, BIRDS, AND
MAMMALS

Steroidogenesis

Steroidogenesis is the enzymatic process by which cholesterol
is converted to biologically active steroid hormones. The
steroidogenic acute regulatory protein (StAR), and translocator
protein (TSPO), in a complex with various proteins including
VDAC and ATAD3A, are involved in the transport of cholesterol
to the inner membrane of the mitochondria. The first and
rate-limiting enzymatic step of the steroidogenic process is the
conversion of cholesterol into pregnenolone by P450 side chain
cleavage (P450s.; CYP11A1). As shown in the steroidogenic
pathway illustrated in Figure 1, pregnenolone can subsequently
be converted into progesterone (P) by 3-beta-hydroxysteroid
dehydrogenase (3f-HSD) or into 17-hydroxypregnenolone
by 17-alpha-hydroxylase/17,20 lyase (CYP17). Then, CYP17
can progesterone into 17-hydroxyprogesterone,
while 38-HSD can convert 17-hydroxypregnenolone into 17-
hydroxyprogesterone. In a next step, 17-hydroxypregnenolone
and 17-hydroxyprogesterone can be converted by CYP17
into dehydroepiandrosterone (DHEA) and androstenedione,
respectively. In turn, the activity of different 178-HSD enzymes
catalyzes the synthesis of androstenediol from DHEA and
testosterone (T) from androstenedione. Aromatase converts
androstenedione and testosterone into estrone (E1) and estradiol
(E2), respectively, while 5a-reductase converts testosterone into
5a-dihydrotestosterone (DHT). Considering glucocorticoids,
the synthesis of 11-deoxycortisol and 11-deoxycorticosterone
from 17-hydroxyprogesterone and progesterone, respectively,
are catalyzed by 21-hydroxylase (CYP21A2), followed by
the P450C11 (Cypll, cytochrome P450 11B-hydroxylase Bl
and/or B2) activity leading to the synthesis of cortisol and

convert

corticosterone. Cortisone can also be converted into cortisol by
11B-HSD.

Steroidogenic Activities in the Brains of
Fish

In the 80s, pioneering studies performed in the goldfish
(Carassius auratus) and the toadfish (Opsanus tau) documented
very high brain aromatase and 5a-reductase activities (Pasmanik
and Callard, 1985, 1988). High aromatase expression and activity
in the brain is a common feature of teleost fish (Kah et al.,
2009; Diotel et al., 2010), as reported in the African catfish
(Clarias gariepinus) (Timmers and Lambert, 1987), the Atlantic
Salmon (Salmo salar) (Andersson et al., 1988), the three-spined
stickleback (Gasterosteus aculeatus) (Borg et al., 1989), the
European sea bass (Dicentrarchus labrax) (Gonzalez and Piferrer,
2003), and the zebrafish (Danio rerio) (Goto-Kazeto et al., 2004;
Diotel et al., 2011b). The high aromatase activity in the brain
of fish is due to the sustained expression of the cyp19alb gene
coding for the Cyp19alb/Aromatase B protein (AroB), while the
cypl9ala isoform coding for Cypl9ala/Aromatase A protein is
mainly expressed in gonads. These two isoforms likely resulted
from a third round of genomic duplication event occurring
~320-350 million years ago in fish (Ravi and Venkatesh,
2008).

Biochemical studies using RP-HPLC analysis showed that the
brains of adult zebrafish is able to convert [3H]—pregnenolone
into [*H]-progesterone, documenting subsequently 3B-HSD
activity in the brain of this teleost. These data were reinforced by
the absence of progesterone synthesis following treatment with
trilostane, a specific inhibitor of 33-HSD (Sakamoto et al., 2001a).
Ten vyears later, using similar methods, it was shown that the
adult zebrafish brain can convert [*H]-pregnenolone into a wide
variety of radiolabeled steroids including 17OH-pregnenolone,
progesterone (P), and tetrahydro-P, DHEA, androstenedione,
testosterone (T), dihydrotestosterone (DHT), 17p-estradiol (17f-
E2), and also estrone (E1) (Diotel et al., 2011b). Expression and
activity studies in the brain of adult zebrafish were documented
for 3a-Hsd, 38-Hsd, 178-Hsd, Cypl7, AroB, and 5a-reductase
(Diotel et al., 2011b). The recent reanalysis of the RP-HPLC
profiles previously reported by Diotel et al. (2011a) indicated
that [3H]—pregnenolone can also be converted into cortisol and
tetrahydrodeoxycorticosterone (THDOC), further highlighting
Cyp21A2 and CypllCl activities within the brain of adult
zebrafish (Weger et al., accepted).

Taken together, these data demonstrate that the brain of adult
fish is able to de novo synthesize a wide variety of steroids
from pregnenolone, suggesting that the substrates available for
steroidogenesis can originate from local synthesis within the
brain, and also from the conversion of peripherally produced
precursors.

Steroidogenic Enzyme Expression in the
Brains of Fish

The first attempts to localize aromatase-expressing cells in
the brain of fish were performed in goldfish using antibodies
raised against human placental aromatase (Gelinas and Callard,
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FIGURE 1 | Biosynthetic pathways of neurosteroid synthesis. Cyp11a1, cytochrome P450 family 11 subfamily A member 1 (P450scc), cytochrome P450 side-chain
cleavage; Cyp17, cytochrome P450 17a-hydroxylase/C17, 20-lyase; Aro, aromatase; 38-HSD, 3B-hydroxysteroid dehydrogenase D5-D4 isomerase; 5a-R,
5a-reductase; 17p-HSD, 17B-hydroxysteroid dehydrogenase; Cyp21, cytochrome P450 21 hydroxylase; Cyp11, cytochrome P450 118-hydroxylase B1 and/or B2.

1997). In this work, neuron-like cells were labeled in the
olfactory bulb, the telencephalon, the preoptic area, and the
hypothalamus. However, cypI9alb in situ hybridization and
double immunohistochemistry using specific AroB antibodies
and glial (GFAP, S1008, and BLBP) or neuronal markers (HuC/D
or NeuN) clearly demonstrated the exclusive glial nature of
AroB™ cells in others teleost species (Forlano et al., 2001;
Goto-Kazeto et al., 2004; Forlano and Bass, 2005; Strobl-
Mazzulla et al., 2005; Pellegrini et al., 2007; Mouriec et al.,
2008; Tong et al, 2009; Mirz et al., 2010; Coumailleau
et al, 2015; Diotel et al., 2016). These data were further
reinforced by the development of a cypI9alb-GFP transgenic
zebrafish line, showing the exclusive GFP co-expression with
glial markers (Tong et al., 2009). Interestingly, AroB™ cells
correspond to radial glial cells (RGCs), a particular type of
cells with a characteristic morphology. Radial glial cells display
a soma localized in the vicinity of the ventricular layer and
exhibit two cytoplasmic processes, a short one extending to
the ventricle and a longer one running through the brain
parenchyma toward the pial surface. In mammals, RGCs behave
as neural stem cells (NSCs) during embryonic development
and transform into astrocytes at the perinatal stage (Noctor
et al, 2001; Weissman et al., 2003; Kriegstein and Alvarez-
Buylla, 2009). In fish, they persist during adulthood and maintain
neural progenitor properties (Adolf et al, 2006; Pellegrini
et al, 2007, 2013, 2015; Tong et al., 2009; Mirz et al., 2010;
Rothenaigner et al, 2011; Kizil et al, 2012; Diotel et al,
2016).

Other studies performed in zebrafish documented the
expression of 3p-Hsd in neuronal soma and fibers throughout
the brain (i.e., dorsal telencephalon, thalamus, preoptic area,
paraventricular organ), the cerebellum and the spinal cord

(Sakamoto et al., 2001a). In the African lungfish (Protopterus
annectens), 3p-Hsd was also shown to be expressed in neurons
while 5a-reductase was detected in both glia and neurons
(Mathieu et al., 2001). Furthermore, numerous experiments
documented the expression of the steroidogenic enzymes
(P450scc, 3B-hsd, cypl7, and cypl9alb) in the brains of fish
including the Tongue sole (Cynoglossus semilaevis) and the
Black porgy (Acanthopagrus schlegeli) (Tomy et al., 2007;
Chen et al,, 2010b). In adult zebrafish, in situ hybridization
experiments indicate that there is a wide and overlapping
distribution of P450scc, 3B8-hsd, cyp17, and cyp19alb throughout
the brain particularly in the telencephalon, the preoptic area,
the hypothalamus, and the cerebellum (Diotel et al, 2011b).
The distributions of P450scc, 3B-hsd, and cypl7 suggest a
potential expression in neurons as well as in neural progenitors,
as shown by co-expression with AroB, a RGC marker.
From 2011 until now, new isoforms for these steroidogenic
enzymes have been identified: 3-Bhsdl, 3-Bhsd2, cypllal,
cyplla2, cypl7al, and cypl7a2. Recent work confirmed the
sites of expression of these steroidogenic enzymes in the
brain of adult zebrafish and further described the distribution
of their respective isoforms (Weger et al., accepted). It
appears that all these steroidogenic enzymes display overlapping
distributions. In addition, expression of cyp2la2, cyplicl, and
fdx1/fdx1b (co-factors of glucocorticoid synthesis) was recently
described in adult zebrafish brain (Weger et al, accepted),
and patterns appeared similar to other steroidogenic enzymes.
Furthermore, isolation and culture of goldfish RGCs was
performed (Xing et al., 2014), and deep RNA sequencing of these
RGCs indicates expression of steroidogenic acute regulatory
protein (star), cypllal, cypl7al, fdxI, hsd17b10 in addition to
cypl9alb and 5a-reductase (Da Fonte et al., 2017). Proteomic
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analyses also revealed the production of 20B-Hsd (Xing et al.,
2016).

Altogether, these studies suggest that the brains of adult
fish widely express the biologically active steroidogenic enzymes
leading to sex steroid synthesis. They also suggest that RGCs
in fish may be capable of de novo steroid production from
cholesterol and could be consequently envisioned as true
steroidogenic cells (Figure 2A).

Steroidogenic Enzyme Activities and

Expression in the Brains of Birds

Birds are excellent models for understanding the impact of
peripherally and locally produced steroids on brain functions,
including behavior. Pioneering studies from the groups of
Tsutsui and Schlinger have shown that the brains of the quail
(Coturnix japonica) and zebra finch (Taeniopygia guttata) are
capable of de novo steroidogenesis. They showed that the avian
brain expresses the active P450scc, 33-HSD, CYP17, 178-HSD,
and aromatase enzymes, leading to the production of a wide
variety of neurosteroids including pregnenolone, progesterone,
androstenedione, testosterone, and estradiol from cholesterol
(Tsutsui and Yamazaki, 1995; Tsutsui et al., 1999, 2006, 2009;
Matsunaga et al., 2001; London et al., 2006, 2009; London and
Schlinger, 2007; Tsutsui, 2011; Schlinger and Remage-Healey,
2012). Western-Blot and immunohistochemistry experiments
allow the detection of P450scc immunoreactive neurons through
the preoptic area, the thalamus, the hypothalamus, and the
cerebellum in Purkinje cells (Tsutsui, 2011). 3-HSD expression
was highlighted based on enzymatic activity in the brain of
the adult quail, with a strong presence in the telencephalon
and the diencephalon and a lower one in the mesencephalon
(Ukena et al., 1999). In quail, Cyp17 gene expression is detected
in the preoptic area, the thalamus, the hypothalamus, and the
optic tectum as well as in Purkinje cells (Matsunaga et al,
2001).

Aromatase expression was thoroughly studied in several brain
regions particularly, in the hypothalamus and the preoptic
area in quail (Balthazart and Foidart, 1993; Balthazart et al,
1996; Balthazart and Ball, 1998; Tsutsui, 2011) and in the
telencephalon in zebra finches (Schlinger, 1997). Interestingly,
data showed overlapping distribution of StAR, CYPIIAI, 38-
HSD, and CYP17 mRNA in the ventricular proliferative zone of
the avian brain during support (London and Schlinger, 2007),
suggesting potential roles of neurosteroids in neurogenesis and
CNS development. It should be noted that 33-HSD is also present
throughout the telencephalon in adult song birds (Soma et al.,
2004; Schlinger et al., 2008). Furthermore, aromatase expression
was also studied throughout the avian brain during support
and de novo expression was documented in RGCs following
brain injury in adult birds (Peterson et al., 2004). These data
surface a potential role of aromatase and estrogen synthesis in
neuroprotection and brain repair mechanisms.

These different studies highlight the capacity of the avian
brain to synthesize its own steroids and suggest key roles of
neurosteroids in reproductive behavior and neurogenesis.

Steroidogenic Enzyme Activities and

Expression in the Brains of Mammals

P450s gene expression was detected in numerous brain
regions of the rodent (ie., cerebral cortex) and human
brain (i.e., cerebral cortex, olfactory bulbs, hippocampus,
cerebellum) (Pelletier, 2010). Cells immunoreactive for P4504.
were observed in the white matter, the pyramidal and granular
neurons of the developing and adult hippocampus (a brain
region known for maintaining active neurogenesis during
adulthood), and also in Purkinje cells from the cerebellum (Le
Goascogne et al., 1987; Tsutsui and Ukena, 1999; Kimoto et al.,
2001).

In the 80s, 3B-HSD activity was reported in rat brain
homogenates through the conversion of pregnenolone into
progesterone (Weidenfeld et al, 1980). More generally, 3p-
HSD gene and protein expressions were documented in primary
cultures of rodent oligodendrocytes and neurons, and distributed
especially in the olfactory bulbs, the thalamus, the cerebral cortex,
the hypothalamus, and the cerebellum (Dupont et al., 1994;
Guennoun et al., 1995; Meftre et al., 2007; Pelletier, 2010). In
humans, 38-HSD gene expression was detected in neuronal,
astroglial, and oligodendrocyte cell lines (Brown et al., 2000) and
had a similar distribution compared to rodents, notably in the
thalamus, the hippocampus, and the cerebellum (Yu et al., 2002).

The presence of Cypl7 in the mammalian central nervous
system (CNS) is currently not clear. Indeed, some work suggested
the absence of Cypl7 gene expression while other studies
reported Cypl7 gene expression in the cerebellum and the
brainstem of rat, and showed Cypl7 immuno-positive cells
in the hippocampus, the hypothalamus, and in the Purkinje
cells (Mellon and Deschepper, 1993; Stromstedt and Waterman,
1995; Hojo et al., 2004; Pelletier, 2010). During development,
the expression of Cypl7 in the rat brain is present but
decreases postnatally (Compagnone and Mellon, 2000). Hence,
the question of Cyp17 expression and activity in the mammalian
brain remains open.

In rodents, aromatase expression (mRNA and protein) and
activity were documented in numerous brain regions including
the cerebral cortex, the preoptic nucleus, the hypothalamus as
well as the hippocampus; in humans, it was also detected in
the pons, the thalamus, the hypothalamus, and the hippocampus
(Lephart et al., 1992; Lephart, 1996; Sasano et al., 1998; Garcia-
Segura et al., 2003; Hojo et al., 2004; Yague et al., 2006; Pelletier,
2010). In rodents, aromatase expression was mainly detected
in neurons and not in glial cells, except following brain injury
that results in a de novo aromatase expression by astrocytes,
suggesting a role of estrogens in neuroprotection (Garcia-Segura
etal., 1999; Azcoitia et al., 2001; Garcia-Segura, 2008). In contrast
to rodents, in some primates including humans, the estrogen-
synthesizing enzyme expression was also reported in some
subpopulations of astrocytes in addition to neurons (Yague et al.,
2006; Roselli, 2007). As reviewed by Pelletier (2010), numerous
studies demonstrate aromatase activity in the brain of mammals
including primates.

Consequently, de novo steroid synthesis occurs in the brains
of mammals (Figure 2B). Neurosteroidogenesis is active in
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FIGURE 2 | Steroidogenesis in the brain of fish and mammals. (A) Steroidogenesis in the brain of adult fish. The blue cell corresponds to a radial glia cell acting as
neural stem cell, while the green cell corresponds to a neuron. Data obtained by in situ hybridization, RNA sequencing and/or proteomics show neuronal and radial
glial expression of steroidogenic enzymes involved in the synthesis of 170H-Pregnenolone (170H-P), Progesterone (P), dehydroepiandrosterone (DHEA),
Androstenedione (Andro), Estrone (E1), 17B-estradiol (178-E2, called here E2), testosterone (T) and dihydro-testosterone (DHT), cortisol and THDOC
(tetrahydrodeoxycorticosterone). (B) Steroidogenesis in the brain of rat. The purple cell corresponds to an oligodendrocyte that participates in the myelin sheath
genesis of axons; the green cell is an astrocyte and the yellow one is a neuron whose axon is myelinated by the oligodendrocyte. This schematic view adapted from
Zwain and Yen (1999) highlights potential interaction of oligodendrocytes, astrocytes, and neurons in neurosteroidogenesis. The main steroidogenic pathway is shown
by black arrows, the minor ones by red arrows and the suggested ones by blue arrows referring to the work of Zwain and Yen (1999). Note that arrows do not
necessarily document the direct conversion of the one steroid into another, but can include several enzymatic processes.

numerous regions including the hippocampus, known for
maintaining an intense neurogenic activity during adulthood.
Interestingly, this region was shown to synthesize 178-E2 from
pregnenolone (Hojo et al, 2004), reinforcing the idea that
steroids could impact neurogenesis.

In conclusion, neurosteroidogenesis appears to be a conserved
process well-documented in fish, birds and mammals (Figure 2).
It occurs in numerous evolutionary conserved regions such
as the telencephalon, the diencephalon (i.e., preoptic area and
hypothalamus), and also the cerebellum. This sustained synthesis
of steroids may regulate several brain functions and participate to
brain homeostasis, neurotransmission, neurogenesis, and brain
plasticity by targeting different cell types.

STEROID SIGNALING IN THE BRAIN:
FOCUS ON THE BRAINS OF FISH, BIRDS,
AND MAMMALS

Peripherally and locally produced steroids can target different
brain regions and cell-types expressing their respective and
specific receptors. Here, we will describe the main sites of

expression of steroid receptors, with a special focus on estrogen,
progesterone, and androgen receptors. We will first discuss
receptor distributions in the brain of fish and birds before
highlighting the situation in mammals.

Expression of Nuclear and
Membrane-Associated Steroid Receptors

in the Brains of Fish

Nuclear Estrogen Receptors (ER)

Unique among vertebrates, fish have three nuclear estrogen
receptors resulting from an ancient genome duplication: one ERa
and two ERB. The ERa and ERP probably arose from a first
duplication event prior the emergence of ray-finned species. A
second duplication led to the emergence of two ERS and ER«
genes but the second copy of the ERx probably disappeared
(Thornton, 2001; Bardet et al., 2002; Nagler et al., 2007).

Nuclear estrogen receptors genes [ERa (esrl), ERBI (esr2b),
and ERB2 (esr2a)] were identified in many teleost species,
including the rainbow trout (Oncorhynchus mykiss), tilapia
(Oreochromis niloticus), medaka (Oryzias latipes), goldfish, and
zebrafish among others (Pakdel et al., 1990; Tan et al., 1995;
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Muiioz-Cueto et al., 1999; Tchoudakova et al., 1999; Xia et al.,
1999; Hawkins et al., 2000; Kawahara et al,, 2000; Ma et al,,
2000; Socorro et al., 2000; Bardet et al., 2002; Lassiter et al.,
2002; Menuet et al.,, 2002; Andreassen et al,, 2003; Choi and
Habibi, 2003; Halm et al., 2004; Sabo-Attwood et al., 2004; Filby
and Tyler, 2005; Forlano et al., 2005; Nagler et al., 2007; Strobl-
Mazzulla et al., 2008; Chakraborty et al., 2011; Zhang et al., 2012;
Katsu et al., 2013).

Most studies carried out so far reported the presence of
esr transcripts in the brain of adult fish. In situ hybridization
and immunohistochemistry experiments used to localize ER-
expressing cells in the brain revealed distinct but partly
overlapping patterns of expression in many fish species including
medaka, Atlantic croaker (Micropogonias undulatus), pejerrey
(Odontesthes argentinensis), trout and zebrafish (Salbert et al.,
1991; Anglade et al., 1994; Hawkins et al., 2000, 2005; Menuet
et al., 2002; Pellegrini et al, 2005; Nagler et al., 2007;
Strobl-Mazzulla et al., 2008; Zempo et al., 2013; Coumailleau
et al., 2015). In general, transcripts for ERs have a broad
distribution and were detected in many brain regions known
to regulate sexual, reproductive, social behaviors, and sensory-
motor activities such as the telencephalon, the preoptic area, the
hypothalamus, and the cerebellum. Additionally, ER transcripts
have been reported in cells lining the ventricles, where RGCs
are localized, and also in cells localized more deeply in the
brain parenchyma. Interestingly, there are clear evidences that
ERa is expressed in dopaminergic, GABAergic, kisspeptin- and
neuropeptide B-positive neurons in several species (Linard et al.,
1996; Anglade et al., 1999; Mitani et al., 2010; Escobar et al.,
2013; Zempo et al.,, 2013; Hiraki et al., 2014). Similarly to rodents,
ERs were not reported in neurons expressing gonadotrophin-
releasing hormone (Navas et al., 1995).

In midshipman (Porichthys notatus), pejerrey, and zebrafish,
the pattern of expression of the nuclear estrogen receptors and
AroB (Cyp19alb) are closely related (Forlano et al., 2005; Strobl-
Mazzulla et al., 2008; Diotel et al., 2011a). Careful examination of
adjacent sections hybridized with cyp19alb and esrl riboprobes
in trout and zebrafish failed to evidence any co-localization
(Menuet et al., 2003, 2005). However, esr2b was recently shown
to be expressed in AroB-expressing RGCs (Pellegrini et al., 2015),
and RT-PCR analysis performed in glial cells enriched cultures
from adult trout or goldfish suggested that a weak expression
of ERa could not be excluded (Menuet et al., 2003; Xing et al.,
2015). A recent study designed to characterize the transcriptome
of cultured goldfish RGCs and reported esrl, esr2b, and esr2a
expression in these neural progenitors (Da Fonte et al., 2017).

Knowledge about estrogen signaling during early
development in fish is very limited and the zebrafish is the
only species in which expression of the three ERs during
embryogenesis was monitored. Quantitative-PCR experiments
established that esrl, esr2a, and especially esr2b mRNA were
maternally inherited and expressed in eggs before dropping
down to 24 h post-fertilization (hpf) (Bardet et al., 2002; Lassiter
et al., 2002; Mouriec et al., 2009; Bondesson et al., 2015). Nuclear
estrogen receptor expression then started to increase at 24h,
when the onset of zygotic transcription is activated (Bardet et al.,
2002; Lassiter et al., 2002; Mouriec et al., 2009). Whole mount

in situ hybridization showed that esr2a and esr2b mRNA were
detectable at 48 hpf in the ventral telencephalon and in the
presumptive preoptic area as well as in the hypothalamus, in
line with what was described in the adult brain (Mouriec et al.,
2009). A clear expression for esrl is described in these regions
but at later stages, between 14 days post-fertilization (dpf) and
21 dpf (Kallivretaki et al., 2007; Mouriec et al., 2009). Using
cyp19alb-GFP zebrafish embryos, GFP expression was shown to
be inducible in RGCs at 24 h after 17B-E2 treatment, an effect
blocked by the ER antagonist ICI 182,780, indicating that ERs
were fully functional in the brain early during development
(Mouriec et al., 2009). A morpholino approach confirmed the
specific role of esr2b in the induction of the cypl9alb gene
(Griffin et al., 2013). Temporary disruption of esr2a expression
in zebrafish with the same technological approach was associated
with a developmental defect of sensory hair cells (Froehlicher
et al., 2009). Knockdown of both maternally inherited and
zygotic esr2a was associated with an increase in apoptotic cells
particularly in the brain leading to severe brain defects (Celeghin
etal., 2011).

Membrane-Associated Estrogen Receptors (mER)
Membrane receptors responding to 17p-E2 stimulation via
rapid non-genomic signaling have been characterized in fish.
G protein-coupled estrogen receptor 1 (GPER or GPR30) is a
member of this receptor family. A partial or full-length gper
was cloned, characterized, and detected in the brain of adult
zebrafish, Atlantic croaker, and goldfish (Pang et al, 2008;
Liu et al., 2009; Pang and Thomas, 2009; Mangiamele et al.,
2017). In zebrafish, gper in situ hybridization on adult brain
sections showed a specific pattern of expression in the olfactory
bulbs, the telencephalon, the hypothalamus, the optic tectum,
the cerebellum, and the medulla oblongata (Liu et al., 2009).
In goldfish, gper was also expressed in the forebrain and the
suprachiasmatic nucleus, the preoptic area, and the optic tectum
(Mangiamele et al., 2017). Originally, it was proposed that
goldfish RGCs did not express the G-protein coupled estrogen
receptor because attempts to amplify a specific cDNA from
cultured cells failed (Xing et al.,, 2015). However, whole RNA
sequencing of separate primary cultures of these cells revealed
expression of gperl, suggesting that some subpopulations of
RGCs express the membrane ER (Da Fonte et al., 2017).

The spatiotemporal distribution of gper was investigated in
zebrafish using PCR. Its expression was observed in the anterior
diencephalon, the midbrain and the hindbrain (Jayasinghe and
Volz, 2012; Shi et al., 2013). Both gper and esr2b mRNA are
expressed in neuromasts, suggesting a role of estrogens and a
close interaction between these receptors in the developmental
regulation of this mecanoreceptive organ (Froehlicher et al.,
2009). Knock-down of gper resulted in morphological defects in
the zebrafish brain at 24 hpf (Shi et al., 2013). At 30 hpf, these
morphants displayed an increased number of apoptotic cells, and
a decreased brain cell proliferation (Shi et al.,, 2013). A slight
reduction in otx2 gene expression, which is required for sensory
organs development and brain function, was also observed in
gper knock-down zebrafish. Taken together, these data show the
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potential involvement of both nuclear and membrane-associated
estrogen receptors in brain development and functions.

Nuclear Progestin Receptors (PR)

Nuclear progestin receptor (PR) genes have been characterized
in a few fish species (Ikeuchi et al., 2002; Morini et al., 2017).
In European eel (Anguilla Anguilla), two PR genes, pgrl and
pgr2, were differentially expressed in the brain (olfactory bulb,
telencephalon, diencephalon, cerebellum) and in the pituitary of
immatures males and females (Morini et al., 2017). Two genes
were also identified in the Japanese eel (Anguilla japonica) but
only pgr2 mRNA was detected in the brain (Ikeuchi et al., 2002).
In zebrafish, a single locus encoding PR (Pgr) was identified
(Chen et al., 2010a; Hanna et al., 2010). Ontogenic expression
analysis determined by PCR during early embryogenesis
showed that pgr mRNA was not maternally inherited and
became detectable in embryos at 8 hpf (Chen et al, 2010a).
Immunohistochemistry and in situ hybridization revealed a
widespread distribution of zebrafish Pgr receptor (protein and
mRNA) in the brain especially neuroendocrine regions (olfactory
bulbs, preoptic area, telencephalon, thalamus, hypothalamus,
optic tectum, torus longitudinalis, valvula cerebelli) (Hanna et al.,
2010; Diotel et al., 2011c). It should be noted that Pgr-positive
cells were observed along the ventricular cavities and also more
deeply in the brain parenchyma. In this work, it was shown that
periventricular Pgr-positive cells displayed a stronger staining
compared to Pgr-positive cells located deeply in the parenchyma
(Hanna et al,, 2010; Diotel et al., 2011c). By performing double
immunostainings, it was shown that a large portion of Pgr-
positive cells located in the cerebral parenchyma correspond
to acetylated-tubulin positive neurons (Diotel et al., 2011c). In
contrast, immunohistochemistry on cyp19al1b-GFP transgenic
zebrafish clearly showed Pgr-expressing cells along the ventricle
correspond to AroBT RGCs (Diotel et al., 2011c). These data
were confirmed by a transcriptomic analysis showing pgr mRNA
expression in cultured goldfish RGCs (Da Fonte et al., 2017).
Pgr expression is consequently high in the estrogen-synthesizing
RGCs. This suggests a relationship between locally-produced
estrogens and Pgr expression. Indeed, treatments with the
aromatase inhibitor ATD or with 17p-E2 respectively decrease or
increase prg expression in the brains of adult zebrafish and also
in larvae (Diotel et al., 2011c¢).

Gene knockout using the TALENS strategy allowed to generate
zebrafish lines with null Pgr expression to assess the in vivo
function of this receptor. Unfortunately, all studies performed
with these models have focused at the gonadal levels and none
of them looked at the effect of Pgr expression disruption in the
brain (Zhu et al., 2015; Tang et al., 2016; Wang et al., 2016).

Membrane-Associated Progestin Receptors (mPR)

In mammals, many progestins exert non-genomic effects through
rapid activation of intracellular signaling pathways mediated by
two groups of membrane progestin receptors: mPRs (belonging
to the PARQ family) and PGRMC1 and PGRMC2 (Petersen
et al., 2013). However, there are only scarce data on membrane-
associated progestin receptors existence and sites of expression in
the brain and the pituitary of fish (Thomas, 2008).

The mPRo was identified and detected in the brain of adult
spotted seatrout (Cynoscion nebulosus) (Zhu et al., 2003). It was
also recently cloned in medaka but no data about its brain
expression are available (Roy et al., 2017). In goldfish, mPRe,
mPRB, mPRy 1, and mPRy2 were also detected in the brain
(Tokumoto et al., 2006, 2012). Other studies documented the
expression of different mPRs and/or PGMRCs in the brain
and the pituitary of the European eel (Anguilla anguilla), the
channel catfish (Ictalurus punctatus) and also the rainbow trout
(Kazeto et al., 2005; Mourot et al., 2006; Morini et al., 2017).
To date, mPRa and mPRP were the only form to be identified
in zebrafish (Zhu et al, 2003). Using specific antibodies for
zebrafish mPRa and mPRp, Hanna and Zhu demonstrated their
expression in brain samples (Hanna and Zhu, 2009). Currently,
the distributions and functions of mPR in the brain of fish, if any,
are completely unknown.

Nuclear Androgen Receptors (AR)

Two ar genes (arl and ar2) were isolated and characterized in
several fish species including the Japanese eel (Anguilla japonica),
the rainbow trout, the kelp bass (Paralabrax clathratus), the
Atlantic croaker, and cichlids (Ikeuchi et al., 1999; Sperry and
Thomas, 1999a,b; Takeo and Yamashita, 1999, 2000; Harbott
et al., 2007). More recently, only one ar isoform was described
in the stickleback (Olsson et al., 2005), the wrasse (Halichoeres
trimaculatus) (Kim et al., 2002), the zebrafish (Jorgensen et al.,
2007; de Waal et al., 2008; Gorelick et al., 2008; Hossain et al.,
2008), and in the plainfish midshipman (Forlano et al., 2010).

The first immunohistochemistry studies carried out on the
brains of adult goldfish with an heterologous antibody revealed
AR-positive cells with neuronal appearance in neuroendocrine
regions such as the preoptic area and the hypothalamus, as
well as in the olfactory bulbs, the telencephalon and the optic
tectum (Gelinas and Callard, 1997). More detailed results were
obtained in the brain of the plainfin midshipman, a fish that
express mating behavior triggered by auditory signal. These
data showed mRNA expression in auditory-related nuclei of
the telencephalon, hypothalamus, midbrain, and in the vocal
prepacemaker and vocal motor nuclei (Forlano et al., 2010).
Numerous studies showed AR expression in the brain of fish
including among others wrasse and zebrafish (Kim et al., 2002;
Harbott et al., 2007; Hossain et al., 2008; Pouso et al., 2010).

In adult zebrafish, ar is strongly expressed along the ventricle
and within the brain parenchyma of the telencephalon, the
preoptic area, and the hypothalamus (Gorelick et al., 2008). In
embryos, ar trancripts are maternally deposited and expression
levels start to increase substantially at 24 hpf (Hossain et al.,
2008). The ar gene expression is detected at 24 hpf in the
olfactory placodes and in the midbrain, at 48 hpf in the medial
diencephalon and at 3 dpf in the pineal organ (Gorelick et al.,
2008). All neuroanatomical studies undertaken to date show that
ARs are expressed in ventricular margins, where RGC are located
(Harbott et al., 2007; Gorelick et al., 2008; Forlano et al., 2010;
Pouso et al.,, 2010). Recently, transcriptomic analysis showed the
expression of ar in goldfish RGCs (Da Fonte et al., 2017).

As mentioned above, it was shown that goldfish RGCs express
progesterone receptor (Pgr), androgen receptor (ar), estrogen
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receptor « (esrl), estrogen receptor BI (esr2b), and estrogen
receptor B2 (esr2a) (Da Fonte et al., 2017). This data supports
other reports in zebrafish showing that RGCs express Pgr protein
(Diotel et al,, 2011c) and observations for the expression of ar,
esrl, esr2a, and esr2b mRNAs within neurons and/or AroB™
RGCs (Diotel et al., 2011a; Pellegrini et al., 2015). All this suggests
that RGCs are both a source and a target of neurosteroids (Diotel
et al,, 2011a; Pellegrini et al., 2015; Xing et al., 2016), arguing for
key roles of steroids in RGC activity.

Expression of Nuclear and
Membrane-Associated Steroid Receptors

in the Brains of Birds

Nuclear and Membrane-Associated Estrogen
Receptors

Early data on the distribution of sex hormone receptors in the
brain of birds was extensively reviewed (Gahr, 2001). Similar to
mammals, there are two different avian genes coding for ERa
and ERP (Bernard et al., 1999; Jacobs et al.,, 1999). In birds,
ERa is expressed in the brain of all the species studies so far,
including members of Apodiformes, Passeriformes, Galliformes,
Columbiformes, and Psittaciformes. These ERs are distributed
in various brain territories including the telencephalon, the
diencephalon, and the rhombencephalon, with more noticeable
expression in the preoptic area and the hippocampus (Gahr,
2001). For instance, in the brain of zebra finch, ERoe mRNAs was
observed in the nidopallium, the arcopallium, the hippocampus,
the diencephalon, the midbrain and within the vocal control
circuitry (Jacobs et al, 1999). Interestingly, ERa mRNAs
expression overlap with that of aromatase (Jacobs et al., 1999).
ERP was first described in the brain of the Japanese quail, the
European starling (Sturnus vulgaris), and the canary (Bernard
et al., 1999; Foidart et al., 1999; Gahr, 2001). In general, ERP was
reported in the preoptic area, the hypothalamus, the thalamus
and different midbrain nuclei. In the European starling, in situ
hybridization experiments allowed the detection of ERp mRNA
in the nidopallium and the preoptic area in a pattern reminiscent
of aromatase (Bernard et al., 1999; Axelsson et al., 2007).
Consequently, ERa, ERB and aromatase distributions strongly
overlap. As reported in oscine birds, ER labeling was detected
in different forebrain regions while it was not found in non-
oscine ones, highlighting discrete differences in ER expression in
songbird species and families (Gahr, 2001). It should be noted
that, while histological studies have focused on the distribution
of the nuclear isoforms, numerous functional studies suggest that
estrogen receptors act at the level of the membrane, probably
via interaction with other receptors such as glutamate receptors
(Pawlisch and Remage-Healey, 2015; Seredynski et al., 2015).

Nuclear and Membrane-Associated Progesterone
Receptors

Concerning PR expression, most studies in birds have focused
on the hypothalamic region, because of the potential role of PR
signaling in reproductive and egg-laying behaviors. Similarly to
ER and AR, PR expression was investigated and documented by
in situ hybridization and immunohistochemistry in the preoptic

area, the hypothalamus, the thalamus, the hippocampus of the
zebra finch, and the hen (Sterling et al, 1987; Lubischer and
Arnold, 1990).

Androgen Receptors
The first studies documenting AR distribution in the brain of
birds were performed by in vivo autoradiography with radio-
labeled steroids (Arnold, 1980; Gahr, 2001). In zebra finch,
these autoradiographic studies demonstrated the binding of
tritiated testosterone in the HVC (used as the proper term,
but previously known as hyperstriatum ventrale pars caudalis
or and high vocal center), the magnocellular nucleus of the
anterior nidopallium, the robust nucleus of the arcoplallium, the
nucleus intercollicularis of the midbrain, and the periventricular
magnocellular nucleus of the anterior hypothalamus (Arnold,
1980). In the golden-collared manakins (Manacus vitellinus),
in situ hybridization for AR revealed expression in the forebrain,
in the nucleus taeniae of the amygdala and in the arcopallium
(Fusani et al, 2014). In general, ARs are detected in the
hypothalamus, the preoptic area, the midbrain, and hindbrain in
all species studied to date.

Taken together, it appears that ER, AR, and PR display almost
similar distribution in the avian brain, with higher expression in
the preoptic area, hypothalamus, thalamus, and hippocampus.

Expression of Nuclear and
Membrane-Associated Steroid Receptor in

the Brains of Mammals

Estrogen Receptors

Data concerning ERs mRNA and protein expression mostly
originate from rat studies showing a strong expression of
ERa and ERP throughout the brain (Li et al., 1997; Shughrue
et al., 1997). In situ hybridization and immunohistochemistry
experiments revealed that ERa and ERP are expressed in neurons
and glia from many CNS regions including the olfactory bulbs,
the preoptic area, the hypothalamus, the zona incerta, the
ventral tegmentum as well as the cerebellum in Purkinje cells
(Li et al.,, 1997; Shughrue et al., 1997; Mitra et al., 2003; Frick
et al, 2015). Both ERs were also detected in the cerebral
cortex and in the hippocampus, with higher ERP expression
compared to ERa (Shughrue et al., 1997). In the brain of
mouse, immunohistochemistry against ERP allows the detection
of immunoreactive cells in regions similar to the rat. However,
ERa expression appears stronger in the hippocampus and the
hypothalamus, and lower in the cerebral cortex and cerebellum
(Mitra et al., 2003), suggesting some differences in ER signaling
between rat and mouse. Importantly, ERs are widely and strongly
expressed in the brain of mouse at postnatal day 7, but their
respective expression declines the two following days with
different kinetics (Sugiyama et al., 2009). In humans, ERa is
detected in the cortex at 9 gestational weeks in proliferating
zones and in the cortical plate. Its expression subsequently
decreases until birth before increasing gain during adulthood.
At 15 gestational weeks, ERP was also detected in proliferating
zones and in the cortical plate with expression persisting in
the adult cortex (Gonzilez et al., 2007). Interestingly, from 15
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gestational weeks to adulthood, ERa and ERP are detected in
the hippocampus including the dentate gyrus, known to be a
neurogenic region (Gonzalez et al, 2007). In the same line,
ERs have been detected in embryonic/adult NSCs in rodents
and humans, suggesting a roles of estrogen signaling in NSC
activity (Brdnnvall et al., 2002; Kishi et al., 2005; Hajszan
et al., 2007; Suzuki et al., 2007; Okada et al., 2010). The
spatiotemporally regulated expression of ERs in the embryonic
brain of mouse and human, notably in the cerebral cortex and
the hippocampus, argue in favor of different roles of estradiol
during development (Gonzélez et al., 2007; Sugiyama et al., 2009).
Furthermore, a plasma membrane-associated ER (ER-X, GPER,
GPR30, GPER1) was identified in the brain, mediating estrogen
activation of MAPK/ERK (Toran-Allerand, 2005). This receptor
is functionally distinct from ERa and ERP and is up-regulated
in the adult brain after ischemic stroke (Toran-Allerand et al.,
2002). Its expression in the hippocampus is likely to play a role in
synaptic plasticity (Waters et al., 2015).

Progesterone Receptors

In mammals, progesterone receptors include the classic nuclear
PRA and PRB receptors, splice variants, and membrane-
associated receptors mPR (mPRa, mPR@, and mPRy) (Brinton
et al, 2008). Nuclear PRs are expressed through the brain
in neurons and glial cells of the hippocampus, the cortex
and the hypothalamus (Hagihara et al., 1992ab; Brinton
et al., 2008), and their expression is up-regulated by estrogens
in a region specific manner (Guerra-Araiza et al, 2003).
Among the three mPR subtypes described, mPRa is the
best characterized pharmacologically. In situ hybridization and
immunohistochemistry experiments have shown a wide mPRa
neuronal expression in the olfactory bulbs, the cortex, the
hypothalamus, the hippocampus, and the cerebellum (Meffre
et al,, 2013). Very interestingly, after traumatic brain injury,
mPRa is de novo expressed in microglia, astrocytes and
oligodendrocytes, highlighting a potential role of this receptor in
inflammation and brain repair mechanisms (Meffre et al., 2013).
In rat, mPRB-expressing neurons are detected in the forebrain
and the midbrain (Zuloaga et al., 2012). In human, mPR mRNAs
are distributed in the forebrain, the hypothalamus and also the
hippocampus (Pang et al., 2013).

Androgen Receptors

In adult rodents, AR mRNA and protein are detected in
neurons and glia of the medial amygdala, the preoptic area,
the hypothalamus, the cerebellum, and the dentate gyrus of
the hippocampus (Commins and Yahr, 1985; Sar et al., 1990;
Hajszan et al., 2007; Feng et al., 2010; Pelletier, 2010; Mhaouty-
Kodja, 2017). Interestingly, AR protein level is correlated with
circulating levels of estradiol and testosterone across the estrous
cycle, suggesting an estrogenic regulation of its expression (Feng
et al., 2010).

To conclude, across vertebrate species, the distribution of ER,
PR, and AR in the brain are evolutionary conserved, especially in
the hypothalamus, the preoptic area, and some striatal regions.
They are also expressed in neurogenic brain regions, arguing in

favor of a role sex steroids in the regulation of NSC activity,
neuronal differentiation, and cell survival.

ROLE OF STEROIDS IN THE BRAINS OF
FISH, MAMMALS, AND BIRDS

In this third part, we will discuss the action of estrogens,
progestagens and androgens on constitutive neurogenesis and
their effects on CNS following insults such as stroke and
traumatic brain injury, with a focus on the impact of sex on
brain injury. Then, we will discuss the impact of neurosteroids
on behavior in fish, birds, and rodents, focusing only on sexual
behavior.

Constitutive and Regenerative

Neurogenesis

The actions of steroids in the brain are complex and depend
of many factors such as the strain, the species, the timing,
the concentration, and the rhythm of secretion, as well as
the regions studied (Duarte-Guterman et al., 2015; Heberden,
2017). Sex steroids are well-documented for impacting neuronal
plasticity including synaptogenesis/spinogenesis such as shown
for estrogens (Fester et al, 2012; Brandt et al., 2013; Sellers
et al., 2015; Sager et al., 2017), progesterone (Sakamoto et al.,
2001b, 2002; Zhao et al., 2011), and testosterone (Manolides and
Baloyannis, 1984; Devoogd et al., 1985). They have been also well-
characterized for their role on learning/memory processes (Frye
and Walf, 2008, 2010; Frye et al., 2008; Phan et al., 2012; Celec
et al,, 2015; Frick et al., 2015). In addition, estrogens, progestins,
and androgens display neuroprotective effects through genomic
and non-genomic mechanisms (Lopez-Rodriguez et al., 2015).
These neuroprotective effects involved the upregulation of anti-
apoptotic factors (i.e., Bcl2) and antioxidant enzymes (i.e., SOD
and GPx), as well as the down-regulation of pro-inflammatory
cytokines (Lopez-Rodriguez et al., 2015). Due to limited space
and to avoid redundancy with recently published reviews
(Shahrokhi et al., 2012; Heberden, 2017; McEwen and Milner,
2017), we will mainly focus on the roles of these sex steroids
on neurogenesis under homeostatic and regenerative conditions
(i.e., stroke, traumatic brain injury).

Effects of Estrogens

In the brain, estrogens modulate synaptic plasticity, NSC
proliferation, newborn neuron migration, differentiation, and
survival, as well as neuroprotection (McEwen and Woolley, 1994;
McEwen et al., 1995; Azcoitia et al., 2001; McCullough et al., 2003;
Murashov et al., 2004; Mukai et al., 2010; Frick et al., 2015).

For instance, 17B-E2 treatment of rat embryonic NSCs
increases cell proliferation and neuronal differentiation
(Brannvall et al., 2002), and promotes human embryonic NSC
differentiation into dopaminergic neurons (Kishi et al., 2005). In
addition, ERB knock-out mice display a thinner cortex at E18.5
due to defects in neuronal migration and increased cell-death
arguing for a role of ERP in newborn neuronal differentiation
and survival during the late phase of corticogenesis (Wang et al.,
2003).

Frontiers in Neuroscience | www.frontiersin.org

February 2018 | Volume 12 | Article 84


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Diotel et al.

Steroids and the Brain

During adulthood, rat hippocampal cell genesis in female
is modulated by ovarian hormone levels and is higher during
pro-estrus, when 178-E2 concentration is elevated (Tanapat
et al,, 1999, 2005). In the same line of evidence, ovariectomy
leads to decreased hippocampal proliferation that is restored
by 17B-E2 treatments through ER dependent mechanism as
demonstrated by the use of specific ER agonists (Mazzucco
et al.,, 2006). The impact of other estrogens such as estradiol-
benzoate, 17a-E2, and estrone have been shown to also increase
cell proliferation in ovariectomized rats suggesting that the
positive neurogenic effects of estrogens are a general feature
of female sex hormones (Frick et al., 2015). In meadow voles
(Microtus pennsylvanicus), the reproductive status also influences
dentate gyrus cell proliferation and/or surviving (higher in
inactive females; higher in active males) (Ormerod and Galea,
2001, 2003). However, hippocampal cell proliferation in squirrels
(Sciurus carolinensis) was not shown to be sexually dimorphic
and to be modulated across the reproductive cycle (Lavenex
et al., 2000). Furthermore, in striking contrast with most studies,
an acute 17B-E2 treatment decreases cell proliferation in the
subventricular zone (SVZ) and leads to a decrease in newborn
cells in the olfactory bulbs (Brock et al, 2010). In addition,
chronic 17B-E2 treatments in zebrafish impair NSC proliferation,
cell survival, and the newborn cell migration (Diotel et al., 2013).

Estrogens also display neuroprotective properties and
promote neural regeneration following traumatic brain injury
and cerebral ischemia by decreasing apoptotic signaling,
neuroinflammation, and oxidatative stress and by normalizing
glutamate concentrations (Petrone al., 2015). These
neuroprotective effects of estrogens on brain ischemia have
been well-established in ovariectomized rodents, and result in
a significang decrease in the size of the lesion and in the infarct
volume (Gibson et al., 2006; Petrone et al., 2015).

et

Effects of Progesterone and Allopregnenolone

In the brain, progesterone is known to regulate spinogenesis,
synaptogenesis, neuronal survival, and dendritic growth
(McEwen and Woolley, 1994; Brinton et al., 2008; Tsutsui, 2008;
Zhang et al.,, 2010; Rossetti et al., 2016). Following cerebral
ischemia in rat, progesterone promotes neurogenesis in the SVZ
of the lateral ventricles and favors cell survival in the peri-infarct
region several days post-stroke (Jiang et al., 2016). Interestingly,
numerous studies documented estrogen and progesterone
effects on learning and memory across the estrous cycle as
reviewed in Duarte-Guterman et al. (2015). Allopregnanolone, a
progesterone metabolite considered as one of the most important
neuroactive steroid in the CNS, also plays key roles by increasing
neurogenesis, neuronal cell survival, and by reducing cell-death
in the hippocampus and the midbrain (Charalampopoulos et al.,
2008; Zhang et al., 2015; Rossetti et al., 2016). It also exerts major
neuroprotective roles in neurodegenerative diseases (Rossetti
etal., 2016).

Effects of Androgens

Concerning androgens, a pioneer study in songbird suggested
that testosterone could favor neurogenesis (Louissaint et al.,
2002), further corroborated by mice castration studies resulting

in decreased hippocampal neurogenesis (Spritzer and Galea,
2007; Heberden, 2017). In songbirds, androgens and estrogens
are well-known to induce seasonal-like growth of song nuclei
in the adult (Tramontin et al, 2003; Balthazart and Ball,
2016). Additional experiments in rodents document the positive
effect of testosterone on SVZ cell proliferation (Tramontin
et al.,, 2003; Farinetti et al., 2015; Balthazart and Ball, 2016),
and those of testosterone and dihydrotestosterone on newborn
neuron survival (Spritzer and Galea, 2007). In the same line,
testosterone increases neurogenesis in wild-type males but
not in androgen-insensitive ones (Hamson et al., 2013). This
effect is blocked by AR antagonist (flutamide), demonstrating
that androgens act through AR and not through ER after
conversion into estrogens (Hamson et al., 2013). However, the
reality appears more complex as treatment with nandrolone, a
synthetic androgen, decreases hippocampal neurogenesis in male
and female (Brannvall et al., 2005). Experiments performed in
post-ischemic mice established that endogenous androgens do
not alter injury-induced neurogenesis, while supra-physiological
levels of testosterone and dihydrotestosterone strongly inhibits
post-stroke neurogenesis in the dentate gyrus, reducing brain
repair (Zhang et al., 2014).

Sex Difference after Brain Injuries

Interestingly, clinical and experimental findings are abundant
and highlight important sex differences after stroke (Roof and
Hall, 2000; Girijala et al., 2017). Clinical studies showed that aging
women display worse outcomes following ischemic stroke than
men, and higher mortality after hemorrhagic stroke (Sohrabji,
2015). In addition, ischemic stroke model in rodents document
that young female have smaller infarcted area than young
males (Alkayed et al., 1998), and also exhibit less severe stroke
consequences during pro-estrus (high 178-E2 concentration)
than during metestrus (low 17B-E2 concentration) (Liao et al,,
2001). However, these studies only correlate between levels of
178-E2 and stroke severity without taking into consideration
other steroid hormone such as progesterone. During aging,
mortality is higher in female than in male, and in the case of
hemorrhagic stroke, males display greater bleeding and mortality
(Sohrabji, 2015). It was also shown that estrogen treatments
improve outcomes in young females and males after ischemic
and hemorrhagic stroke, while their effects are controversial on
aging females during ischemia (Sohrabji, 2015). Other clinical
and experimental findings also document the impact of gender
and of sex steroids on other CNS insults. For instance, after
traumatic brain injury, men displayed greater levels of injury
severity as indicated by the Glasgow Coma Scale score, but such
an effect is not always found (Slewa-Younan et al., 2004; Davis
et al., 2006). Taken together, these data argue in favor of an
impact of sex and circulating steroids on the consequences of
CNS insults.

In conclusion, sex steroids, peripherally or centrally produced,
exert numerous actions on constitutive and regenerative
neurogenesis, on brain plasticity, learning, and behaviors
(Figure 3). For more details on sex hormone modulation of
hippocampal neurogenesis, see (Galea et al., 2006; Frick et al.,
2015).
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Sexual Behavior

As introduced earlier, sex steroids module in a wide array
of behaviors, including aggression, parental behavior, sexual
behavior, but also more cognitive aspects, including attention and
visual and verbal memory. Although original studies investigated
the role of gonadally-produced steroids, it is now clear that
the local synthesis of these steroids directly in the central
nervous system play a significant role as well. The shift from
systemic to local synthesis and regulation of steroid action within
target tissues, such as the brain, was called “Balkanization”
of the endocrine system (Schmidt et al., 2008). This process
would allow the brain to produce specific steroids required for
the activation of defined behavior, while leaving other tissues
unaffected. The central synthesis of estrogens in the male brain is
probably the best example, as high peripheral production of these
steroids would have major feminizing effects. Amongst the many
behavioral effects of steroids, we chose to discuss in more detail
the steroid-dependent modulation of sexual behavior. Indeed,
the neuroanatomy and physiology underlying this reproductive
behavior have been under study for decades, and sexual behavior
provide an excellent model to further investigate the respective
role of locally- vs. peripherally- produced sex steroids.

Importance of Neuroestrogens

The role for aromatase on male sexual behavior was hypothesized
over 50 years ago (Clemens, 2013; Sodersten, 2013) and a
very large number of studies using pharmacological tools
have demonstrated that testosterone action on male sexual
behavior in various species requires its aromatization in the
brain (Christensen and Clemens, 1975; Beyer et al., 1976;
Morali et al., 1977; Balthazart and Foidart, 1993; Roselli et al.,
2003). These observations were further confirmed by the use
of various aromatase knock-out mice (Fisher et al., 1998;
Honda et al., 1998; Matsumoto et al., 2003; Bakker et al.,
2004). Furthermore, the importance of the central production
of estrogens was highlighted by stereotaxic experiments affecting
estrogen synthesis within the preoptic area. This region is a key
brain center involved the control of male sexual behavior in
most vertebrate species and, importantly, contains a very high
concentration of aromatase, especially in birds (Balthazart et al.,
2004; Perkins and Roselli, 2007; McCarthy, 2011). Numerous
studies have shown that preoptic aromatase activity is critical
for the activation of male sexual differentiation and male sexual
behavior. For example, chronic inhibition of aromatase activity
by specific inhibitors delivered to the preoptic area results in
the complete suppression of copulatory behavior within a few
days (Christensen and Clemens, 1975; Watson and Adkins-
Regan, 1989a; Balthazart and Surlemont, 1990; Balthazart et al.,
1990). In castrates, the male sexual behavior can be restored
by the local administration of testosterone as well as estrogens
(Christensen and Clemens, 1974; Watson and Adkins-Regan,
1989b). These results indicate that the expression of male sexual
behavior is tied to changes in aromatase concentration and
activity in the preoptic area (POA). Interestingly, these change in
aromatase expression and male sexual behavior are also linked to
an important local neuroplasticity (Aste et al., 1993; Panzica et al.,
1998; Charlier et al., 2008). It should be noted that most of these

effects were taking place after several days of steroid treatment,
clearly suggesting direct genomic effects via the activation of
nuclear receptors (Panzica et al., 1998; Scordalakes et al., 2002;
Balthazart et al., 2004).

In addition to the long-term effects of estrogens, estrogens
also display rapid effects on several aspects of male sexual
behavior. For example, research in mouse and Japanese quail
showed that acute modulation of estrogen concentrations rapidly
affect male sexual behavior (Cornil et al., 2006; Taziaux et al.,
2007; Seredynski et al., 2013, 2015). Many of these rapid
effects require doses of estradiol that surpass systemic estradiol
concentrations in the blood, but local estradiol levels could
reach high concentrations quickly, because aromatase and other
steroidogenic enzymes can be rapidly regulated in the brain (see
below) and are enriched in subcellular compartments such as
the presynaptic bouton (Peterson et al., 2005; Saldanha et al,
2011; Cornil et al., 2012). These rapid and local effects of
steroids have led to the hypothesis that neuroestrogens act
as neurotransmitters (Balthazart and Ball, 2006). Moreover,
exposure to sexual stimuli will in turn affect aromatase activity
in several regions. Indeed, copulation rapidly and significantly
reduced aromatase activity in hypothalamic nuclei and in median
preoptic nucleus or tuberal hypothalamus isolated using the
Palkovits punch technique (Cornil et al., 2005; de Bournonville
etal., 2013). Conversely, exposure to stress upregulates aromatase
activity within 5min in a sex- and brain region-dependent
manner in quail (Dickens et al., 2011, 2013), but this increase was
counteracted by copulation with a female (Dickens et al., 2012).
The mechanisms leading to rapid changes of aromatase activity
seem to rely on phosphorylation-dephosphorylation processes
but the exact mechanisms are far from being understood
(Balthazart et al., 2005, 2006; Charlier et al., 2011a).

It should be noted that the measurements of estrogens do
not correlate with aromatase activity in most cases and future
work should tackle this discrepancy (Charlier et al., 2011b;
Dickens et al., 2014; de Bournonville et al., 2017b). Interestingly,
central aromatase is not only important for male sexual behavior
but was also shown recently to be involved in female sexual
behavior in Japanese quail (de Bournonville et al., 2016, 2017a),
see also recent discussion in Cornil (2017). The very high
concentration of aromatase in birds make them a very suitable
model to investigate its function in modulating sexual behavior
but it is likely that rapid change in aromatase activity are also
important in mammals and fish, as rapid effects of estrogens were
demonstrated on sexual motivation in rat and Goldfish (Cross
and Roselli, 1999). However, little is known about the behavioral
role of aromatase in fish. As stated above, fish in general possess
a very wide distribution of aromatase but the presence of high
levels of aromatase, androgen, and estrogen receptors, in brain
regions involved in the detection and processing of visual stimuli,
suggests that visual processes related to reproduction may be
influenced by sex steroids (Gelinas and Callard, 1993, 1997).
Testosterone is necessary and sufficient for the enhancement
of male approach responses toward a female stimulus to occur
and androgen treatments in female goldfish also induce selective
approach responses toward female visual stimuli (Thompson
et al., 2004). Injections of 17B-E2 had the same behavioral effect
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Behavior
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FIGURE 3 | Potential roles of steroids in the brain. (A) Effects of 17g-estradiol on neurogenesis in adult zebrafish. At the top, the scheme represents a zebrafish and a
transversal brain section through the olfactory bulbs, taken from Menuet et al. (2005). The lines on the right hemisphere correspond to radial glial cells, that behave as
neural stem cells. At the bottom, the scheme illustrates neurogenesis events occurring on the zebrafish brain. Radial glial cells (blue) give rise to new neurons (green)
that migrate and differentiate into mature and functional neurons (yellow). The orange cells close to the ventricle vicinity are further committed progenitors. It was
shown that 17-estradiol impairs neural progenitor proliferation and new born cell migration; the data obtained for neural differentiation and survival are not clear (Diotel
et al., 2013; Pellegrini et al., 2015). (B) Effects of sex steroids on neurogenesis in adult rodents. At the top, the scheme represents a rodent and a transversal brain
section through the dentate gyrus (DG) of the hippocampus (framed box), where neurogenesis is maintained during adulthood. At the bottom, the scheme illustrates
neurogenesis events occurring in the granular cell layer of the dentate gyrus. Radial glial cells (blue light) give rise to neural progenitors (orange) that give birth to new
neurons (green with a small neuritic arborescence) that migrate and differentiate into mature and functional neurons (green with a huge neuritic arborescence). In
general, 17B-estradiol (17p-E2) favors neural stem cell/progenitor proliferation; to a lesser extent, testosterone (T) and progesterone (P) also exert positive role on
proliferation; 17p-estradiol, testosterone and progesterone also promote neuronal migration and differentiation (Heberden, 2017). In addition, these three sex steroids
promote new born cell survival in constitutive and regenerative neurogenesis. Note, that the effects of sex steroids on neurogenesis could be dependent of the timing,
the concentration, the rhythm of exposure and the regions targeted. For instance, estradiol treatment has been shown to decrease neurogenesis in the SVZ (Brock

et al., 2010). (C) Peripheral steroids and neurosteroids impact brain functions and homeostasis, by modulating neurogenesis under homeostatic and regenerative
conditions, by promoting neuroprotection, learning, and memory, and by exerting anti-inflammatory and antioxidant properties. They also modulate sexual behavior.

as testosterone, and pretreatment with the aromatase inhibitor ~ suggested that progesterone originating from the periphery
(fadrozole) 15min prior to testosterone injections significantly ~ (Buckingham et al., 1978; Putnam et al., 1991; Mahesh and
reduced the male’s ability to detect and/or orient toward potential ~ Brann, 1992), ovariectomized and adrenalectomized rats
mates. Local 17B-E2 synthesis in neural pathways involved in  continue to produce a LH surge in response to estradiol
visual processing could therefore sensitize the males to some  priming, suggesting a role for the central production of
visual features of females and modulate orientation responses in  progesterone (Ferin et al., 1969; Micevych et al., 2003). This

the context of reproduction (Lord et al., 2009). central production of neuroprogesterone is linked to astrocytic
activity as astrocytes possess transport proteins (TSPO, StAR)
Importance of Neuroprogestins: Neuroprogesterone and steroidogenic enzymes (P450ssc, 3pHSD, etc.) required

In most species, the synchrony between ovulation and to transform cholesterol into progesterone. Importantly, the
female sexual behavior is obviously fundamental for efficient  synthesis of progesterone in female hypothalamic astrocytes
reproductive output. Both processes require a sequential is regulated by estradiol. This estradiol, from gonadal origin
elevation of estradiol and progesterone (Mahesh and Brann,  will likely affect the transcription and/or activity of multiple
1998; Stephens et al., 2015). Although preliminary observations  transporters and enzymes, including StAR, TSPO, P450ssc,
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and 3B-HSD, as observed in vitro and in vivo (Sinchak et al,,
2003; Soma et al., 2005; Micevych et al., 2007; Micevych and
Sinchak, 2008a; Kuo et al., 2010; Chen et al.,, 2014). To our
knowledge, the role of neuroprogesterone on the display of
sexual behavior is currently not known, although the very fast
effect of progesterone receptor antisense oligonucleotides on
lordosis behavior could suggest a local synthesis of progesterone
(Mani et al., 1994). Although the role of neuroprogesterone on
female sexual behavior has not been extensively studied, the
function of its metabolite allopregnanolone has been investigated
in more detail (Frye, 2011).

Importance of Neuroprogestins: Allopregnanolone
Allopregnanolone, also known as 3a-hydroxy-5a-pregnan-20-
one (3a,50-THP), is a neurosteroid produced in several
regions of the central nervous system by local conversion of
progesterone via 5a-reductase. After paced mating 3o,50-THP
rapidly increases in the midbrain ventral tegmental area (VTA),
a dopaminergic region involved in reproductive behaviors of
female rodents. The rapidity of the rise in midbrain 3a,5a-
THP levels, and independence of ovaries and/or adrenals as
sources of steroids, suggest that biosynthesis underlies mating-
induced increases (Frye and Vongher, 1999). Paced mating also
increases 3a,5a-THP concentrations in other structures of the
mesocorticolimbic circuit, such as hippocampus, and cortex
(Frye et al., 2013). Central infusions with an inhibitor of TSPO
(PK-11195), or with an inhibitor of 3a-HSD within the midbrain
VTA significantly attenuated 3a,5¢-THP levels of pro-estrus
rats and led to a significant reduction in sexual behavior (Frye
and Paris, 2011). In order to assess whether central 3a,50-
THP is necessary and sufficient for these effects, pro-estrus rats
were infused with 3a,50¢-THP subsequent to inhibitor infusions
and results indicated a reinstatement of sexual behavior (Frye
and Paris, 2011). In hamsters, infusions of a TSPO agonist,
to the VTA increased sexual responsiveness and lordosis of
cycling, estradiol and progesterone-primed hamsters, compared
to vehicle. In contrast, and similarly to what was observed in rat,
the TSPO antagonist (PK-11195) injection to the VTA attenuated
sexual responsiveness of naturally receptive or estradiol benzoate
(EB) + progesterone -primed hamsters compared to vehicle.
In parallel, these treatments respectively led to increased and
decreased midbrain levels of allopregnenolone (Petralia and Frye,
2005). Future work should define in more detail the precise
relationship between localized allopregnanolone synthesis and
specific sexual behaviors.

Neurosteroid —synthesis is pronounced during early
development. Numerous steroidogenic enzymes are expressed at
very high levels in the developing avian brain (Goodson et al.,
2005; Tsutsui et al., 2006; London and Schlinger, 2007). In rodent
brain, most steroidogenic enzymes are typically expressed at
much lower levels compared to fish and birds and thus more
difficult to quantify but the developmental expression pattern
was described for a few steroidogenic enzymes. For example,
in rats, brain expression of P450c17, the enzyme responsible
for the transformation of pregnenolone to DHEA, is elevated
in the embryo and decreases postnatally (Compagnone and
Mellon, 2000). Brain 3p-HSD mRNA in rodents is highest

during early development (Ibanez et al., 2003). Although steroids
from gonadal origin are known to be a significant parameter
in sex differentiation in bird, neurosteroids may regulate
sexual differentiation in songbird species. In nestling European
starlings, neural metabolism of DHEA and 17f8-E2 can be greater
in males than females at specific ages (Chin et al., 2008; Shah
et al., 2011). In zebra finches, 178-E2 synthesized de novo in
cultured male brain slices triggers development of an important
projection in the song control circuit (Holloway and Clayton,
2001). Female brain slices developed this projection only when
co-cultured with male slices, suggesting a sex difference in neural
17B-E2 synthesis during development (Holloway and Clayton,
2001; Schlinger et al., 2001). Progesterone is also synthesized in
the brain during development (Zwain and Yen, 1999; Micevych
and Sinchak, 2008a,b) and promotes myelination (Koenig et al.,
1995; Schumacher et al., 2007).

STEROIDS AND LIPOPROTEINS: FROM
PERIPHERY TO THE BRAIN

Transport and Actions of Steroids on the

Blood-Brain Barrier

Although neurosteroids play key roles on brain functions,
peripheral steroid hormones have the main effects on the CNS,
either by crossing the BBB or by targeting the BBB cells, which in
turn impact the brain parenchyma by modulating inflammatory
and oxidative signals. Some of these possibilities were recently
discussed in a review for other hormones called adipokines
(Parimisetty et al., 2016). In this part, we will first describe the
structure of the BBB in fish, birds, and mammals, then document
the transport of steroid through the BBB before discussing the
potential roles of steroids on the BBB.

Blood-Brain Barrier in Fish, Bird, and Mammals

The BBB is a specialized layer of cells that controls molecular
trafficking between blood and brain, and contributes to the
regulation (homeostasis) of the brain microenvironment. In
mammalian species, BBB is composed of adjacent endothelial
cells bound to each other by tight junctions whose major
components are transmembrane and cytoplasmic anchoring
protein such as occludin, claudin, and zona occludens (ZO-
1). To complete the barrier, endothelial cells are wrapped by
pericytes and surrounded by astrocytic cytoplasmic processes
called end-feet. This cellular association is important for proper
brain homeostasis, neuronal activity but also for protecting
nervous tissue pathogens and harmful molecules transported
by blood flow. The BBB, by separating the peripheral blood
circulation from the brain parenchyma, filters the entrance of
many molecules but also the removal of molecules from the brain
(Banks, 2012).

Very few studies have focused on anatomical and functional
organization of the BBB in birds and fish. Electron microscopy
performed in adult and embryonic brains of quail and chicken
showed that cerebral endothelial cells of both species are bound
by tight junctions and that BBB is probably functional very early
during embryonic development (Wakai and Hirokawa, 1978;
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Stewart and Wiley, 1981; Roncali et al.,, 1986). In embryonic
chick, aquaporin 4, a molecular water channels identified in
mammalian BBB, was described in astroglia (Nico et al., 2001).
In zebrafish, anatomical analysis and transmission electron
microscopy revealed that adult endothelial cells display physical
barrier properties and express Claudin-5 and ZO-1 proteins
(Jeong et al., 2008; Eliceiri et al., 2011; Li et al., 2017). Complete
maturation of the zebrafish BBB occurs between 3 and 10 days
when expression of Claudin-5 and ZO-1 proteins are detected
in cerebral endothelial vascular cells (Jeong et al., 2008; Eliceiri
et al., 2011; Fleming et al, 2013; Li et al,, 2017). Although
some studies have highlighted the presence of stellate astrocytes
in some fish (Kawai et al,, 2001; Alunni et al., 2005; Strobl-
Mazzulla et al., 2010), immunohistochemistry against GFAP or
S100p protein has generally failed to demonstrate the presence
of star-shaped cells resembling mammalian astrocytes in brain of
many fish, including trout, carp, and zebrafish (Arochena et al,,
2004; Pellegrini et al., 2005; Grupp et al., 2010; Mirz et al., 2010).
These findings raise the possibility that specialized functions of
mammalian astrocytes could be supported by the GFAP, BLBP,
and S100B-positive RGCs that remains numerous in adults. RNA
sequencing analysis performed on goldfish RGC revealed the
presence of many receptors and signaling molecules known to
be expressed by astrocytes in mammals, a finding that strongly
suggests that RGCs share functional similarities with mammalian
astrocytes (Grupp et al., 2010; Fleming et al., 2013; Da Fonte et al.,
2017). Very interestingly, in the zebrafish brain, blood vessels are
wrapped by AroB* processes, in a way similar to astrocytic end-
feet in mammals, further reinforcing the idea that RGCs in fish
perform some, if not all, functions of astrocytes (Figures 4A,B).

Steroid Transport through the Blood-Brain Barrier

Steroid hormones are lipophilic and thus may cross the BBB
by simple diffusion (Witt and Sandoval, 2014). Hormones can
also enter the brain via specific transporters (Banks, 2012).
In mammals, the transporters that help the passage from
the blood circulation to the brain parenchyma are named
influx transporters and include organic anion transporting
polypeptides  (OATPs), proton-coupled monocarboxylate
transporters (MCTs), and peptide transporter. In the case of
simple diffusion through the BBB, steroid concentrations will
tend to equilibrate between the plasma and the brain. However,
most steroid hormones are transported in the blood by albumin,
sex hormone-binding globulin, or by corticosteroid-binding
globulin, changing their availability and the possibility of passive
diffusion through the BBB, as shown in most vertebrates,
including fish, birds, and mammals (Hammond, 2011, 2016;
Rosner, 2015). In rats, radiolabeled steroids (i.e., progesterone,
testosterone, estradiol and corticosterone, and cortisol),
intravenously injected have been shown to diffuse through the
BBB, but this diffusion was significantly slowed down by the
presence of binding globulin (Pardridge and Mietus, 1979).In
addition, one must take into account that the concentration of
carrier proteins may be different in the peripheral circulation
vs. the cerebrospinal fluid (CSF). For example, the albumin
concentration is one hundred time less important in the CSF
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FIGURE 4 | Sex hormones restore blood-brain barrier physiology and integrity.
(A,B) Aromatase B immunohistochemistry (green) on zebrafish brain highlights
that radial glial processes envelop blood vessels as shown by the
auto-fluorescence of red blood cells (A) or by nuclear staining (B). These data
suggest that radial glial cells could endorse the role of astrocytes in the
establishment of the BBB, given the absence of astrocytic cell-type in the brain
of fish. It also raises the question of the potential role of locally-produced
estrogens on the BBB physiology. Scale bar: 7 um. (C) Sex steroids (17p-E2,
progesterone, and testosterone) display direct and indirect effects on the BBB
through the restauration of thigh junctions, the inhibition of inflammatory
cytokine expression and metalloproteinases production, the regulation of
pericytes contraction, and consequently the modulation of cerebral blood flow.
They also limit reactive gliosis through the inhibition of glial activation under
pathological conditions (astrocytes and microglia). Sex steroids participate in
the maintenance of a functional BBB, reducing neuroinflammation and
promoting neuroprotection.

than in the plasma in humans (Alafuzoff et al., 1983), potentially
modulating availability and stability of the steroids.

In addition, hormones may be transported back into the
blood circulation by efflux transporters. In mammals, these
transporters, belonging to the ABC (ATP Binding Cassette)
family, play a key role in brain homeostasis and mediate
active efflux of many potential toxicants including lipophilic
compounds. They include the P-glycoprotein, also known as
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MDRI, ABCBI1), multidrug resistance-associated protein, and
breast cancer-related protein (Witt and Sandoval, 2014). Organic
ion transporting polypeptides (OATPs) and the organic ion
transporters, which belong to the solute-linked carrier (SLC)
class, could be involved in uptake and/or efflux (Kusuhara and
Sugiyama, 2005). For example, metabolites of estrogens can be
transported back in the blood circulation from the brain such
as demonstrated in male rats (Sugiyama et al., 2001). The same
was also shown in rats for the neuroactive androgenic steroid
dehydroepiandrosterone sulfate (DHEAS) that is transported
back through a member of the SLC class (Asaba et al., 2000).
However, the role of efflux transporter in the regulation of the
concentration of steroids in the brain is not well-known and
remains controversial.

Effects of Steroids on the Blood-Brain Barrier

Steroids could act directly or indirectly on the BBB, notably by
binding to receptors present in the cells composing the BBB.
The effects of glucocorticoids on the BBB are well-described
and notably include decrease in inflammation (cytokines,
chemokines, metalloproteinases) and increase in protective or
reparative effects on tight junctions (Witt and Sandoval, 2014).
Sex steroids were also shown to exert protective effects on the
BBB, using microvessel endothelial bEnd.3 cells (Na et al., 2015).
Considering estrogens, treatment with 178-E2 restores the BBB
integrity and its permeability in a model of stroke or in a
lipopolysaccharides-induced inflammation in rodents (Maggioli
etal., 2016; Xiao et al., 2017). Of interest, the BBB permeability is
increased when circulating estrogens decrease with aging (Bake
and Sohrabji, 2004). With respect to androgens, when gonadal
testosterone is depleted from the body, glial cells (microglia and
astrocytes) are activated and BBB permeability and inflammation
are increased. Testosterone treatments restore these parameters
(Atallah et al., 2017). Finally, it also seems that progesterone
exerts positive effects on the BBB physiology after stroke and TBI
(Ishrat et al., 2010; Si et al., 2014). The effects (direct and indirect)
of steroids on the BBB is described in Figure 4C.

Interestingly, it was also demonstrated that sex steroids (17f-
E2, testosterone, and progesterone) regulate both cerebrovascular
tone, endothelial function, oxidative stress, and inflammation
as well as brain functions under normal and/or pathological
conditions (i.e., middle cerebral artery occlusion: MCAO)
(Krause et al., 2011; Gonzales, 2013; Si et al., 2014).

Lipoproteins in the Brain

Lipid metabolism, high density lipoprotein (HDL)-, and
low density lipoprotein (LDL)-cholesterol were studied in
a wide variety of groups including rodents, lagomorph,
birds, and fish (Liu and Wu, 2004). Lipoprotein metabolism,
HDL-, and LDL-cholesterol in zebrafish appear similar to
humans, making zebrafish an appropriate model for studying
lipoproteins, given that zebrafish express the main set of
lipid transporters, apolipoproteins, and enzymes involved in
lipoprotein metabolism (Fang et al., 2014). However, to our
knowledge, except in rodents, not much is known concerning
the effects of HDL-cholesterol in the transport of steroids, in the

maintenance of the BBB integrity and in neuroprotection. We
consequently emphasize these points in this last part.

The brain is a cholesterol-rich organ, accounting for
about 25% of the total amount present in humans. In
the CNS, cholesterol is mainly synthesized by astrocytes,
oligodendrocytes, microglia and to a lesser extent by neurons,
where it is essentially present in its unesterified form (Bjorkhem
and Meaney, 2004; Dietschy and Turley, 2004; Zhang and
Liu, 2015). Brain cholesterol is involved in myelin sheath
genesis, in synaptogenesis, and neurotransmission as well as in
neurosteroidogenesis (Mauch et al., 2001; Do Rego et al., 2009;
Linetti et al., 2010; Liu et al., 2010; Zhang and Liu, 2015). In
adults, sterols are excreted from the brain to the plasma, and
cholesterol is converted into 24S-hydroxycholesterol, which is
more soluble and may diffuse across the BBB to reach the plasma
where it is metabolized to bile acids after being picked up by
circulating lipoproteins (Quan et al., 2003; Mahley, 2016). Almost
no cholesterol enters the brain from the peripheral circulation.
However, small high density lipoprotein (HDL) particles may
cross the BBB and transport cholesterol within the brain (Ladu
et al., 2000; Koch et al., 2001).

Spherical lipoproteins similar to HDLs have been isolated
from the CSF. They are composed of ApoE and Apo] for
the largest ones whereas smaller particles contain ApoAl and
ApoAlI Astrocytes are the main producers of both ApoE (with
microglial cells) and Apo] (with neurons and ependymal cells)
(Vance and Hayashi, 2010). Different isoforms of ApoE have been
described in brain HDL particles (ApoE2, ApoE3, and ApoE4).
ApoE is the main cholesterol carrier in the brain and is associated
with Alzheimer’s disease and other neurodegenerative disorders
(Liu et al., 2013). Interestingly, cultured neurons and astrocytes
expressing the ApoE4 isoforms display a reduced secretion of
cholesterol and phospholipids, as well as a blunted lipid-binding
capacity (Mahley, 2016). In addition, estrogens were shown to
promote ApoE expression in microglia and astrocytes (Stone
et al., 1997). Other brain apolipoproteins (i.e., ApoA-I, Apo-
J, and Apo-D) may participate in cholesterol distribution via
different receptors including LDL receptor, ABC (ATP-binding
cassette receptor) -Al and -A2 transporters, LDL Receptor-
related protein), VLDL receptor, ApoE receptor 2, and megalin
(Herz and Bock, 2002; Bjérkhem and Meaney, 2004).

In pathological conditions that lead to BBB loss of
integrity, such as ischemic stroke, exogenous lipoproteins may
enter the cerebral parenchyma and produce different effects.
Functional HDL particles (HDLs displaying anti-inflammatory
and antioxidant properties, see Figure5A) are taken up by
endothelial cells of the BBB in a thrombo-embolic stroke model
of rat. Injection of fluorescent lipoproteins post-stroke are taken
up by endothelial cells and astrocytes, but not by neurons
(Lapergue et al, 2010). In this model and in the MCAO
(middle-cerebral artery occlusion), one intravenous injection of
HDLs isolated from healthy subjects reduced the mortality, the
infarct volume and the hemorrhagic transformation associated
with rtPA (recombinant tissue plasminogen activator) treatment
(Lapergue et al., 2013). It is not known whether the cholesterol or
steroids contained within these HDL particles are involved in the
protective effects. It is indeed possible that either ester of steroids
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or cholesterol delivery for local steroid synthesis could participate
in neurogenesis and post-stroke remodeling. In this line, there
is no study showing any beneficial effect of reconstituted
HDL particles in CNS disorders. Noteworthy, these HDLs are
composed of ApoA-I and phospholipids, but are devoid of
cholesterol (Darabi et al, 2016). Ortiz-Munoz et al. recently
demonstrated that at the acute phase of stroke, HDL particles
are dysfunctional (HDLs displaying defective anti-inflammatory
and antioxidant properties) and larger than in controls (Ortiz-
Muiioz et al, 2016). These qualitative abnormalities blunted
their ability to protect the BBB during acute brain injury.
In fact, in addition to their action on reverse transport of
cholesterol, HDLs also display anti-oxidant, anti-inflammatory,
and anti-protease activities (Tran-Dinh et al, 2013). These
pleiotropic effects could be due to different proteins associated
with HDL particles such as paraoxonase-1 (PON-1), but also to
the lipids that they transport, and to steroids. In type 2 diabetes
mellitus conditions (T2DM), HDL anti-inflammatory capacity is
impaired due to decreased PON-1 activity (Ebtehaj et al., 2017).
Another study investigated the association between plasma
cholesterol/lipoproteins and BBB permeability in a condition
of CNS inflammation such as multiple sclerosis (Fellows et al.,
2015). HDL-Cholesterol was associated with lower levels of BBB
injury and low CSF total protein concentration. The authors
suggest that the BBB structural integrity is associated with plasma
membrane subdomains involved in cholesterol homeostasis.
HDL particles are larger in stroke patients than in controls and
they display a reduced protective effect for the BBB (Ortiz-
Muioz et al., 2016). Small HDL particles enter the CNS via SR-
Bl-mediated uptake and transcytosis (Balazs et al., 2004; Vitali
et al., 2014). Morphological abnormality of HDLs in brain injury
condition like stroke could be responsible for their reduced
capacity to cross the blood-cerebrospinal fluid barrier. HDL
supplementation could represent an interesting and innovative
protective therapy for brain injury.

Interestingly, Leszczynski and Schafer (1991) demonstrated
the interaction between lipoproteins and steroid hormones
(androstenediol, 17B-E2, DHEA, DHT, pregnenolone, and
progesterone), highlighting a new pathway in steroid hormone
processing in plasma and/or steroid hormone delivery to cells
(Leszczynski and Schafer, 1991). Other reports also suggest
that 17p-E2 could be incorporated into HDL particles by
lecithin:cholesterol acyltransferase under the form of 17p-E2
ester, that could be in turn transferred into LDL particles by
cholesteryl ester transfer protein LDL particles as reviewed
in Tikkanen et al. (2002) and Hockerstedt et al. (2004).
The Figure 5B illustrates such a transport of 17B-E2 ester
in HDLs and LDLs. These data would argue in favor of
potential antioxidant, anti-inflammatory, and neuroprotective
effects of HDLs implying cholesterol and other steroids (or
their esterified forms) associated to lipoprotein particles. Indeed,
estrogen derivatives with an unsubstituted A-ring phenolic
hydroxyl group confers stronger antioxidant protection to LDL
and HDL (Badeau et al, 2005). Such data could suggest a
potential therapeutic use of HDL particles in order to improve
their neuroprotective properties through their enrichment with
steroids.
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FIGURE 5 | HDL particles and sex steroids. (A) Lipoprotein particles display a
central core containing cholesterol, cholesterol esters and triglycerides, that is
enveloped by free cholesterol, phospholipids, and apolipoproteins. HDL
particles display pleiotropic effects partly supported by their anti-inflammatory,
anti-oxidant and neuroprotective properties. HDLs have been shown to display
metabolic interaction with sex steroids (i.e., androstenediol, estradiol, DHEA,
dihydrotestosterone, pregnenolone, and progesterone). (B) As suggested by
Tikkanen et al. (2002), 17B-E2 could be esterified with fatty acids by
lecithin:cholesterol acyltransferase (LCAT) in HDL. Esterified 178-E2 could be
subsequently transferred from HDLs to LDLs by cholesteryl ester transfer
protein (CETP). Thus, HDL particles could be a source of cholesterol and
steroids in the brain notably after CNS insults, and could be used as a carrier
for improving steroids delivery in therapeutically approaches.

CONCLUSION

In this review, we reported that the brains of fish, birds,
and mammals are able to de novo synthesize a wide variety
of sex steroids demonstrating that neurosteroidogenesis is an
evolutionary conserved feature shared by common ancestors. We
also emphasize that neurogenic regions are closely related to
neurosteroid production. In particular, RGCs, acting as neural
progenitors in the brain of adult fish, strongly express Aromatase
B and some other steroidogenic enzymes, suggesting that RGCs
are true steroidogenic cells. Such an expression of aromatase in
RGCs is not restricted to fish as it was also observed in mammals
during embryonic development (Martinez-Cerdefio et al., 2006)
and in birds after mechanical lesion of the brain (Peterson et al.,
2001).

Peripheral, we also highlighted the fact that the brains
of fish, birds, and mammals are targeted by peripheral and
locally-produced steroids namely estrogens, progestins, and
androgens. It appears that nuclear and membrane-associated
sex steroid receptors are widely expressed in the brains of
vertebrates particularly in neuroendocrine regions (i.e., preoptic
area and hypothalamus) as well as in neurogenic niches and
neural progenitors, suggesting key roles of steroids in sexual
behaviors and neurogenesis. Indeed, we notably depicted the
roles of estrogens, progestins and androgens in constitutive and
regenerative neurogenesis and in sexual behaviors. Due to their
anti-inflammatory, antioxidant, and anti-apoptotic properties,
sex steroids also exert neuroprotective properties in the brain,
particularly after CNS insults such as stroke and traumatic brain
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injury. However, the effects of steroids are not trivial to study
and understand given that their actions are largely dependent
on numerous variables (i.e., the timing, the concentration, the
rhythm of exposure,...).

Peripheral steroids may diffuse or cross the BBB through
transporters, raising the question of the respective roles of
peripherally vs. centrally-produced steroids in brain homeostasis
and functions. Peripheral sex steroid and neurosteroids can also
act on the BBB permeability by modulating inflammatory
and oxidative signals and consequently regulate brain
homeostasis.

Of interest, in this review, we also discussed the potential
hypothesis that the protective effects of HDL particles on
stroke could be partly attributed to their interactions with
sex-steroids. Thus, we raised the question of the contribution
of cholesterol and sex-steroids transported by lipoproteins in
the neuroprotection at the acute phase of stroke. Steroids are
considered as good therapeutic candidates for CNS insults (i.e.,
stroke, traumatic brain injury), aging, and neurodegenerative
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Hormone by genotype interactions have been widely ignored by cognitive neuro-
science. Yet, the dependence of cognitive performance on both baseline dopamine
(DA) and current 17B-estradiol (E2) level argues for their combined effect also in the
context of reinforcement learning. Here, we assessed how the interaction between
the natural rise of E2 in the late follicular phase (FP) and the 40 base-pair variable
number tandem repeat polymorphism of the dopamine transporter (DAT1) affects
reinforcement learning capacity. 30 women with a regular menstrual cycle performed
a probabilistic feedback learning task twice during the early and late FP. In addition,
39 women, who took hormonal contraceptives (HC) to suppress natural ovulation, were
tested during the “pill break” and the intake phase of HC. The present data show that
DAT1-genotype may interact with transient hormonal state, but only in women with a
natural menstrual cycle. We found that carriers of the 9-repeat allele (9RP) experienced
a significant decrease in the ability to avoid punishment from early to late FP. Neither
homozygote subjects of the 10RP allele, nor subjects from the HC group showed a
change in behavior between phases. These data are consistent with neurobiological
studies that found that rising E2 may reverse DA transporter function and could enhance
DA efflux, which would in turn reduce punishment sensitivity particularly in subjects with
a higher transporter density to begin with. Taken together, the present results, although
based on a small sample, add to the growing understanding of the complex interplay
between different physiological modulators of dopaminergic transmission. They may not
only point out the necessity to control for hormonal state in behavioral genetic research,
but may offer new starting points for studies in clinical settings.

Keywords: estrogen, dopamine transporter, reinforcement learning, gender, steroid hormone, hormonal
contraception

INTRODUCTION

The sex steroid 173-estradiol (E2) increases dopaminergic transmission in the reward system (1)
and may enhance behavioral responses to reward and drugs of abuse [e.g., Ref. (2)]. In the animal
model, E2 has been found to amplify the dopaminergic response in the striatum by (1) promoting
stimulated dopamine (DA) release (3), (2) increasing DA synthesis capacity (4), and (3) decreasing

Frontiers in Endocrinology | www.frontiersin.org 62

February 2018 | Volume 9 | Article 60


http://www.frontiersin.org/Endocrinology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2018.00060&domain=pdf&date_stamp=2018-02-28
http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
https://doi.org/10.3389/fendo.2018.00060
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:esther.diekhof@uni-hamburg.de
https://doi.org/10.3389/fendo.2018.00060
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00060/full
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00060/full
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00060/full
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00060/full
https://www.frontiersin.org/Journal/10.3389/fendo.2018.00060/full
http://loop.frontiersin.org/people/527495
http://loop.frontiersin.org/people/174850
http://loop.frontiersin.org/people/99725

Jakob et al.

Genotype and Cycle Influence Learning

the affinity of inhibitory D2-receptors (DRD2) [(5-7); but also
see Ref. (8), who indicate a possible regional specificity of this
effect in the striatum that might also lead to an increase]. Recent
neuroimaging evidence in humans points in a similar direction.
Diekhofand Ratnayake (9) showed that—similar to DA-agonistic
drugs (e.g., L-DOPA)—the increase of E2 level during the late
follicular phase (FP) of the menstrual cycle had the potential to
enhance reward learning capacity at the expense of the ability to
learn from negative feedback [see also Ref. (10)]. Previous phar-
macological and behavioral genetic evidence already suggested
that both intra- and inter-individual variations in dopaminergic
capacity may drive differences in reward learning and punish-
ment avoidance capacity [e.g., Ref. (11, 12)]. According to theory,
the differential action of DA at two subgroups of DA receptors
(DRD1 and DRD2) that are located at the direct and the indirect
pathways of the basal ganglia, respectively, may determine the
extent to which a person is sensitive to the rewarding as opposed
to the punishing outcomes of one’s action. Phasic DA release
after a rewarded action is thereby assumed to promote learn-
ing via long-term potentiation at the corticostriatal synapses of
the direct “Go-pathway” that mainly expresses DRD1. At the
same time, avoidance learning capacity is suppressed through
DRD2-dependent long-term depression of the indirect “NoGo-
pathway” Conversely, when an action is followed by a dip in
tonic DA, such as the one following a negative action outcome
or reward omission, the NoGo-pathway is strengthened and
avoidance responses are facilitated at the expense of the reward
learning capacity (13). Diekhof and Ratnayake (9) found that
activation of the dorsal anterior cingulate cortex (dACC) was
reduced during processing of negative feedback in the late FP.
Assuming that the dACC may particularly optimize action
selection during avoidance learning (14), a reduced response of
this brain region in a state of heightened E2 may fit well with
the proposed properties of E2 in the regulation of DA release
(1, 6), which should have strengthened reward learning through
weakening DRD2-mediated punishment avoidance capacity.

In addition to that, there is further behavioral evidence for
an inverted U-shaped relationship between baseline dopamin-
ergic capacity, cycle-dependent changes in endogenous E2 from
the early to the late FP, and reward-related decision making
(15, 16) as well as working memory performance in humans (17).
Smith et al. (15) assessed the influence of the COMT Met158Val
polymorphism (rs4680) as a proxy of prefrontal DA on temporal
discounting across the menstrual cycle. Against expectation, they
found a reduction of temporal discounting (i.e., the “Now Bias”),
when E2 level was increased in the late FP. Diekhof (16) used the
Barratt Impulsiveness Scale (BIS) as an indirect proxy of mes-
olimbic DA. Using a temporal response time adaptation paradigm
that is sensitive for differences in striatal DA transmission (18),
Diekhof (16) assessed the ability to speed up in order to maximize
reward (i.e., a measure of reward sensitivity) and compared it to
the capacity to slow down for higher reward (i.e., an indicator of
punishment sensitivity). Similar to Smith et al. (15), they found
a paradoxical decline in the ability to speed up for higher reward
from the early to the late FP, while the capacity to wait for increas-
ing reward value improved from the low to high E2 state. Yet, when
looking at inter-individual differences in hormone concentration,

they also found a positive correlation between E2 concentration
and an enhancement of reward sensitivity as reflected by an
improved ability to speed up for higher reward. Interestingly, this
correlation only existed at the lower end of the E2 distribution
(i.e., in the early FP) and was further specific for subjects with
low “trait impulsiveness” in the BIS, who may be characterized
by a habitually low baseline DA synthesis capacity (19). In sum,
these data are consistent with an inverted U-shaped relation-
ship by showing that only subjects at the lower end of the DA
distribution were affected by changes in E2, while subjects with
DA levels near the point of optimality, i.e., at the center of the DA
distribution, may not show such strong perturbations. Moreover,
given the assumption that trait impulsiveness may to some extent
mirror one’s genetic underpinnings (20-22), this finding points
to a possible hormone-genotype interaction in the domain of
reinforcement learning.

The present study aimed at elucidating the link between
genetic predisposition and the degree to which natural varia-
tions in E2 level affect reinforcement learning. It has already
been shown that genetic differences can modulate central dopa-
minergic transmission and cognitive functions (23). Further,
individual predisposition may incline the individual to an
either more reward- or punishment-sensitive learning style. For
example, carriers of genetic polymorphisms, that may be associ-
ated with reduced DA autoregulation by DRD2 or an increased
DA synthesis capacity, were compromised in their ability to
avoid punishment in a probabilistic feedback learning task
[e.g., Ref. (12, 24)]. Here, we assessed the interaction between
cycle-dependent variations in E2 level and a genetic polymor-
phism that has been implicated in the reuptake of DA in the
striatum. The 40 base-pair (40-bp) variable number tandem
repeat polymorphism of the dopamine transporter (DAT1),
which has been described in the 3’ untranslated region of
the gene SLC6A3, has two common alleles with either 9 or
10 repeats (RP) of the 40-bp sequence The two variants may
differentially affect the expression of the DAT in the striatum
[(25-28), but see (29) for a null finding], and can also modulate
reward-related processing (30-32), although evidence is mixed
and it has not been determined, which variant may actually
predispose for a higher DAT density. E2 can induce a reversal of
DAT function in vitro, which is achieved by rapid alterations in
several signaling pathways that cause efflux of DA from the DAT
instead of DA reuptake (33-35). Given this evidence, the closer
examination of a possible E2 by DAT1-genotype interaction and
its relation to the model of the inverted U-shape of DA content
and reinforcement learning capacity might add to the growing
understanding of the baseline dependency of a neurocognitive
function that is mediated by DA. When E2 level rises from
the early to the late FP, we would predict a reversal of normal
DAT function that should result in increased DA transmission
in the striatum. By subdividing our sample in carriers of the
9RP allele and homozygotes of the 10RP, we should further be
able to identify the genotype of the DAT1-polymorphism (9RP
carriers versus subjects that are homozygote for the 10RP vari-
ant [10H]) that predisposes a person for a higher DAT density.
This is because we would expect that the genetic variant that
predisposes one for a higher DAT density and thus a lower DA
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baseline to begin with, should be more affected by the proposed
E2-induced DAT reversal that is expected to happen in the high
E2 state of the late FP. For one thing, in the late FP this genotype
should become relatively more reward sensitive and should be
less able to learn from negative feedback when heightened E2
level might induce a reversal of normal transporter function,
which would promote a rise in DA level. Conversely, in the
early FP when E2 is still at its nadir, we would expect the same
genotype to be relatively more punishment sensitive, because
the habitually higher density of DAT and thus more effective DA
reuptake, that is unaffected by E2 at this point in time, would
promote avoidance learning ability.

In order to test our hypothesis of a possible cycle phase by
genotype interaction during reinforcement learning, our subjects
performed a probabilistic feedback learning task. This task has
been shown to be a sensitive measure for genetic variations in
baseline DA (12, 24) and transient variations in DA concen-
tration that were induced by pharmacological intervention
[e.g., Ref. (11, 36)]. Two groups of healthy young women were
genotyped for the DAT1-polymorphism. The first one had a
natural menstrual cycle, while the second group took hormonal
contraceptives (HC) on a regular basis. These latter women did
not experience natural fluctuations of E2 level over the course of
the menstrual cycle, but were influenced by synthetic ethinyle-
stradiol and progestines, which might also affect reinforcement
learning capacity. Both groups were tested twice, either in a low
versus high E2 phase of the menstrual cycle (i.e., in the early and
late FP) or during the “pill break” and the intake phase of HC,
respectively.

MATERIALS AND METHODS
Subjects

In total, 85 women were recruited for this study (i.e., 45 par-
ticipants in the cycle group and 40 subjects in the HC group).
Of these, five participants had to be excluded because of either
technical problems with the response box or the test protocol,
lack of compliance, or drop-out after the first test. Another
subject had an exceedingly high E2 level, indicating a possible
hormonal disturbance, which also led to exclusion from all
further analyses. The remaining 79 healthy women [age (mean =+
SEM) = 25.5 + 0.4 years] had no current or previous psychiatric
or neurological diagnosis, reported to have no history of drug
abuse or gynecological problems (e.g., endometriosis) and did
not have any chronic disorder related to the hormone system
(e.g., diabetes, Hashimoto’s thyroiditis, PCO). Subjects were of
Middle European origin as determined by the place of birth of
their parentsand grandparents. All subjects gave written informed
consent and were paid for participation. The present study was
approved by the local ethics committee (Ethikkommission der
Arztekammer Hamburg).

The Cycle Group

The cycle group consisted of 39 women, who were free of any
medication including hormonal contraception for at least
three menstrual cycles in the past and reported to have regular

menstrual cycles in the normal range of 24-36 days. Following
the procedure applied by former neurobehavioral studies on
the effects of E2 across the menstrual cycle (9, 15, 16), subjects
from this group were only included in our final analyses if they
showed an increase in E2 level from the early to the late FP.
This was done because we wanted to assess the effect of rising
E2 in the late FP. Ovulation is hidden in humans and the actual
extent of follicular development can only be ascertained by
vaginal ultrasound. Yet, a rising E2 level during the FP may be
an indirect indicator of normal follicular growth. Therefore, an
E2 rise from early to late FP in combination with a negative
lutropin (LH) ovulation test before testing (see below) was a
necessary prerequisite for the late FP test to take place, which
left 31 subjects.

Since the goal of the study was to compare DAT1 9-repeat allele
carriers and 10-repeat allele homozygotes in their reaction to a
natural rise in E2 level and its subsequent impact on reinforce-
ment learning capacity, the participants were also genotyped. In
the present sample, 14 subjects were carriers of the 9RP allele (2
of them were homozygote for the 9RP), while the remaining 16
subjects were homozygous for the 10RP variant. There was also
one person that carried the rare 11-repeat allele variant in com-
bination with the 9RP (11/9), who was subsequently excluded,
leaving the final number of 30 participants in the cycle group
[age (mean + SEM) = 27.5 + 0.7 years; age range = 21-35 years].
About 38% of the cycle participants were currently in a relation-
ship with a male partner and the majority considered themselves
as heterosexual (two bisexual subjects).

The women were tested twice, once during the first 3 days
of menstruation (early FP) and once two days before expected
ovulation (late FP). The date of expected ovulation was cal-
culated from the expected cycle length individually for each
participant. For this we asked the participants to state their
expected cycle length and then, upon the onset of menstruation,
used the last expected cycle day to determine the optimal test
day with a common counting method: for all subjects with a
cycle length shorter than 28 days, we subtracted 15 days from
the expected cycle end. For subjects with an expected length of
28-31 days, 16 days were subtracted, and for cycle lengths longer
than 31 days, 17 days were subtracted to schedule the test in the
late FP. Our subjects also determined the daily concentration
of LH with a common in vitro urine test (One Step® by AIDE
Diagnostic Co., Ltd.), starting 2 days before the test date. In case
of a positive result before the test day, the test was postponed to
the subsequent cycle.

The test design was counterbalanced for cycle phase. Half
of the participants started the test protocol in the early FP
(i.e., seven carriers of the 9RP variant; eight were 10H). The remain-
ing subjects started in the late FP (same genotype proportion).

The HC Group

The 40 participants of the HC group were recruited when the data
collection for the cycle group was almost finished. The HC group
allowed us to compare the data from a phase of low hormone
availability (pill break) with a phase, during which participants
were under the influence of synthetic hormones (intake phase),
while the impact of natural hormones was blocked. Participants
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from the HC group took HC for at least 12 months (mean dura-
tion of HC intake = 7.77 + 0.61 years), but were otherwise free
of medication. HC contained ethinylestradiol in the range of
0.015-0.03 mg and different amounts of progestin compounds
(e.g., levonorgestrel, dienogest), which are used to suppress
follicular growth and ovulation (37). Therefore, we expected no
significant change in hormone level between the two test phases,
except from a numerical E2 increase or a fall in E2 during the
intake phase (38).

The HC group consisted of 20 carriers of the 9RP variant
(one of them was homozygote) and 18 subjects were genotyped
as 10H. One person in this group also had the rare 11-repeat
allele variant combined with the 10RP allele (11/10) and was
therefore excluded, leaving a final number of 38 subjects in
the HC group [age (mean + SEM) = 23.5 + 0.5 years; age
range = 19-32 years]. About 87% of the HC participants, i.e.,
almost three times as many as in the cycle group, were cur-
rently in a relationship with a male partner and the majority
considered themselves as heterosexual (one bisexual subject).

The HC group had an analogous counterbalanced test design
to the cycle group. Twenty participants started the test protocol
in the OFF-phase (nsre = 10; 7100 = 10). The term “OFF-phase”
refers to the so-called pill break of 7 days. The test was scheduled
for the third or fourth day of the pill break. The second test
phase, the “ON-phase,” required an intake of HC for at least
five consecutive days. In that way, the OFF-phase resembles
the early FP in terms of low E2 availability, while the ON-phase
might be rather characterized by a slight influence of synthetic
hormone content (in this case, the mixture of ethinyestradiol and
progestin compounds contained in contraceptive medication).
In order to achieve a comparable repeated test schedule to the
naturally cycling women, subjects who started in the OFF-
phase had the subsequent ON-test approximately 7 days later
(mean + SEM = 7 + 1.6 days), while the other group had a gap of
18 days (mean + SEM = 18.5 + 0.12 days).

Test Procedure

Participants performed a probabilistic feedback task, described
in more detail by Diekhof and Ratnayake (9), which is a well-
established test of reinforcement learning capacity [see also
Ref. (11, 12) for description of the task]. In this task, subjects
learned to associate certain stimuli with a higher probability
of positive or negative feedback (i.e., a smiley or a grumpy
face). During the initial learning phase (session 1), they were
confronted with three fixed stimulus pairs of different hiragana
and kanji symbols (i.e., pairs AB, EF, CD) from which they had
to choose the one symbol that allowed them to maximize reward
(positive feedback in form of a smiley) and to avoid frequent
punishment (negative feedback of a grumpy face). The task goal
was to receive as many smileys as possible. Unbeknownst to the
participants, the reward contingencies differed between pairs
and stimuli. Among all symbols, A of the pair AB was the best
option (80% positive feedback upon selection), while B was the
worst option (only 20% positive feedback). The reward contin-
gencies of the remaining symbols lay in between these contin-
gencies (i.e., pair CD: C = 70%, D = 30%; pair EF: E = 60%,
F =50%). After learning, subjects were tested in a transfer phase

(session 2) to check whether they had been able to maximize
positive outcome through either selection of the better option
(i.e., reward learning) or by more effective avoidance of negative
feedback (i.e., punishment learning). The individual learning
preference cannot be dissociated from the fixed stimulus pairs
of session 1, which always combined the same good and bad
stimuli (e.g., A and B). This means that in session 1 the prefer-
ence for the better option (e.g., for the best stimulus A in pair
AB) can be equally well driven by approach of the good option
A or avoidance of the bad one B. So in the transfer phase, new
stimulus pairings (like AC, BD) were presented next to the
original ones (AB, CD, EF). These new pairs enabled us to find
out whether a subject showed a preference for the best option A
(i.e., Choose A performance), which would indicate an enhanced
reward learning capacity. Conversely, a participant was classi-
fied as having a high punishment learning capacity when she
showed more effective avoidance of B in the new stimulus pairs
(i.e., Avoid B performance) [see also Ref. (11)]. In the transfer
task direct feedback was no longer provided, so that no further
learning could take place. The percentage of selections of A from
the old pair AB further showed the combined effect of Choose
A and Avoid B performance and was thus an indicator of overall
learning capacity.

Subjects were tested twice in the two phases, but with differ-
ent hiragana and kanji symbols for the stimuli A, B, C, D, E, and
F on each test day. Tests were scheduled in a counterbalanced
sequence that was equally distributed across the two study groups
and genotypes (see above).

Genotyping

Genotyping was performed by acommerciallaboratory (Bioglobe,
Hamburg, Germany). DNA was extracted from buccal swabs and
purified with a standard commercial extraction kit. The DAT1-
polymorphism was characterized by fragment length determina-
tion of PCR products across the variable region. Assignment of
genotypes was performed with the software GeneMarker v1.75
(Softgenetics). The PCR amplification procedure used the fol-
lowing primers: AAATAAAACTCCTTGAAACCAGC (forward
primer), TGTTGTTATTGATGTGGCACG (backward primer).
The distribution of genotypes was in Hardy-Weinberg equilib-
rium, either when calculated separately for each study group or
when looking at the whole group of genotyped subjects.

Collection and Analysis of Salivary E2
Samples of morning saliva were collected on each test day.
Subjects started collection at their normal wake-up time and col-
lected five samples in 2 ml Eppendorf tubes at regular intervals
over the course of 2 h. No consumption of food or beverages
other than water was allowed during this time. This collection
method avoided the contamination of samples and controlled
for the episodic secretion pattern of steroid hormones, thus
providing a representative sample of the free E2 level on the test
day. Saliva samples were frozen at —20°C for further analyses.
When all samples were collected, aliquots were obtained and
processed with a 17beta-Estradiol Luminescence Immunoassay
(IBL International, Hamburg, Germany) following the procedure
described by Diekhof and Ratnayake (9).
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Statistical Analysis

The analysis of the behavioral data was done with the software
package IBM SPSS Statistics for Windows (version 22.0; IBM
Corp.). Repeated-measures general linear models (GLMs) were
performed on the percentage of selections of the better option
made in sessions 1 and 2. The specific factors included in the
GLMs are further specified in the Section “Results” In order to
examine the effect of the cycle phase during which participants
entered the study on behavioral outcome in the probabilistic
feedback task [see Ref. (39) for a similar procedure], we also
re-calculated the GLMs as specified in the Section “Results” For
post hoc comparisons, either paired or independent t-tests were
used. Pearson correlations tested for the association between
individual differences in hormone level and behavioral prefer-
ences. A p-value smaller than 0.05 (two-tailed) was considered
significant in all tests. If not otherwise indicated, we report the
arithmetic mean + SEM in the text, tables, and figures.

A more fine-grained analysis assessed the more difficult deci-
sions to be made in session 2, which comprised the so-called
“WIN-WIN trials” (i.e., pairs “AC,” “AE,” and “CE”) and the
“LOSE-LOSE trials” (i.e., “BD,” “BE’ and “DF”). In the “WIN-
WIN trials,” the better options A, C, and E were paired with
each other and the percentage of selections of the relatively
better option was measured. In the “LOSE-LOSE trials,” the
worse options (B, D, F) were combined with each other and we
calculated the percentage of effective avoidance of the relatively
worse option. Processing of these options required a finer
representation of actual stimulus value and thus indicated the
individual sensitivity for more detailed value representations
that subjects could have learned from the nature of positive and
negative feedback in session 1 (9, 40).

RESULTS

Analysis of E2 Concentration

The cycle group exhibited a significant increase in E2 level from
the early to the late FP [n = 30; E2eny = 2.42 & 0.36 pg/ml;
E2ue = 4.35 + 0.48 pg/ml; #(29) = —6.16, p < 0.001], while
the HC group did not [#n = 38; E2or = 2.28 + 0.24 pg/ml;
E20n=2.63 +0.25 pg/ml; £(37) = —1.53, p = 0.134]. This was also
reflected by a significant group difference in the phase-related
change of E2 level [Delta of E2iye_cary cycle group = 1.93 + 0.31 pg/
ml; Delta of E2 on-orr HC group = 0.35 + 0.23 pg/ml; #(56) = 4.15,
p <0.001].

Behavioral Data of the Cycle Group
We tested the influence of menstrual cycle phase and thus of
the natural rise of follicular E2 on behavior in the probabilistic
feedback learning task separately for the learning phase (session
1) and the transfer phase (session2). We found that both overall
learning (in session 1) and the capacity for learning from positive
as opposed to negative feedback as demonstrated in the transfer
phase were affected by the factors “phase” and “DAT1-genotype”
(see Table 1 for an overview of all main effects and interactions).
For session 1, the GLM with the two within-subject fac-
tors “pair” (AB, CD, EF) and “phase” (early FP versus late

FP) and the between-subject factor “DATI-genotype” (9R
versus 10H) revealed significant main effects of “phase”
[F(1,28) = 6.76, p = 0.015, partial eta squared = 0.19] and
“pair” [F(2,56) = 20.53, p < 0.001, partial eta squared = 0.42]
as well as a significant two-way interaction between “phase”
and “DAT1-genotype” [F(1,28) = 6.14, p = 0.020, partial eta
squared = 0.18]. All other main effects and interactions in
session 1 did not reach the statistical criterion of p < 0.05 (see
Table 1).

Post hoc t-tests showed that subjects exhibited enhanced
learning during the early FP [overall selection of the better option
across pairs: early FP = 66.69 + 2.91%; late FP = 59.53 + 2.45%;
£(29) =2.25, p=0.032] and learning success followed the expected
pattern of A > C > E, which was in line with the associated
reward contingencies (selection of A = 70.1 + 2.65%; selection of
C = 63.46 + 2.79%; selection of E = 55.77 + 2.14%; significance
of all post hoc comparisons: p < 0.05).

Finally, carriers of the 9RP variant showed a significant
decline in the ability to select the better option during learn-
ing in the comparison of the early and late FP [#(13) = 3.3,
p = 0.006], while the 10H were not [#(15) = 0.09, p = 0.927].
Moreover, during the early FP, the 9RP allele carriers were also
significantly better in selecting the better option than 10H
[t(28) = 2.56, p = 0.016], and this difference vanished in the
late FP [#(28) = 0.85, p = 0.854] (see Table 2 for the descriptive
statistics).

For session 2, the GLM with the two within-subject fac-
tors “learning capacity” (Choose A, Avoid B, old pair AB) and
“phase” (early versus late FP) and the between-subject factor
“DAT1-genotype” (9RP versus 10H) revealed a significant main
effect of “learning capacity” [F(1.42,39.69) = 5.97, p = 0.011,
partial eta squared = 0.18], the two-way interactions of “phase”
and “DATI1-genotype” [F(1,28) 4.88, p = 0.035, partial

TABLE 1 | Main effects and interactions in the cycle group (n = 30).

Main effect F-value Degrees p-value Partial eta
or interaction of freedom squared
Learning phase (session 1)
Phase* 6.76 1,28 0.015 0.19
Phase x DAT1-genotype* 6.14 1,28 0.020 0.18
Pair* 20.53 2, 56 <0.001 0.42
Pair x DAT1-genotype 3.10 2,56 0.053 0.10
Phase x pair 1.49 2,56 0.235 0.05
Phase x pair x Dat1-genotype ~ 1.25 2,56 0.295 0.04
DAT1-genotype 2.25 1,28 0.145 0.07
Transfer phase (session 2)
Phase 0.49 1,28 0.488 0.02
Phase x DAT1-genotype* 4.89 1,28 0.035 0.15
Learning capacity* 5.97 1.4,39.7 0.011 0.18
Learning 2.074 1.4,39.7 0.151 0.07
capacity x DAT1-genotype
Phase x learning capacity* 8.03 1.4, 40.1 0.003 0.22
Phase x learning 3.66 1.4, 40.1 0.049 0.12
capacity x DAT1-genotype*
DAT1-genotype 0.13 1,28 0.723 0.01

*Effects that are significant at p < 0.05 are highlighted in bold and are marked with an
asterisk. If required violations of sphericity were corrected with Greenhouse-Geisser.
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TABLE 2 | Descriptive statistics (arithmetic mean + SEM) of choices during reinforcement learning (session 1) and in the transfer phase (session 2), as well as current

E2 level subdivided by study group, DAT1-genotype, and phase.

Cycle group (n = 30)

HC group (n = 38)

9-repeat allele
carriers (9/9, 9/10)

10-repeat allele
homozygotes (10/10)

9-repeat allele
carriers (9/9, 9/10)

10-repeat allele
homozygotes (10/10)

Early FP Late FP

Early FP

Late FP

OFFhc ONc OFFic ONe
Learning phase (session 1)
Choose better option (%) 73.97 +4.47 59.04 +£3.01 60.32+3.11 59.96 +3.84 63.51+3.36 63.65+272 5854 +298 58.93+2.65
Transfer phase (session 2)
Choose A from new stimulus pairs (%)  50.66 + 9.10 64.94 +6.27 63.12+5.33 75.26+6.37 66.89+5.45 70.39+4.68 63.56+5.29 65.43+4.39
Avoid B in new stimulus pairs (%) 7832 £5.66 5227 +6.70 6291+4.79 60.96+598 68.28+4.72 70.98+546 6556+4.13 59.83 +3.26
E2 level (pg/ml) 238+056 424+056 245+048 445+076 227+034 249+031 228 +0.34 278+042
Natural cycle (n = 30)
9-repeat allele 10-repeat allele
100 - carriers (9/9, 9/10) 100 - homozygotes (10/10)
90 4 90 4
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Hormonal contraceptives (n = 38)
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FIGURE 1 | Interaction of “phase” x “preference” x “study group” x “DAT1-genotype” in the transfer phase (session 2). Carriers of the 9RP in the cycle group
experienced a significant decline in the ability to avoid punishment from the early to the late FP (top left graph). Neither the 10H from the cycle group nor 9RP
carriers or 10H from the HC group showed this difference between phases.

eta squared = 0.15], and of “phase” and “learning capacity”
[F(1.43,40.08) = 8.032, p = 0.003, partial eta squared = 0.22].
The respective post hoc t-tests showed that the participants of
the cycle group were better at choosing symbol A in the old
stimulus pair AB compared to the new pairings (p < 0.05 in all
post hoc comparisons). They were also better at choosing the
best option A from all other options in the new stimulus pairs
when being in the high E2 state [Choose A performance: early
FP = 57.3 + 5.14%; late FP = 70.44 + 4.51%; t(29) = —2.05;
p = 0.049], and became significantly worse during avoidance
of B in the new stimulus pairs [Avoid B performance: early

FP = 70.1 + 3.88%; late FP = 56.90 + 4.46%; t(29) = 2.39;
p=0.024].

Most notably, we also found the hypothesized three-way
interaction of “phase” by “learning capacity” by “DAT1-genotype”
[F(1.43,40.08) = 3.66, p = 0.049, partial eta squared = 0.12].
Carriers of the 9RP allele in the cycle group experienced a sig-
nificant decline in the ability to avoid punishment (i.e., Avoid
B performance) from the early to the late FP [#(13) = 4.53,
p = 0.001], while the 10H from the cycle group did not show
this difference between phases [#(15) = 0.24, p = 0.816] (Table 2;
Figure 1). Further, in the direct comparison of genotypes, it
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became obvious that the difference in learning capacity was
not only evident in the Delta between early and late FP, which
was significantly bigger in the carriers of the 9RP [Delta Avoid
B: #(28) = —2.34; p = 0.024; Delta Old pair AB: #(28) = —2.87;
p = 0.008], but there was also a significant group difference in
the early FP with the 9RP variant carriers outperforming the
10H in avoidance learning [Avoid B performance: #(28) = 2.10,
p =0.045] and in the Old pair AB [#(28) = 2.32, p = 0.024] (see
also Figure 2). These findings suggested that the original two-
way interaction of “phase” by “learning capacity” was most likely
driven by the pronounced behavioral change observed in the 9RP
allele carriers.

Based on this assumption a more detailed analysis of the
value representations in “WIN-WIN-” and “LOSE-LOSE-trials”
was performed with the 9RP variant carriers and 10H. In line
with the observation of a reduced punishment sensitivity in the
late as opposed to the early FP in 9RP allele carriers, we found
a reduced ability to avoid the least rewarded symbols in the
more difficult “LOSE-LOSE trials” for this genotype [avoidance
of worst option from difficult pairs: early FP = 82.48 + 4.14%;
late FP = 64.33 + 4.30%; #(13) = 3.95, p = 0.002], but not for
the 10H [early FP = 71.76 + 4.36%; late FP = 72.06 + 4.14%;
t(15) = —0.43, p = 0.966]. No significant difference emerged
in the “WIN-WIN trials” for the 9RP carriers [choice of bet-
ter option from difficult pairs: early FP = 28.66 + 6.31%; late
FP =39.74 +5.81%; t(13) = —1.17, p = 0.263], nor the 10H [early
FP = 40.52 + 3.96%; late FP = 49.71 + 4.33%; t(13) = —2.09,
p=0.055].

BCycle group (9RP)
OCycle group (10H)
BHC group (9RP)
BHC group (10H)

w
(=]

L]
(=]

10 1

7

Delta % selection of better option (phase 2 vs. 1)

A
=]

Choose A Avoid B

FIGURE 2 | Difference in reinforcement learning capacity between phases
(session 2). Displayed is the Delta of the late minus early FP and of the
ON- minus OFF-phase, respectively. Only the 9RP genotype showed a
significant phase-related change in punishment avoidance capacity.
Significant differences (o < 0.05, two-tailed) from zero and between
genotypes and groups, respectively, are marked with an asterisk. Phase 1,
early FP or OFF-phase; phase 2, late FP or ON-phase.

Behavioral Data of the HC Group

In order to find out whether the intake of HC (i.e., synthetic
estrogens) may evoke similar changes in reinforcement learning
capacity as natural fluctuations in E2 during the FP, we tested
this second group of subjects once during the pill break and once
during the intake phase of HC. In contrast to the cycle group,
we were unable to document a phase-related change in learning
performance in session 1 nor was there an effect of HC intake
on Choose A and Avoid B performance in session 2. Further,
genotype also did not affect performance, whether considered
alone or in the interaction with test phase (see Table 3).

Group Comparison
For the group comparison (cycle versus HC group), we used the
phase-related Deltas of learning performance in the two groups
(i.e., Delta of “late-early FP” and Delta of “ON-OFF-phase,”
respectively). We thereby intended to assess the impact of the
between-subject factors “study group” (cycle versus HC group)
and “DAT1-genotype” (9RP allele carriers versus 10H) on the
within-subject factor “Delta learning capacity,” which contained
the three Deltas of Choose A, Avoid B, and Old pair AB perfor-
mance from session 2. The GLM revealed a trend-wise three-way
interaction of “Delta learning capacity” by “study group,” and
“DATI-genotype, [F(1.52, 97.23) = 2.93, p = 0.072, partial eta
squared = 0.04], a significant two-way interaction of “Delta learn-
ing capacity” and “study group” [F(1.52,97.23) = 3.62, p = 0.042,
partial eta squared = 0.05] and a significant main effect of “Delta
learning capacity” [F(1.52, 97.23) = 6.68, p = 0.004, partial eta
squared = 0.10].

Accordingly, 9RP allele carriers of the cycle group showed
a stronger phase-related decline in avoidance learning from
the low to the high E2 phase [Delta of Avoid B performance in
9RP: cycle group = —26.06 + 5.74%; HC group = 2.70 & 7.7%;
t(32) = —2.76, p = 0.005; Delta of Old Pair AB performance in

TABLE 3 | Main effects and interactions in the HC group (n = 39).

Main effect or interaction F-value Degrees p-value Partial eta
of freedom squared
Learning phase (session 1)
Phase 0.02 1,36 0.894 <0.01
Phase x DAT1-genotype 0.004 1,36 0.950 <0.01
Pair* 24.34 2,72 <0.001 0.40
Pair x DAT1-genotype 1.27 2,72 0.288 0.03
Phase x pair 0.50 2,72 0.609 0.01
Phase x pair x Dat1-genotype 0.18 2,72 0.833 <0.01
DAT1-genotype 1,73 1,36 0.197 0.05
Transfer phase (session 2)
Phase 0.01 1,36 0.944 <0.01
Phase x DAT1-genotype 0.59 1,36 0.447 0.02
Learning capacity* 9.84 1.7, 60.6 <0.001 0.22
Learning 0.29 1.7,60.6 0.713 0.01
capacity x DAT1-genotype
Phase x learning capacity 0.29 1.6, 57.1 0.697 0.01
Phase x learning 0.18 1.6, 571 0.788 0.01
capacity x DAT1-genotype
DAT1-genotype 2.72 1,36 0.108 0.07

*Effects that are significant at p < 0.05 are highlighted in bold and are marked with an
asterisk. If required violations of sphericity were corrected with Greenhouse-Geisser.
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9RP: cycle group = —26.22 + 6.31%; HC group = 2.15 + 7.7%;
t(32) = =2.7, p = 0.011] (see also Figure 2). Further, in the late
FP, 9RP allele carriers of the cycle group were also more com-
promised in the ability to avoid negative feedback and to choose
symbol A from the old stimulus pairs, when being compared to
the same genotype in the HC group and the ON-phase [Avoid
B performance in 9RP: #(32) = —2.18, p = 0.037; Old Pair AB
performance in 9RP: #(32) = —2.31, p = 0.027; see also Table 2
for descriptive statistics].

In contrast, there were no phase-related differences to be
found between the 10RP allele homozygotes from the cycle
and the HC group. The two post hoc t-tests for the main effect
and the two-way interaction yielded only weak results. For
one thing, in the comparison of the groups there was a non-
significant, numerical difference between the negative Delta
of Avoid B performance [Cycle group = —13.2 + 5.53%; HC
group = —1.29 + 4.85%, t(66) = —1.62, p = 0.11] and the positive
Delta of Choose A performance [Cycle group = 13.14 + 6.41%;
HC group =2.73 + 4.46%, 1(67) = 1.37, p = 0.18], which were both
less pronounced in the HC group. Further, when considering all
subjects together, there was a significant difference between the
mean Delta of Choose A performance (7.32 & 3.79%) and Avoid
B performance (—6.55 + 3.69%) [#(67) = 2.46, p = 0.016]. Yet, we
presume that any group-related differences had their origin in
the strong decline of avoidance learning capacity from the early
to the late FP that was rather specific for 9RP variant carriers of
the cycle group.

Effect of Initial Test Phase

We also wanted to examine whether the test order may have
had a significant influence on reinforcement learning capacity
as demonstrated by previous studies. Following the procedure
described by Wallen and Rupp (39), we performed two GLMs
on the data of the initial test day, when subjects were still naive
with regard to performing the probabilistic feedback task.

For session 1, the GLM included the within-subject factor
“pair” (AB, CD, EF) and the between-subject factors “test phase”
(early FP, late FP, OFF-phase, and ON-phase) and “DATI-
genotype” (9RP versus 10H). No significant effects emerged. Only
the interaction between “pair” and “DATI-genotype” reached
statistical trend level [F(2, 120) = 2.54, p = 0.083, partial eta
squared = 0.04].

For the transfer phase, the within-subject factor “learn-
ing capacity” (Choose A, Avoid B, old pair AB) and the two
between-subject factors “test phase” (early FP, late FP, OFF-phase,
and ON-phase) and “DATI-genotype” (9RP versus 10H) we
included in the GLM. Here, we found a significant main effect
of “learning capacity” [F(1.43, 85.42) = 13.84, p < 0.001, partial
eta squared = 0.19] as well as a significant two-way interaction
of “learning capacity” and “test phase” [F(4.27, 85.42) = 2.66,
p = 0.018, partial eta squared = 0.12] and a significant three-
way interaction that also included the factor “DATI-genotype”
[F(4.27, 85.42) = 2.93, p = 0.023, partial eta squared = 0.13].
The post hoc t-tests confirmed that only the 9RP allele carriers
were significantly worse in the avoidance of negative feedback
in the LF as opposed to the EF [9RP—Avoid B performance:
EF = 87.82% + 5.59%; LF = 39.56% + 8.37%; t(12) = 4.80,

p <0.001], while the 10H were not [10H—Avoid B performance:
EF = 64.24% + 7.47%; LF = 67.28% + 8.36%; t(12) = —0.27,
p = 0.790]. Moreover, performance was significantly different
between genotypes in both the EF [¢(13) = —2.46, p = 0.028] and
the LF [#(13) = 2.33, p = 0.036].

In addition, the women with a natural cycle and the 9RP
variant also showed a significant performance decline in the LF
(Avoid B = 39.56% =+ 8.37%) in comparison to the ON-phase
(Avoid B=79.59 £+ 6.51%) [t(15) = —3.83, p = 0.002]. In contrast,
the comparisons of the EF and the OFF-phase in the same geno-
type and those in the 10H did not yield significant differences in
avoidance learning between study groups and phases.

Pearson Correlations between Phase-
Dependent E2 Concentration and

Performance in the Transfer Phase

To better understand the association between the individual
variation in E2 concentration within the different groups and
phases and reinforcement learning capacity, we also explored the
respective hormone-behavior correlations in the transfer phase
[see Ref. (16) for a similar approach]. First, we found a positive
correlation between early follicular E2 level and reward sensitiv-
ity (i.e., Choose A performance) across genotypes in the cycle
group (n = 30, r = 0.39, p = 0.034, two-tailed). No significant
correlation emerged in the late FP or in the HC group.

Second, when subdividing the two samples by genotype,
only the 9RP carriers of the cycle group exhibited a trend-wise
positive correlation in the early FP (n = 14, r = 0.50, p = 0.07,
two-tailed), suggesting that this genotype may have primarily
driven the positive correlation in the complete cycle group.
In contrast, the carriers of the 9RP from the HC group showed
the reverse correlation in the OFF-phase (n = 20, r = —0.49,
p = 0.027, two-tailed), and the two correlation coefficients were
also significantly different (Fisher r-to-z transformation: z = 2.8,
p =0.0051, two-tailed).

DISCUSSION

Interactions of genotype and hormonal state have been widely
ignored by cognitive neuroscience [but see Ref. (15, 17)]. The
present study is the first to systematically assess how the natural
rise of E2 level in the late FP may interact with DAT1-genotype
during reinforcement learning. Our data show that the effect of
DAT1-genotype on reinforcement learning may indeed interact
with transient hormonal state, but only in women with a natural
menstrual cycle. Notably, we found that carriers of the 9RP variant
experienced a significant decrease in the ability to avoid punish-
ment from the early to the late FP. No such plasticity emerged in
the HC group or in the 10H from either group.

DAT1-Genotype and Avoidance

Learning Capacity

Our main finding of a reduced punishment learning capacity
in 9RP allele carriers during the high E2 state (i.e., the late
FP) conforms to the idea that physiological E2 may act as an
endogenous DA-agonist that amplifies central dopaminergic
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transmission (1, 34, 35). Previous studies have already shown
that synthetic drugs that increase striatal DA level may reduce
the ability to avoid punishment and may in turn increase
reward learning ability (11, 40). A similar effect has also been
documented for changes in endogenous hormone level over
the course of the menstrual cycle (9, 10, 16). Finally, behavioral
genetic studies showed that the sensitivity for negative feedback
may be reduced in carriers of polymorphisms associated with
a higher DA synthesis capacity and reduced DRD2 density
[e.g., the minor A+ allele of the Taql A polymorphism (12, 24)].
The present study is the first to demonstrate the interactive
effect of a state of physiologically increased E2 level (i.e., the
late FP) and a genetic polymorphism that might be related to
lower striatal DA transmission on intra-individual variations in
reinforcement learning capacity. Most previous neuroimaging
studies on the DAT1-polymorphism used mixed sex samples
and failed to control for menstrual cycle phase in women. It cur-
rently remains unclear whether in comparison to the 10RP allele
the 9RP variant of the DAT1-polymorphism is associated with
a lower (25) or higher density of striatal DAT (26-28), if there
is an association with DAT expression at all (29). Behavioral
evidence is also mixed, with some studies suggesting that
homozygosity of the 10RP allele may enhance reward-related
responses [e.g., Ref. (32)], while others found evidence for
the opposite with increased activation in 9RP allele carriers
[e.g., (30, 31)]. The present data may provide preliminary evi-
dence for the assumption that the 9RP variant may be related to
a higher DAT density. If the state of enhanced E2 indeed induced
a reversal of normal DAT function that promoted increased DA
efflux as suggested by Watson et al. (35), then subjects with the
genetic predisposition for a higher density of the DAT should be
more strongly affected by this effect of rising E2 in the late FP. This
is because the strongest E2-induced DA efflux through the DAT
might be expected in individuals carrying the highest density
of transporters, which should then also lead to a pronounced
behavioral change from the early to the late FP. In addition to
that, the same genotype should also have a higher punishment
avoidance capacity in comparison to the other variant at cycle
onset, when E2 level is at its nadir. Carriers of the 9RP allele
of the cycle group fulfilled these two prerequisites, when being
compared to homozygotes of the 10RP variant (see Figure 1;
Table 2). Following this logic, the present results may also con-
form to the model of the inverted U-shape relationship between
behavioral performance, baseline DA level, and DA-agonistic
substances (41). More specifically, according to this model only
subjects with a low baseline DA concentration, who according
to our data might be the carriers of the 9RP allele, should be
significantly influenced by a physiological rise in E2 level
[see also Ref. (16)]. In contrast, the E2 rise in the late FP should
have no or only a small effect on punishment learning capacity
in subjects with a supposedly higher baseline DA capacity to
begin with (as demonstrated here for the 10H).

However, the present observations do not conform to the
results of a recent behavioral genetic study that assessed social
reward learning capacity in healthy young men. Eisenegger
et al. (42) used pharmacological intervention with L-DOPA,
which transiently enhances striatal DA levels and assessed the

interaction with DAT1-genotype (comparison of carriers of
the 9RP allele versus 10H) on learning from economic interac-
tions with either prosocial or antisocial partners. They found
an increase of social learning success resulting in enhanced
interactions with prosocial partners and higher pay-off under
L-DOPA treatment of male 10H. In contrast, male 9RP allele
carriers appeared to be impaired in learning from prosocial
interactions following treatment with L-DOPA. Yet, there are
several differences between the two studies that may explain the
divergent findings. First, Eisenegger et al. (42) used a between-
subjects design, in which both the pharmacological interven-
tion (L-DOPA versus placebo) and the pairing with a prosocial
versus antisocial partner varied between participants. This
did not only result in relatively small samples for comparison
(e.g., of the group confronted with a prosocial partner, only 16
of the 43 male 9RP allele carriers were treated with L-DOPA),
but may have also increased the influence of inter-individual
variance. For example, Eisenegger et al. (42) did not control
for other genetic polymorphisms in the DA system nor in
related neurotransmitter systems (e.g., the serotonin system)
that could have significantly affected reinforcement learning
capacity or social cognition thus contributing to group differ-
ences independent of the pharmacological intervention. When
we assessed whether the effects identified in the present study
were already evident during the initial, naive test day, we were
also required to use a between-subjects approach. Yet, our find-
ing from the initial test day was in line with the finding that
emerged in the within-subject design, which allowed us to rule
out these potential confounds related to intersubject variation.
Further, the L-DOPA treatment in healthy young men may have
induced a supraphysiological DA level. The risk of dopaminer-
gic overstimulation is always immanent when using an effective
agent like L-DOPA in healthy young adults. It has already been
demonstrated that the effects of supraphysiological stimulation
on the DA system are not necessarily comparable to those
achieved by stimulation in the physiological range and could
even reverse the expected behavioral effects (3), which might
explain the discrepant findings of Eisenegger et al. (42). Finally,
and most importantly, Eisenegger etal. (42) assessed young men,
while the present study was restricted to a female sample. Sex
differences in the neural correlates of reward processing have
repeatedly been demonstrated [e.g., Ref. (43)]. Further, one may
speculate that a high endogenous testosterone concentration in
men might have a similar effect on DAT function as rising E2 in
women. The DA-agonistic effects of testosterone have repeatedly
been documented (44), and testosterone may exert some of its
central effect through conversion to E2. It is therefore possible
that the DA response of young men, who were at their point of
peak fertility, may have also been influenced by their current
testosterone level, which may have further contributed to inter-
individual differences between subjects. Again, this renders the
risk of overstimulation by L-DOPA even more likely and might
further explain discrepant findings between the two studies.

It has recently been argued that test order effects may render
the interpretation of the results from previous studies on the
menstrual cycle difficult (39, 45). For this reason, we analyzed
the data from the initial test day separately and found that the
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results from the analysis of the influence of cycle phase during
this naive test replicated the effects of the repeated-measures
design. For this reason, we are confident to assume that the
effects identified in this preliminary study could indeed be
a consequence of the hypothesized cycle phase by genotype
interaction.

Differences between the Cycle
and the HC Group

Another important finding of the present study was that the
decrease in avoidance learning capacity was restricted to the
women from the cycle group who experienced the effect of
a natural rise in E2 in the late FP. The HC group showed no
behavioral variations between the pill break and the intake
phase. Since the intake of HC suppressed the physiological rise
in E2 to such an extent that only a slight numerical increase
of E2 concentration remained at the group level (Table 2), the
lack of effect of natural E2 on reinforcement learning ability was
not unexpected. Yet, our data also suggest that the women of
the HC group remained unaffected by the intake of synthetic
hormones. This was in so far surprising as more general differ-
ences have been hypothesized to exist between women with a
natural menstrual cycle and those that take HC on a regular basis
[e.g., Ref. (46)]. The HC sample consisted of women that took
HC for at least 1 year, with an average intake duration of more
than 7 years. This might have induced profound adaptations
to the constant hormonal treatment, such as a compensatory
reorganization of neuroanatomy or function that has been
demonstrated elsewhere and may also promote behavioral
differences (37). When considered as deflections from homeo-
stasis, compensatory long-term adaptations should become par-
ticularly evident when the pharmacological agent is with-held
(i.e., during the pill break) and may then show up as deflections
from homeostasis. Such a mechanism might be comparable
to the long-term drug effects on the DA system in substance
abuse disorders (47). Yet, the HC subjects from the present
study remained quite stable across phases when considering the
mean performance in the probabilistic feedback learning task
(Table 2), which could indicate that long-term HC might have
rendered the brain rather unresponsive to the change induced
by a short OFF-period. Only the observation of a negative
correlation between E2 level and reward sensitivity in the OFF-
phase, which contrasted the positive correlation documented in
the cycle group, may hint us to the possibility of compensatory
long-term adaptations, a speculation, which however needs to
be replicated in a bigger sample.

Only a limited number of studies have so far assessed the
influence of HC on brain function and anatomy. Bonenberger
etal. (48) examined the influence of HC in the context of reward
processing in a modified version of the monetary incentive
delay task. They demonstrated that the regular intake of HC
may slightly alter activation in the anterior insula during reward
expectation, but not in the striatum nor in other regions of the
mesolimbic DA system. In addition, another two studies sug-
gested HC-related changes in brain regions that are important
for various fundamental aspects of cognition (46), which may in

part depend on the subtype of HC used [for example in relation
to face recognition performance (49)]. In the present sample,
17 women (nore = 9) used HC containing androgenic progestins,
while the remaining 21 subjects (norp = 11) took HC with
anti-androgenic progestins. Exploratory t-tests revealed no
significant behavioral differences between the HC subtypes at
P <0.05 (two-tailed), also not when accounting for the influence
of genotype and pill phase. Yet, the present sample was quite
small. Since the DA-agonistic properties of androgens have
already been demonstrated (44), it might be valuable to read-
dress the potential impact of HC subtype (androgenic versus
anti-androgenic progestins) on reinforcement learning in a
bigger sample.

Alternatively, it might also be possible that any changes in
reinforcement learning capacity from the OFF- to the ON-phase
were masked by a rise in progestin content that accompanied
the synthetic estrogen administration. If that was the case, the
DA-antagonistic properties of progesterone and its metabolites
[e.g., Ref. (50-52); see also Ref. (9)] would have neutralized any
E2-related effect on dopaminergic transmission in the ON-phase.
Since we did not measure salivary progesterone level, we are
unable to rule out this latter possibility.

Finally, other group differences, like the fact that most HC
subjects were in a committed relationship, while less then half of
the participants from the cycle group indicated to have a part-
ner, could have also contributed to differences in the underlying
neurofunctional structure, since partnership has been shown
to affect the hormone system, which could indirectly influence
brain physiology [e.g., Ref. (53)].

No Evidence of a Cycle Phase by
Genotype Interaction in the Context of
Reward Learning Capacity—A Possible

Relation to Tonic DA?

But why did the 9RP allele carriers become compromised in
avoidance learning ability without experiencing an increase in
reward sensitivity from the early to the late FP? The functional
opponency of reward and punishment learning capacity has
been demonstrated repeatedly and can be induced by both
variations in central DA transmission [high versus low baseline
DA, respectively, e.g., Ref. (11, 13)] and endogenous E2 level
(9,10, 16). The present data indicated a slight rise of the “Choose
A” performance from the early to the late FP in both 9RP variant
carriers and in 10H in the transfer phase (Table 2; Figure 1),
which, against the background of a decline in “Avoid B” perfor-
mance, would be in line with the assumption of functionally
opponent processes. Yet this increase was not significant. This
latter observation may fit with previous evidence suggesting
that if tonic DA level is low, the transient upregulation of the
phasic DA response can still be observed, which may preserve
a normal responsiveness to reward (54). Therefore, even
relatively lower levels of DA (e.g., those expected during the
early FP) may be sufficient for effective learning from reward
through a positive reward prediction error (55). This might
have been one explanation for the observation that the rise in
E2level in the late FP had no further enhancing effect on reward
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learning capacity in the probabilistic feedback task. Diekhof and
Ratnayake (9) documented a similar finding, when comparing
the late FP and the luteal phase of the menstrual cycle and also
found no evidence for a change in striatal processing of posi-
tive feedback. In contrast to that, the ability to avoid negative
feedback appeared to be more sensitive to variations in tonic
DA level. In order to realize effective learning from the negative
outcome of an action, a significant depression of tonic DA is
required (55, 56). Moreover, the dip in dopaminergic tone has
to be strong enough for engaging the respective corticostriatal
connections of the indirect NoGo-pathway of the basal ganglia
to realize effective punishment learning in the probabilistic
feedback task (13). One may assume that in the E2-dominated
state of the late FP and the supposedly higher DA content in
the striatum, the suppression of dopaminergic tone following
a negative feedback would become more difficult. This would
decrease the signal-to-noise ratio and thus render the negative
prediction error signal less likely, which would ultimately result
inasignificant decline in punishment learning capacity. Diekhof
and Ratnayake (9) demonstrated a significant decline in “Avoid
B” performance in the late FP, which was also accompanied by
a reduced activation of the dACC by negative feedback. In the
present study, the highest sensitivity for more detailed value
representations in “LOSE-LOSE trials” was evident in the 9RP
allele carriers in the early FP, and this sensitivity declined by
18% when E2 level rose in the late FP. Moreover, carriers of
the 9RP variant also showed a cycle phase-related difference in
learning performance in session 1. Subjects became particularly
worse when learning from pair AB [early FP = 79.3 + 4.6%;
late FP = 62.8 & 4.8%; #(13) = 2.77, p = 0.016]. This suggests a
reduced ability to identify the least rewarded option already in
the fixed stimulus pairs.

Nevertheless, the prediction error theory of dopamine may
provide only one possible explanation for the current and
previous findings [e.g., Ref. (9)] observed in the probabilistic
feedback task. Alternatively, variations in the motivation to act
or to engage in goal-directed action might have equally well con-
tributed to the observed differences between cycle phase-related
variations in punishment and reward learning capacity [see Ref.
(57) for review].

Limitations

First, in this initial study, we tested a relatively small sample
of women [in the range of previous behavioral genetic studies;
e.g., Ref. (17)] and looked at a single polymorphism that may
affect DAT density in the striatum. For these reasons, the present
results can only be considered as preliminary and require further
replication.

Second, the cycle phase by genotype interaction had a rela-
tively small influence on variations in reinforcement learning
capacity, as indicated by the small effect size of the interaction
when the factor “study group” (HC versus cycle group) was also
taken into account (partial eta squared < 0.10). However, the
present study used a rather conservative approach by compar-
ing phase-related changes in both a cycle group and a sample
including only women that took HC. Most previous studies
that assessed the effect of menstrual cycle phase on reward

processingdid notinclude suchacontrolsample [e.g., Ref. (15)].
Accordingly, when the cycle group was considered alone in our
study, the effect size for the interaction of “phase” X “learning
capacity” X “DAT1-genotype” increased from 0.04 to 0.12 (see
Table 1). Nevertheless, even the smaller effect size of 0.04 is in
the range of effect sizes reported by pharmacological interven-
tion studies published in the field. For example, none of the
effect sizes reported by Eisenegger et al. (42) for interactions
involving the factor “DA intervention” and “DAT1-genotype”
in relation to social reward learning were higher than a par-
tial eta squared of 0.098. When considering the fact that we
assessed the impact of the physiological rise in E2 level, our
findings indicate that endogenous E2 may be a quite potent
modulator of DA transmission with effect sizes comparable
to pharmacological agents like L-DOPA. In addition to that,
like many of the previous studies on the role of the DAT1-
polymorphism in reward processing, our study also did not
control for other, potentially relevant genetic polymorphisms
that could equally well affect reinforcement learning capacity.
Future studies with bigger samples (n > 200) should use more
advanced behavioral genetic methods like genome-wide asso-
ciation or at least haplotype analysis in order to draw a more
comprehensive picture of cycle phase by genotype interactions
relevant for inter- and intra-individual variations in reinforce-
ment learning capacity.

Another limitation might be the use of a social feedback (smi-
ley versus grumpy face) in the probabilistic feedback task. This
was done to create a design that was comparable to Frank et al.
(11), Klein et al. (12), and Diekhof and Ratnayake (9). However,
a social feedback may have a lower salience than a monetary
reward or loss and may thus lead to a reduced dopaminergic
response, i.e., a less effective DA burst or dip, which could have
made it easier for variations in E2 to actually tip the balance in
favor of reward at the expense of punishment sensitivity. Even
though, this thought is currently mere speculation, future studies
have to address this potential confound and should test, whether
learning from a monetary loss during action selection is equally
affected by follicular E2.

Finally, the present study assessed the influence of the rise
in endogenous E2 concentration, which precludes any solid
inferences on causality. Therefore, placebo-controlled E2 admin-
istration studies in young women or a comparison between
menopausal women who receive a hormone-replacement therapy
or not will be important in that context [e.g., Ref. (58)]. Yet,
pharmacological E2 may also have certain disadvantages like the
possibility of supraphysiological stimulation in young women, as
already outlined above, or the stimulation of a neural structure
that might be already compromised by biological aging effects.
As an initial step, the understanding of physiological E2 and its
role in reinforcement learning may thus be crucial to provide
an informed basis for future studies that use pharmacological
intervention.

CONCLUSION

Taken together, the present study adds to the growing aware-
ness of the complex interplay between various physiological
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determinants of dopaminergic transmission. The observed
effects on reinforcement learning capacity cannot simply
be attributed to cycle phase or genotype alone, but may be a
result of their interaction. Furthermore, the present data may
provide preliminary evidence for a differential effect of natural
and synthetic hormones on reinforcement learning capacity. In
that way, they may not only point out the necessity to control
for hormonal state and biological sex in behavioral genetics
research, but may also offer new ideas for studies in clinical
settings.
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Aim: Gonadal hormones are essential for reproductive function, but can act on neural
and other organ systems, and are probably the cause of the large majority of known sex
differences in function and disease. The aim of this review is to provide evidence for this
hypothesis in relation to eye disorders and to retinopathies in particular.

Methods: Epidemiological studies and research articles were reviewed.

Results: Analysis of the biological basis for a relationship between eye diseases and
hormones showed that estrogen, androgen, and progesterone receptors are present
throughout the eye and that these steroids are locally produced in ocular tissues. Sex
hormones can have a neuroprotective action on the retina and modulate ocular blood
flow. There are differences between the male and the female retina; moreover, sex
hormones can influence the development (or not) of certain disorders. For example,
exposure to endogenous estrogens, depending on age at menarche and menopause
and number of pregnancies, and exposure to exogenous estrogens, as in hormone
replacement therapy and use of oral contraceptives, appear to protect against age-
related macular degeneration (both drusenoid and neurovascular types), whereas exog-
enous testosterone therapy is a risk factor for central serous chorioretinopathy. Macular
hole is more common among women than men, particularly in postmenopausal women
probably owing to the sudden drop in estrogen production in later middle age. Progestin
therapy appears to ameliorate the course of retinitis pigmentosa. Diabetic retinopathy, a
complication of diabetes, may be more common among men than women.

Conclusion: We observed a correlation between many retinopathies and sex, probably
as a result of the protective effect some gonadal hormones may exert against the devel-
opment of certain disorders. This may have ramifications for the use of hormone therapy
in the treatment of eye disease and of retinal disorders in particular.

Keywords: gonadal hormones, estrogens, hormone therapy, eye disorders, retinopathies, optic nerve, age-related
macular degeneration, sex-related differences

INTRODUCTION

There is a growing body of evidence for the importance of gonadal hormone action in the func-
tion of the reproductive and other systems (1), including bone (2) and cardiovascular system. Sex
hormones (androgenic, estrogenic, and progestinic) are produced by both sexes, though the quantity
and mode differ by sex and age. Moreover, they are produced, not only by the gonads, but also by
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other organs (3, 4), including the central nervous system (CNS) in
which estrogens are thought to exert a neuroprotective role (5, 6).

Historically, interactions between gonadal hormones and the
eye have received scarce attention; however, recent research into
sex-related differences has begun to reveal possible links between
estrogens and eye diseases, i.e., glaucoma, age-related macular
degeneration (AMD), and cataracts. This has carried over into
the evaluation of the implications that postmenopausal hormone
replacement therapy (HRT) and anti-estrogenic therapy in breast
cancer could have for concomitant eye disorders (7).

Since, research in this area is still at its beginning, the avail-
able studies are few and often limited in sample size; this does
not allow to reach a univocal and definitive answer about the
relationship between sex, sex hormones, and ocular pathologies.
The purpose of this review is, therefore, to summarize the results
currently present in the literature.

BASICS OF BIOLOGY AND
EPIDEMIOLOGY OF INTERACTION
BETWEEN GONADAL HORMONES
AND THE EYE

Presence of Hormone Receptors in the

Human Eye

The eye was long considered a “sexually neutral” structure, mean-
ing that it was believed that there were no differences in ocular
physiology and pathology between the sexes. Today, however, we
know that differences among sexes exist both in the physiology
and in the pathology of the eye. In fact, the eye is a target for
sex steroid hormones as demonstrated by the large presence of
sex steroid hormone receptors (SSHRs). The SSHRs' mRNAs are
present everywhere in the eye (8): cornea, lens, iris, ciliary body,
retina, lacrimal gland, meibomian gland, conjunctiva [for a com-
plete list of citations see Ref. (9)]. In all these locations, estrogen
receptor o (ERar), estrogen receptor § (ERp), progesterone recep-
tor, and androgen receptor (AR) mRNAs have been detected.

Thedistribution of SSHRsin the eye varies by sexand age, which
partly explains the difference in the epidemiology of certain eye
diseases (9). PCR assay, Western blot, and immunohistochemical
analysis have demonstrated the presence of ER-a protein in the
retina and RPE of young women, but not in postmenopausal
women or men (10).

In addition to AR mRNA (8), the AR protein is present in
the lachrymal and meibomian glands, the cornea, the bulbar
conjunctiva, the lens, and the RPE, together with 5a-reductase
(the enzyme converting testosterone into the more powerful
dihydrotestosterone, DHT) type 1 and 2 mRNA (8).

Synthesis of Steroids in the Retina

The mammalian retina has the ability of synthetize neurosteroids
(pregnenolone, progesterone, dehydroepiandrosterone, desoxy-
corticosterone, 3 alpha, 5 alpha-tetrahydrodesoxycorticosterone,
3 alpha-hydroxy-5 alpha-dihydro-progesterone, 17-hydroxypro-
gesterone, and 17-hydroxypregnenolone) from cholesterol, as
demonstrated by using retinal explants, thus excluding interfer-
ences from circulating steroids (11).

Following studies demonstrated also the presence of steroido-
genicenzymes (mRNA and protein) in theretina (12): cytochrome
CYP11A1(CYP450scc) thatconverts cholesterol in pregnenolone;
3-p-hydroxysteroid dehydrogenase which converts pregnenolone
in progesterone; cytochrome CYP17A1 (P450c17) involved in the
production of 17-a-hydroxymetabolites; and CYP19A1 (P450
aromatase) which converts testosterone in 17--estradiol [(11, 13,
14), Figure 1]. Cholesterol, which activates the metabolic cascade
leading to the production of E,, is also produced in the retina:
HMG-CoA reductase, the main enzyme for cholesterol synthesis,
is present in the RPE, photoreceptors, and Miiller cells. Exogenous
cholesterol, on the other hand, is derived from high-density and
low-density lipoproteins (HDL and LDL, respectively) that bind
to specific receptors of the retinal cells (15). The principal limiting
steps for estrogen production in the retina are the regulation of
CYP450scc and aromatase enzymatic activities (14) (Figure 1).
The steroidogenic enzymes are found in retinal neurons, glial
cells, and photoreceptors in amounts similar to those observed
in other part of the CNS (16). Enzymes’ concentration is greatest
in the internal nuclear layer, which is considered the principal site
of retinal steroids’ synthesis (14).

Finally, it is important to note that estrogens and androgens are
also produced outside the retina (gonads, adrenals) and, through
the blood flow, they can reach the eye where, in males, circulat-
ing testosterone may be locally metabolized in 17-p-estradiol.
Diseases or functional alterations linked to steroid hormones
may, therefore, be due to both retinal steroidogenic enzyme fail-
ure (short-term effects?), alterations in the gonadal and adrenal
hormone supply (long-term effects?), or both conditions.

Differences in Retinal Function
between Men and Women

There are marked sex-related differences in ocular anatomy and
pathophysiology, particularly for the retina. Studies on mice
have identified differences in retinal structure between males
and females and found that, as measured by multifocal electro-
retinography (mfERG), retinal function is better in females of
reproductive age than in males and older females (17). Similar
mfERG studies on humans found a statistically significant differ-
ence in neuroretinal function between men and women below
50 years, but not after this age; in addition, neuroretinal function
was lowest in women who received a hysterectomy during repro-
ductive age, with subsequent iatrogenic-induced menopause.
These findings suggest that the estrogenic cycle has a beneficial
effect on neuroretinal function and that estrogens may have a
protective role (18).

Sex-Related Differences in the

Prevalence of Eye Disorders

Sex-related differences in eye anatomy and physiology are
reflected in disease processes (19). Cataracts, for example, are far
more prevalent among women than men: the prevalence of lens
opacities in women aged between 65 and 74 years is 24-27%, but
only 14-20% in their male counterparts (20-23). Estrogen levels,
besides other risk factors, appear to play a role. Numerous studies
have shown that HRT is a protective factor in postmenopausal
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FIGURE 1 | Neurosteroid synthesis in the retina. The drawing report of the metabolic pathway leading to estradiol synthesis within the retina (11, 14). The
steroidogenic enzymes already identified for their mRNA, activity or immunolocalization are indicated within yellow boxes. The enzymes still lacking of identification
are indicated within the grey boxes. Dotted lines indicate so far unclear enzymatic activities. Abbreviations: 3p-HSD, 3p-hydroxysteroid dehydrogenase; 3a-HSD,
Ba-hydroxysteroid dehydrogenase; 5aDH-DOC, 5 alpha-dihydrodeoxycorticosterone; 5aDHP, 5a-dihydroprogesterone; 5a-R, 5a-Reductase; 17p-HSD1,
17p-hydroxysteroid dehydrogenases 1; 17p-HSD4, 178-hydroxysteroid dehydrogenases 4; 173-HSD5, 17p-hydroxysteroid dehydrogenases 5; DHEA,
dehydroepiandrosterone; DHT, dihydrotestosterone; DOC, deoxycorticosterone; HMG-CoA, hydroxymethylglutaryl-CoA; HMGCoA-R, hydroxymethyliglutaryl-CoA
reductase.

women and that late menopause or early menarche, both of  sex-related differences have been associated with different types
which augment estrogen exposure, lower the risk of cataracts in ~ of glaucoma: a study conducted on an Asian population (39)
advanced age (24-27). The main protective action of estrogenson  reported that angle-closure glaucoma is more prevalent among
the lens is probably due to their antioxidant properties (28). With ~ women; other studies reported the same findings for white and
the onset of menopause, the drop in estrogen levels increases the ~ black populations (41, 42), but other studies found that, after
risk of cataracts in older women. Differently, the levels of estrogen ~ adjusting for age and population, angle-closure glaucoma is
converted by aromatase from testosterone in men do not seem  more common among men (40, 43). Sex-related differences in
to be age dependent, affording men greater protection against  the prevalence of diabetic retinopathy are associated with the
the development of cataracts (29). This sex-related difference in  difference in the prevalence of diabetes. Though more men than
eye disorders is not always so distinct. For example, sex is not ~ women are affected by type 1 diabetes (44) no study to date has
considered a factor in AMD (30, 31), though some studies have found a significant difference in its prevalence (45, 46). Similarly,
suggested its higher prevalence among women (32, 33). When  no statistically significant sex-related differences in the preva-
distinguished by type of AMD, neovascular (34) and drusenoid ~ lence of diabetic retinopathy associated with type 2 diabetes
(32) forms are more prevalent among women. As reported for ~ have been established, though some studies have suggested that
cataracts, longer exposure to estrogens or HRT confers a lower it is more frequent among men (47, 48).

risk of developing AMD in later age (35, 36), suggesting that Various other risk factors besides sex alone need to be taken
this is due to the antioxidant and anti-inflammatory actions of  into account (49). For example, in a study on a rural south Indian
estrogen (37, 38). population, Nirmalan et al. (50) tried to understand if female

Glaucoma is also more frequent in women (39), though this  reproductive factors (age at menarche and menopause, number of
is more likely linked to the longer life expectancy of women  pregnancies, etc.) were related with eye diseases. The study found
and as such is an age-related risk factor (40). Nonetheless, = no association with cataracts, open-angle glaucoma, macular
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degeneration, or myopia; nonetheless, the study presented several
limitations, including the fact that the data on reproductive fac-
tors were gleaned from self-report questionnaires and that eye
disorders were diagnosed in most subjects during the course of
the study.

NEUROPROTECTIVE EFFECT OF SEX
HORMONES

Preclinical Studies

Several studies have investigated whether estrogens have a neuro-
protective role and, if so, through which mechanisms they exert
such action. Nixon et al. (51) examined the role of hormones
in elevated levels of glutamate, which has a neurotoxic effect.
High glutamate concentrations inhibit the cysteine/glutamate
transporter, which reduces the production of glutathione, an
antioxidant. This decrease leads to the augmented production of
reactive oxygen species (52), which, owing to oxidative damage,
promote the development of eye diseases, such as AMD (53)
and retinitis pigmentosa (54). The experiment was carried out
in vitro on 661 W cells, i.e., a mouse cone photoreceptor cell
line, and demonstrated that E; and the non-feminizing estrogen
analogs ZYC-26 and ZYC-3 exert a protective action against the
damage induced by 5 uM of glutamate. It was also observed that
the protective effect of ZYC-26 and ZYC-3 is not exerted via the
classic estrogen receptors ERa and ERp, as demonstrated by the
persistent protective action despite the use of an estrogen recep-
tor pan-antagonist (IC1182780) and the lack of a protective effect
after the use of the two agonists of ERx and ERp. Based on these
results, it was hypothesized that non-feminizing hormones could
be used in the treatment of neurodegenerative eye disorders,
and thus avert the side effects of prolonged estrogen therapy. Mo
et al. (55) investigated intracellular neuroprotective mechanisms
in ovariectomized mice, as measured by electroretinography of
light-induced apoptosis in retinal cells. Following intravitreal
administration of 17f-estradiol, retinal function was preserved
due to the reduction of neuronal apoptosis. The involved path-
way is PI3k/Akt activation: administration of a PI3K inhibitor
(LY294002) increases retinal neuronal apoptosis, while the
administration of estrogens leads to the translocation of NF-kB
p65 from the cytosol to the nucleus, which is inhibited in the pres-
ence of LY294002. These results demonstrated that the protective
action of estrogen on the retina is exerted via activation of the
PI3K/Akt cascade and concludes with the nuclear translocation
of NF-kB (55). The mechanism of action reported in this study
is not the only one through which sex hormones exert their
neuroprotective effect.

Estrogens also have a protective effect on intraretinal syn-
apses. Kaja et al. (56) used a mouse model in which mild retinal
ischemia was induced by transient occlusion of the middle cer-
ebral artery. This experimental condition is ideal for examining
the earliest stages of retinal damage that precede the development
of neurodegenerative processes. Synaptic activity was measured
using an immunoreactive technique based on the detection of
Vesl-1L7Homer 1c (V-1L), a neuronal cytosolic protein involved
in receptor clustering for neurotransmitters and in neuronal

development and plasticity. V-1L is also a good marker to evalu-
ate the changes in synaptic connectivity during the early stages of
apoptosis of retinal ganglion cells. The study (56) found that reti-
nal ischemia, though mild, can significantly reduce the number
of V-1L-positive synapses in the internal plexiform layer of the
retina, and increase the number of neuronal apoptotic cells in the
ganglion cell layer. Estrogen administration exerts a protective
effect by reducing the percentage of cells undergoing apoptosis
and by preventing early ischemia-induced changes preceding
apoptosis in the synaptic connections.

The neuroprotective action of estrogens appears to be closely
linked to their antioxidant activity. Among the studies investigat-
ing this property, the early study by Moosmann et al. (57) merits
mention as it demonstrated that the antioxidant-neuroprotective
action of the hormones is not due to their genomic property,
i.e., their ability to influence the transcription of specific genes,
but rather because of their chemical properties as hydrophobic
phenolic molecules. Estrogens were compared with other phenol
molecules: the results showed that the protective effect against
glutamate-induced oxidative toxicity in neuronal mouse cells
was present in all the compounds studied and that the dose to
obtain this effect was also the same. The study also showed that
there is no correlation between estrogen strength and its anti-
oxidant properties. The discovery of the dissociation between
the hormonal effect and the neuroprotective effect could open
the way to the development of new therapies using molecules
that possess the same protective properties as estrogens, but
without the unwanted effects associated with their activities as
sex hormones.

Nakazawa et al. (58) investigated differences in neuroprotec-
tive activity between “endogenous” estrogens (produced in ovary)
and “exogenous” estrogens (administrated through intravitreal
injection) in a mouse model by comparing their neuroprotec-
tive effects against retinal ganglion cell (RGC) death following
axotomy of the optic nerve, which mimics glaucoma-induced
RGC death. To evaluate endogenous estrogen activity, samples
of retinal tissue from female mice, ovariectomized or not, served
as controls in which RGC density was measured. While ovariec-
tomy had no effect on RGC density, the density was significantly
reduced in mice that received ovariectomy and axotomy as
compared to those that received only axotomy. These findings
underscored the neuroprotective role of endogenous estrogens.
In the evaluation of exogenous estrogens, ovariectomized mice
administered intravitreal 17p-estradiol had a reduction in RGC
death correlated with axotomy. The neuroprotective role of
estrogens in this experimental condition indicates the potential
for estrogen therapy in persons with etiologically similar eye
diseases, such as glaucoma. In the second part of the study, the
researchers wanted to identify the mechanism by which the exog-
enous estrogens exert their neuroprotective action. Immunoblot
assay and immunohistochemical analysis showed that following
intravitreal administration of Ea, activation of the ERK signal
transduction pathway, and c-Fos was augmented, whereas no
change in PI3K/Act activation was observed. This finding was
then confirmed in an experiment using U1026, an ERK inhibitor.
Administration of U0126 before administration of E; inhibited
the neuroprotective effect of the estrogens (58).
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Another molecular mechanism by which estrogens exert their
neuroprotective effect involves upregulation of stromal cell-
derived factor 1 (SDF-1). SDF-1 protects against retinal ischemia
via its powerful chemotactic effect that promote tissue repair and
the migration of stem cells produced in bone marrow to the site
of damage (59). To demonstrate this factor’s mechanism of action,
transient retinal ischemia was induced by increasing intraocular
pressure (IOP) to 110 mm Hg in a mouse model. Following
reperfusion, the expected increase in mRNA and SDF-1 was
measured via real-time PCR and Western blot. To evaluate the
role of estrogens, E; was administered peripherally before induc-
ing ischemia and SDF-1 was measured. The increased quantity
of SDF-1 indicated that also in this condition estrogens play a
neuroprotective role in reducing retinal damage (60).

Several studies aimed to determine whether only estrogens
exerted neuroprotective action or other sex hormones, such as
progesterone possessed similar properties (61). Progesterone was
administered by peripheral infusion to one half of a population
of male rats that had undergone photostress-induced retinal
degeneration. Electroretinography showed no statistically sig-
nificant differences between the two cohorts. The study findings
suggested that progesterone has no protective effects similar to
those of estrogens.

Clinical Studies

In addition to preclinical animal studies, also clinical studies
have been performed, including a population-based study in
postmenopausal Korean women (62) in which the women were
administered a questionnaire investigating their gynecological
characteristics and whether they were taking estrogens as HRT.
The women also received an eye examination, which revealed a
higher prevalence of eye diseases, including anterior polar cata-
racts and other retinal disorders in the women not receiving HRT,
suggesting its neuroprotective action.

EFFECT OF SEX HORMONES ON
OCULAR BLOOD FLOW

Besides acting directly on retinal neuronal cells, sex hormones
can also influence tissue perfusion by modulating retinal and
choroid blood flow. A recent review of the literature (63) on sex
differences in ocular blood flow sought to determine the possible
role of sex hormones. The rationale for the study was derived
from the fact that the eye diseases in which reduced blood flow
is considered a causal or contributing factor, including AMD
(64-66), glaucoma (67, 68), and diabetic retinopathy (69-71)
are also those for which a sex-related correlation with prevalence
has been found, suggesting that sex hormones may be implicated
in the development of these diseases. Estrogens appear to play
a protective role probably because of their vasodilatory action
in reducing vascular resistance. This finding is shared by several
studies that compared blood flow velocity and resistance of the
ophthalmic artery and the central retinal artery in pre- and
postmenopausal women. Blood flow velocity was higher and
vascular resistance indices were lower in the premenopausal
women (72), whereas vascular resistance of the central retinal
artery was reduced after estrogen administration as compared to

placebo (73). Retinal blood flow was higher in women receiving
HRT than in those naive to HRT (74); however, the evidence was
not sufficiently strong to recommend HRT in the treatment of
these conditions.

While estrogens exert a vasodilatory effect on retinal perfu-
sion, testosterone, like progesterone, has the opposite effect (72).
Progesterone exerts a vasoconstrictive effect on ocular blood flow.
As demonstrated by color Doppler imaging (75), progesterone
increases the resistance of ophthalmic and retinal arteries. In
women of reproductive age, progesterone was found to antago-
nize the vasodilatory effect of estrogen during the menstrual
cycle, as measured with the pulsatility index of the central retinal
artery (76).

The role of HRT has been extensively studied because of the
implications it can have for postmenopausal women with eye
diseases. Postmenopausal women receiving HRT or not were
compared with regards to blood flow in the inferotemporal reti-
nal artery (ITRA), the peripapillary retina, and the margin of the
optic nerve head, as measured using stereometric parameters and
electroretinography (73). Blood flow in the ITRA was significantly
higher and trophism of the optic nerve head and surrounding
area was better in those receiving HRT. The effect of estradiol
on retinal perfusion was investigated using ovariectomized mice;
in this model E, treatment improved retinal perfusion mainly
through the increase in blood flow. Both HRT and administration
of E; exert a protective effect on the retina and the retinal nerve
fiber layer by modulating tissue perfusion.

Harris-Yitzhak et al. (77) compared blood flow velocity in the
retrobulbar arteries of postmenopausal women receiving HRT or
not and young women of reproductive age. Hemodynamic resist-
ance in the ophthalmic artery was lower in the young women
and those receiving HRT than in the postmenopausal women
not receiving HRT, whereas central retinal artery blood flow was
similar for all three groups. Blood flow in the posterior ciliary
arteries was better in the young women than in the two groups
of postmenopausal women in which blood flow was similar.
These findings suggested that HRT may modulate resistance in
the ophthalmic artery, whereas its effect on other arteries is less
pronounced, since changes in blood perfusion in these areas seem
to be related to age.

Other studies have compared the effect of estradiol and
testosterone on ocular hemodynamics by measuring the serum
levels of the two hormones in pre- and postmenopausal women
not receiving HRT, in addition to evaluating via color Doppler
blood flow velocity and vascular resistance in the ophthalmic
and central retinal arteries (72). The findings showed that peak
systolic blood flow velocity in the ophthalmic artery correlated
with serum estradiol levels, whereas vascular resistance of the
central retinal artery decreased with increasing levels of estro-
gens in both groups of women. Peak systolic blood flow velocity
correlated negatively with serum testosterone levels in the pre-
menopausal women, whereas vascular resistance increased with
higher testosterone levels. The two hormones were found to exert
opposite effects: testosterone seemed to exert an antagonist effect
as compared to estrogen.

The action of testosterone on ocular hemodynamics has also
been studied in men, in which testosterone levels are naturally
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higher than in women. Low testosterone levels correlated with
hypertension and higher cardiovascular risk (78, 79). There
are also population-based differences. In fact, Malan et al. (80)
described differences for the cardiometabolic prognosis and
intraocular perfusion pressure in two cohorts of black and
white men aged between 28 and 68 years. Only in white men
there was a positive correlation between free testosterone levels
and retinal vessel diameter (except for the central retinal artery
in which the vessel diameter was inversely proportional to
testosterone levels). The findings suggested a population-based
protective effect of testosterone on vascularization and retinal
perfusion, probably linked to the vasodilatory effect in the
microvasculature.

DISEASES OF THE RETINA, OPTIC
NERVE, AND POSSIBLE SEX-RELATED
EFFECTS

In this section of the review we tried, for each pathology, to collect
the evidence in favor of the correlation with sex hormones and
those against (Table 1).

Age-Related Macular Degeneration
Evidence for the Protective Effect of Estrogens
Age-related macular degeneration is a progressive multifactorial
eye disease that leads to deterioration of vision, loss of spatial and
color vision, and adaptation to darkness (81-85). According to
the World Health Organization, AMD is the cause of blindness
in 10% of cases. Histological hallmarks are degeneration of the
RPE, Bruch’s membrane, and the choriocapillaris, resulting in
photoreceptor damage and death (86).

The pathogenesis of AMD is multifactorial: lipofuscin
accumulation in the lysosomes of the RPE; extracellular drusen
deposits between the RPE and the internal collagen layer of
Bruch’s membrane; oxidative damage; and chronic inflam-
mation. Owing to their antioxidant and anti-inflammatory
properties, estrogens might play a protective role in AMD
(38). Beside these pathogenic factors there are genetic and
environmental risk factors: age is perhaps the most important,
in addition to smoking, obesity, atherosclerosis, hyperten-
sions, hypercholesterolemia, unhealthy diet, and history of
cataract surgery (81). Female sex is a weak risk factor (32, 87,
88) though exudative AMD is more common among women
(34). These risk factors have been investigated in various stud-
ies. A case-control study (33) involved the participants in the
Age-Related Eye Disease Study (AREDS) and used as controls
subjects with fewer than 15 small drusen. Preliminary analysis
showed that age was the main risk factor; subsequent analyses
were accordingly adjusted for age to minimize its confounding
with other factors. Smoking and hypertension both resulted as
risk factors. Other correlated characteristics were Caucasian
race, body-mass index, low educational level, hypermetropia,
lens opacities, and female sex. A population-based study (89)
identified alcohol abuse as another risk factor. Exposure to
exogenous estrogens was a weakly protective factor against
drusenoid deposit in AMD.

Spurred by the prospects of a protective action by estrogens
against the development of AMD, researchers investigated the
effect of HRT in postmenopausal women. Haan et al. (90) sought
to determine whether HRT had a beneficial effect and whether
different HRTs achieved different effects. They compared the
efficacy of therapy based on conjugated equine estrogens (CEE)
with CEE therapy combined with a progestinic. No associa-
tion was found between the use of either therapy and the early
development of AMD, suggesting that the early stages of AMD
are not influenced by HRT. In contrast, conjugate therapy was
more effective than CEE therapy alone in reducing the risk of
developing both the drusenoid and neovascular forms of AMD.

In addition to investigating the protective effect of HRT on
the development of certain types of AMD, Feskanich et al. (91)
examined the potential role of estrogens as oral contraceptives
during reproductive age. They observed a lower risk for the
development of neovascular AMD in women receiving HRT.
The risk was further reduced in those who, in addition to HRT,
had also taken oral contraceptives. An unexpected result was the
correlation between the risk of early AMD and HRT. The risk of
early AMD was higher in the women who had received HRT;
this contrasted with other studies that reported no correlation
between the two factors. When the gynecological characteristics
(age at menarche and menopause, number of pregnancies) were
analyzed, none of these reproductive factors significantly modi-
fied the risk of developing AMD, except for a slight reduction
associated with multiple pregnancies.

Velez Edwards et al. (92) investigated whether genetic factors
could interact with HRT in modulating the risk of AMD and
found that postmenopausal HRT and use of estrogen oral con-
traceptives during reproductive age had a protective effect against
AMD. When, however, the study population was stratified by
AMD severity, i.e., distinguishing between early AMD character-
ized by geographic atrophy and neovascular AMD, the lower risk
remained only for neovascular AMD. During the second part of
the study, genetic analyses were carried out on peripheral blood
samples to determine whether single nucleotide polymorphisms
(SNPs) in genes thought to increase the risk of AMD could
modulate the risk of AMD in association with HRT or previous
exposure to oral contraceptives. The study findings showed that
two SNPs of the ARMS2 gene (AMD 2) located on chromosome
10 enhanced the positive effect of HRT in preventing AMD.

The hypothesis for a link between HRT and lower AMD
incidence was investigated by other studies which showed that
estrogen exerted a protective effect only against certain types
of AMD, like drusenoid AMD, demonstrating that this type of
AMD is more prevalent among women with multiple pregnan-
cies, whereas the correlation was not statistically significant when
comparing early AMD and late AMD (93).

Other studies focusing attention on the role reproductive fac-
tors can have in the incidence of maculopathies. Blasiak et al. (37)
reported a statistically significant reduction in the incidence of
advanced AMD in women who had received HRT and a signifi-
cantly higher risk of developing advanced AMD in women who
began menarche late. These findings demonstrated that estrogen
exposure, including exogenous estrogens, plays a beneficial role
in reducing the risk of advanced AMD. The hypothesis that early
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TABLE 1 | Role of sex hormones in ocular diseases.
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For and against evidences for each disease, with type of correlation.

AMD, age-related macular degeneration; CSRC, central serous chorioretinopathy; E, estrogens; R progesterone; T, testosterone.

menopause (before age 45 years), because it reduces the duration
of exposure to estrogens, could constitute a risk for the develop-
ment of macular degeneration was evaluated by Vigerling et al.
(94) who compared different samples of women, including those
that had experienced spontaneous early menopause and others
who had experienced iatrogenic early menopause following
ovariectomy. The results showed no increased risk for AMD
among the women who experienced spontaneous early meno-
pause, whereas the risk of developing macular degeneration was
significantly increased in those who had undergone ovariectomy
before age 45 years.

Studies Showing No Protective Effect of Estrogens
While some studies have found a neuroprotective effect of
estrogens, others have not, leaving the question of their potential
neuroprotective effect open. The guidelines for the management
of AMD issued by the Royal College of Ophthalmologists (95)
state that, on the basis of a meta-analysis (32), female sex is not
a factor associated with higher risk of AMD. The guidelines go
on to state that the higher prevalence of AMD among women is
largely due to their longer life expectancy (87).

Numerous studies cited by the guidelines report that repro-
ductive characteristics, e.g., age at menarche and menopause,
and exposure to HRT are inconsistently associated with
AMD (50, 96-98). The POLA study, for example, found that
advanced AMD and drusenoid AMD or AMD with pigment
abnormalities were not associated with oophorectomy or hys-
terectomy or HRT exposure. The POLA study examined serum
levels of diverse hormones and correlated molecules (estradiol,
testosterone, DHEAS, sex hormone-binding globulin) and
found a correlation, albeit weak, only for high DHEAS levels
that appeared to be associated with an increased prevalence of
drusenoid AMD. Other studies and a review corroborate the
hypothesis for the lack of a correlation between estrogens and
macular degeneration. A systematic review (32) of 18 popula-
tion-based studies and 6 case-control studies on the strength
of the relationship among factors, increasing the risk for AMD
reported that the risk factors most strongly correlated with
degenerative maculopathy were age, smoking (33, 99, 100), his-
tory of cataract surgery (101-103), and family history of AMD
(104, 105). Moderately correlated factors were body-mass index
(99), history of cardiovascular disease (99, 106), hypertension
(99, 106, 107), and elevated plasma fibrinogen (108). Factors
weakly or inconsistently correlated with AMD were sex (107,
109, 110), ethnic group (107, 111), color of iris (104), history of
cardiovascular disease (99, 106) and serum levels of cholesterol
(99, 106), and triglycerides (106). Female sex was not consid-
ered a risk factor, precluding the role of sex hormones in higher
risk for the disease.

Central Serous Chorioretinopathy (CSCR)
Evidence of the Association between CSCR and Sex
Hormones: Testosterone and Increased Risk of
CSCR

Central serous chorioretinopathy is an acquired eye disease
characterized by exudative detachment of the retinal and/or the
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RPE. Its pathogenesis is not yet fully understood; however, it is
thought that alterations in choroid circulation and RPE function
may be implicated in the development of the disease. This notion
is corroborated by findings from fluorangiography and OCT
that document augmented capillary permeability and pressure
of the choroid vessels (107, 108). Risk factors vary widely from
psychosocial stress to type A personality, Cushing’s syndrome,
infections, smoking, alcohol, to pregnancy, and steroid therapy
(109-111), all of which are characterized by elevated serum levels
of glucocorticoids (112-114).

Given its higher prevalence among men, androgens have been
directly implicated in the pathogenesis of CSCR (111, 115). In
their study, Nudleman et al. (116) examined patients receiving
exogenous testosterone therapy and who had no known risk
factors for CSCR. The results showed that testosterone therapy is
a probable independent risk factor for CSCR; moreover, disease
symptoms and subretinal fluid accumulation resolved after
discontinuation of testosterone therapy. Further evidence for the
role of testosterone came from a case report of a woman who
was not pregnant while receiving testosterone therapy (111), and
another case report of a male population receiving testosterone
therapy for hypogonadotropic hypogonadism (115), the latter of
which demonstrated a temporal correlation between administra-
tion of therapy and the development of CSCR, indicating both
testosterone and estrogen as the cause. Given the link between
testosterone and CSCR, finasteride, an inhibitor of DHT synthe-
sis, was considered as an alternative in the treatment of CSCR.
Forooghian et al. (117) investigated the effect of finasteride
administered for 6 months and monitored changes in visual
acuity, macular thickness, subretinal fluid accumulation, OCT,
serum DHT and testosterone, and cortisol levels in urine. Though
no changes in visual acuity occurred, macular thickness and
subretinal fluid level were lowest at 3 months in therapy before
increasing slightly though remaining below basal reference
limits. Furthermore, macular thickness and subretinal fluid both
increased after therapy was discontinued in four patients and
normalized in the patients who continued with therapy. These
findings suggest a possible role for finasteride in the treatment of
chronic CSCR.

Studies Showing an Absence of Association between
CSCR and Testosterone

The study of Kapetanios et al. (114) reported a statistically signifi-
cant association between elevated cortisol levels and the develop-
ment of ICSCR, whereas no significant differences in testosterone
levels were noted and levels remained within the normal range
in both groups. A case-control study (118) of chronic ICSCR
reported that cortisol and testosterone levels were similar in both
groups. Though there appears to be a correlation between hor-
mones and ICSCR, conflicting evidence leaves many questions
about the etiopathogenesis and treatment of CSCR open.

Macular Hole

Evidence of Estrogen Protection in the Macular Hole
Macular hole is a major cause of diminished vision, especially in
advanced age. Although in some cases the cause can be identi-
fied, e.g., contusive trauma (119), cystoid macular edema (120),

or diabetes (121), it is idiopathic in the majority and thought
to be due to circumferential vitreoretinal contraction (122).
Macular hole affects women far more often than men (123). As
in other eye diseases, it is thought that estrogens have a beneficial
effect on macular health and protect against the development
of macular hole. For example, estrogens stimulate the synthesis
of collagen and hyaluronic acid in the skin, suggesting that a
similar process might also occur in the eye. With the sudden
drop in estrogen production after menopause, this protection
is lost, posing the retina to a higher risk than that for men, in
whom estrogen levels are generally low throughout life and do
not change abruptly. In addition to menopause, early hyster-
ectomy or HRT may influence estrogen activity in relation to
the development of macular holes (124, 125). Current evidence
indicates strong correlations between macular hole and female
sex and postmenopausal age (126), as demonstrated by various
studies. A population-based study showed a female-to-male
ratio of 3.3:1 for full-thickness macular hole (127). In their
case-control study, Evans et al. (128) found that 67% of persons
with macular hole were women and that 74% of the women were
aged 65 years or older. The study analyzed various risk factors,
including ethnic origin, systemic comorbidities, current use and
history of medications, alcohol intake, smoking, body weight
and height, menstrual and obstetric history, age at menopause
and severity of associated symptoms, and exposure to HRT. The
study findings indicated few systemic factors associated with
idiopathic full-thickness macular hole (IFTMH), and though
sex-correlated, no association was found between the principal
indicators of exposure to estrogens and the incidence of macular
hole. Nonetheless, a role for estrogens was suggested by the fact
that women with macular hole generally experienced a more
difficult menopause and more bothersome climacteric symp-
toms such as hot flashes than healthy women. The results also
suggested that the development of IFTMH may be more due to
the sudden change in hormone levels that chronic exposure, as
demonstrated by the higher risk is associated with menopause,
hysterectomy, and oophorectomy.

Correlations have been found between tamoxifen and
macular hole and its precursor lesions (129). Tamoxifen is an
anti-estrogenic nonsteroid drug used in adjuvant therapy for
breast cancer (130). In this case report, all three women were
receiving tamoxifen therapy and presented with cystic changes
of the foveal region and defects of the external retina suggestive
of initial macular hole.

A Study Shows That Estrogen Could Have a Negative
Effect on Macular Hole

Another study investigated whether there were differences
between the estrogen levels in the vitreous of subjects with
macular hole and in those with other retinal disorders, who
served as controls (131). The estrogen concentration was signifi-
cantly higher in those with macular hole (p < 0.05), implicating
it in the pathogenesis of the disorder. Since estrogens activate
collagenase, this could be correlated with the development of
vitreous collagen disorders; however, owing to the small study
sample (10 cases and 9 controls), no definitive conclusions could
be drawn.
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Retinitis Pigmentosa

Evidence of the Benefical Effect of Progestinic
Therapy in Retinitis Pigmentosa

Retinitis pigmentosa refers to a group of inherited retinal degen-
erative disorders in which genetic mutations lead to the death of
retinal photoreceptors (132). Although the mutations in several
genes implicated in the development of the diseases are known, the
mechanism by which they cause cell death is not fully understood
and no effective treatment is currently available (133). Recent
studies using mouse models have suggested Norgestrel, a synthetic
analog of progesterone, as a potential agent (134). Norgestrel’s pro-
tective action has been demonstrated on retinal explants in vitro
and in two different in vivo models of retinal degeneration: the
one involving mice exposed to photostress-induced damage and
the other involving mice with genetic mutations characteristic of
retinitis pigmentosa. Both models showed a reduction in cell loss,
with improvement in cell survival of about 70% (calculated on the
basis of photoreceptor number, structural integrity, and function),
indicating that apoptosis was interrupted or slowed. Although the
mechanism of action is not yet fully understood, it is thought that
norgestrel activates a survival pathway probably based on the
increased expression of fibroblast growth factor 2 (FGF-2), a pow-
erful neurotrophic factor whose production is increased by retinal
stress. Its action promotes cell survival and inhibits apoptosis by
activating the intracellular cascades involving mitogen-activated
protein kinase, PI3K, and protein kinase C (PKC). The involve-
ment of FGF-2 was demonstrated by measuring its changes in the
control subjects who were administered only the vehicle and in the
subjects receiving norgestrel therapy: the finding of higher FDG-2
values after norgestrel administration confirmed the hypothesis.
These findings were strengthened by the same research group in a
subsequent study (135) in which they investigated the potential of
norgestrel as therapy for retinal degeneration.

Other studies investigated the relationship between proges-
terone and progestrinics and retinitis pigmentosa (136) building
on previous studies on progesterone in experimental models of
acute brain damage in which the drug had shown a neuropro-
tective effect (137). The action of progesterone was analyzed to
determine the number of surviving cells, as measured by elec-
troretinography, and the potential protective effect of the drug
owing to its ability to limit damage by free radicals or to increase
antioxidant defenses. The results showed a reduction in cell death
and gliosis, with a statistically significant reduction in glutamate
and a significant increase in reduced glutathione and oxidized
glutathione. The study underlined the beneficial action of proges-
terone which exerts via multiple modes of action in protecting the
retina during retinitis pigmentosa, suggesting its use or that of its
analogs in the treatment of the disease.

Diabetic Retinopathy

The Uncertain Role of Sex Hormones in Diabetic
Retinopathy

Poor glycemic control ultimately results in macrovascular and
microvascular complications, affecting the kidney and the eye
in persons with diabetes. Diabetic retinopathy is most common
complication (138) and is present in 34.6% of diabetics (139). Two

forms are distinguished: nonproliferative or early stage diabetic
retinopathy, and proliferative or late stage retinopathy in which
retinal neovascularization is evident, leading to increased risk of
loss of vision due to retinal detachment, neovascular glaucoma, and
vitreous hemorrhaging. Another common cause of loss of vision is
macular edema, which may arise in any stage of retinopathy (140).
Studies investigating the possible links between sex hormones and
diabetic retinopathy have analyzed the incidence of the condition
by sex and produced conflicting results (49). One possible explana-
tion for the discrepancies is the likely presence of confounding fac-
tors. Grisby et al. (141) compared the direct action of sex hormones
on retinal cells and their action on vasculature, and found that
various hormones are involved in the development and progres-
sion of retinopathy in diabetic patients. Androgens and androgen
inhibitors appear to play both a causal and a protective role, since
they increase blood pressure and the levels of adhesion molecules
(ICAM and VCAM-1), with worsening of lipid levels. A low level
is associated with the metabolic syndrome and may alter lipid,
glycemic, and blood pressure values. Dehydroepiandrosterone has
a proven protective effect against the damage of elevated glucose
levels in pericytes (142). It is believed that the damage due to
elevated glucose levels occurs mainly through oxidative mecha-
nisms. The toxicity of glucose and subsequent vascular damage
manifest in four ways: activation of the PKC cascade; activation
of aldoso-reductase; protein glycosylation; and activation of the
hexosamine pathway. According to the so-called unifying therapy,
the formation of free oxygen radicals underlies the mechanisms
leading to glucose damage (143, 144).

As oxidative stress is implicated in the development and
progression of diabetic retinopathy, studies have investigated the
role of estrogens, which possess antioxidant properties. Estrogens
stimulate the ERP receptor and protect retinal cells against oxida-
tive stress through their ability to modulate the transcription of
antioxidant genes and protect the mitochondria (145). Estrogens
can exert a differential action depending on the stage of retinopa-
thy: during the initial stages, the proliferation of endothelial cells
induced by estradiol has a beneficial effect and protects the retina
by inducing repair processes, whereas during the proliferative
stage, this same effect exacerbates the disease (146, 147). Selective
estrogen receptor modulators (SERMs), including tamoxifen and
raloxifen, act as antagonists or agonists of estrogen depending on
the type of receptor to which they bind. In the retina, both drugs
strongly antagonize estrogen-induced angiogenesis (147). From
the multitude of data collected so far it is clear that the use of sex
hormones or their antagonists in the treatment of retinopathy must
be personalized based on sex, age, and stage of disease. Stimulation
or hormonal modulation may provide a novel therapeutic option.

Other studies have investigated differences in electroretino-
graphic patterns in relation to neuroretinal function in men and
women with type 2 diabetes, but not retinopathy to evaluate risk
for neurodegenerative disease (148). The analysis showed that
neuroretinal dysfunction leading to diabetic retinopathy was
far more common among men than women, suggesting a sex-
related protective mechanism. This finding was corroborated in
a minireview issued by the Berkeley School of Optometry (49)
that noted a more frequent incidence of abnormal neuroretinal
function in men with type 2 diabetes. It was also observed that
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advanced proliferative retinopathy in type 1 diabetes more often
affects men, that retinopathy is more likely present at diagnosis of
diabetes in men, and that it is often more severe than in women.

HRT Does Not Influence Diabetic Retinopathy

A possible benefit of HRT for retinopathy in postmenopausal
women has been studied (149); however, no connection between
changes in retinopathy and the incidence of macular edema and
exposure to exogenous estrogen could be established, indicating
that, unlike its effects observed in other eye disorders, HRT has
no effect on diabetic retinopathy.

Glaucoma

Benefical Effects of Estrogens in Glaucoma

Glaucoma, the second leading cause of blindness in the world
(43), is a slow, progressive neurodegenerative disease character-
ized by gradual loss of RGC (150) and loss of vision (151). A
recent review (152) examining possible correlations between
glaucoma and estrogens reported that factors influencing the
duration of estrogen exposure (e.g., age at menarche, use of oral
contraceptives, bilateral ovariectomy, age at menopause) can raise
the risk of POAG. A higher risk for POAG was associated with age
at menarche over 13 years, as compared to age less than 12 years
(153), and a 25% higher risk was noted in women who took oral
contraceptives for more than 5 years (154). Bilateral ovariectomy
before age 43 increased the risk of developing glaucoma (155), as
did spontaneous menopause before age 45 years (156), whereas
the risk was significantly lower in women over age 65 who entered
menopause after age 54 years (154). Prolonged estrogen exposure
reduced the risk of glaucoma or glaucoma-related conditions, as
demonstrated by evidence that IOP is lower during pregnancy
when estrogen levels are elevated, particularly during the third
trimester (157, 158). Evidence for a protective effect of HRT
against glaucoma is uneven (79, 159, 160).

Genetic factors may also play a role in increasing the risk for
developing glaucoma. SNPs implicated in the estrogen metabolic
pathway associated with women, but not men (161), and polymor-
phisms of the endothelial nitric oxide synthase gene encoding the
enzyme regulated by estrogens are correlated with the develop-
ment of open-angle glaucoma (162). Estrogen exposure may alter
the pathogenesis of glaucoma and exert a neuroprotective action.
A future area of focus is the use of estrogens in glaucoma treatment
or prevention. Numerous studies have reported an association
between estrogens and glaucoma; for example, estrogen deficiency
was associated with the acceleration of aging of the optic nerve
(163). Estrogens have also been implicated in aqueous humor pro-
duction and drainage via receptors on the ciliary epithelium (10,
159). Changes in estrogen levels appear to influence IOP, which is
responsible for optic nerve trophism (164). Epidemiology, clini-
cal, and experimental evidence supports the hypothesis that early
reduction of estrogen levels leads to premature aging of the optic
nerve and increased susceptibility to glaucoma.

In their study on the role of estrogens in modulating the topog-
raphy of the optic nerve head, Akar et al. (165) reported that, as
observed in diabetic women, hormonal fluctuations during the
menstrual cycle affect the central area and the margin of the optic
nerve head. Genetic analysis to determine whether there exist

associations between certain SNPs of genes involved in estrogen
metabolism and the development of POAG (161) showed that
SNPs were correlated with global POAG and POAG with elevated,
but not with low IOP and no correlation of any type was noted for
the men. Among the women, however, the gene that encodes the
catechol-O-methyltransferase enzyme was found to be associated
with open-angle glaucoma. Summarizing, links between SNPs of
the estrogen pathways and the development of glaucoma were
noted for certain types of glaucoma and only in women.

FUTURE PROSPECTS AND
OPPORTUNITIES

A Place for HRT?

In light of the amount of research conducted so far on sex hor-
mones and neuroretinal diseases, the question arises whether and
how it can be applied to the identification and development of
new drugs or to expanding indications for drugs already on the
market. An emblematic case is that of HRT for the treatment of
climacteric symptoms.

Despite the wealth of data, the question remains open. A study
evaluated the efficacy of HRT with phytoestrogens on eye function,
as measured with short-wavelength automated perimetry in post-
menopausal women (166). Phytoestrogens are nonsteroids of plant
origin with estrogen-like action in modulating vision sensitivity.
Consistent with the theory of timing, which states that the benefits
of HRT diminish the later the therapy is initiated, a loss of efficacy
was noted in relation to the time between initiation of phytoestro-
gen therapy and onset of menopausal symptoms, with no benefit
gained if the therapy was started in women over 60 years of age. No
conclusions could be drawn from this study and no recommenda-
tions for the use of HRT for eye diseases could be made.

Implications for Future Study Design

The present review of the literature found evidence for a sex-
related difference in the prevalence of certain eye diseases. A
plausible explanation for the difference is the differential effect of
sex hormones on the development and course of disease, which
may be as meaningful as it is complex, though the underlying
mechanisms are not yet fully understood.

The link between sex hormones and retinopathies opens
new therapeutic horizons. To obtain a better understanding of
the interactions between sex hormones and eye diseases, studies
should be designed to determine the presence of an association
between sex, hormones, and disease, and if such an association
exists, the potential therapeutic correlates. To reach these objec-
tives, key areas of focus are: epidemiological studies on the
distribution of eye disease in a population, while taking sex
and hormonal status into account; experimental studies on the
changes in the incidence and/or course of disease in relation to
hormone administration or deprivation; and preclinical animal
studies comparing differences between the sexes.
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Secretoneurin A Directly Regulates
the Proteome of Goldfish Radial
Glial Cells In Vitro

Dillon F. Da Fonte’, Chris J. Martyniuk?, Lei Xing'" and Vance L. Trudeau™

 Department of Biology, University of Ottawa, Ottawa, ON, Canada, ? Department of Physiological Sciences, College of
Veterinary Medicine, UF Genetics Institute, University of Florida, Gainesville, FL, United States

Radial glial cells (RGCs) are the main macroglia in the teleost brain and have estab-
lished roles in neurogenesis and neurosteroidogenesis. They are the only brain cell
type expressing aromatase B (cyp79ab), the enzyme that synthesizes estrogens from
androgen precursors. There are few studies on the regulation of RGC functions, but our
previous investigations demonstrated that dopamine stimulates cyp79a7b expression in
goldfish RGCs, while secretoneurin A (SNa) inhibits the expression of this enzyme. Here,
we determine the range of proteins and cellular processes responsive to SNa treatments
in these steroidogenic cells. The focus here is on SNa, because this peptide is derived
from selective processing of secretogranin Il in magnocellular cells embedded within
the RGC-rich preoptic nucleus. Primary cultures of RGCs were treated (24 h) with 10,
100, or 1,000 nM SNa. By using isobaric tagging for relative and absolute quantitation
and a Hybrid Quadrupole Obritrap Mass Spectrometry system, a total of 1,363 unique
proteins were identified in RGCs, and 609 proteins were significantly regulated by SNa
at one or more concentrations. Proteins that showed differential expression with all
three concentrations of SNa included H1 histone, glutamyl-prolyl-tRNA synthetase, Rho
GDP dissociation inhibitor vy, vimentin A2, and small nuclear ribonucleoprotein-associ-
ated protein. At 10, 100, and 1,000 nM SNa, there were 5, 195, and 489 proteins that
were downregulated, respectively, whereas the number of upregulated proteins were
72, 44, and 51, respectively. Subnetwork enrichment analysis of differentially regulated
proteins revealed that processes such as actin organization, cytoskeleton organization
and biogenesis, apoptosis, MRNA processing, RNA splicing, translation, cell growth,
and proliferation are regulated by SNa based on the proteomic response. Moreover,
we observed that, at the low concentration of SNa, there was an increase in the abun-
dance of proteins involved in cell growth, proliferation, and migration, whereas higher
concentration of SNa appeared to downregulate proteins involved in these processes,
indicating a dose-dependent proteome response. At the highest concentration of SNa,
proteins linked to the etiology of diseases of the central nervous system (brain injuries,
Alzheimer disease, Parkinson’s disease, cerebral infraction, brain ischemia) were also
differentially regulated. These data implicate SNa in the control of cell proliferation and
neurogenesis.

Keywords: secretogranin Il, secretoneurin, radial glial cells, aromatase, neurogenesis
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Da Fonte et al.

RGC’s Respond to SNa

INTRODUCTION

Radial glial cells (RGCs) are a macroglial subtype present
during central nervous system (CNS) development of all ver-
tebrates and are characterized by their bipolar morphology (1)
and stem-like progenitor properties (2). The cell bodies of radial
glia line the brain ventricles and have an elongated radial fiber
terminating on the walls of blood vessels or at the pial surface
with end feet (3). Due to this unique morphology, their radial
processes are used as scaffolds for the migration of newborn
neurons (4, 5). As stem-like cells, RGCs are capable of under-
going neurogenesis and/or gliogenesis to produce neurons or
other glial cells (6). RGC populations are transient in mam-
mals as they differentiate into astrocytes at the end of cortical
development. In contrast, RGCs are abundant throughout the
adult brain in teleost fish, supporting the ability for unsurpassed
high levels of neurogenesis and regeneration (7, 8). In addition,
teleost RGCs express various steroidogenic enzymes (9, 10) and
are the exclusive cell type to express the estrogen-synthesizing
enzyme, aromatase B (cypl19al1b) (11-13), and thus, they are
neuroendocrine cells that produce neuroestrogens and other
steroids in the CNS. Although RGCs in fish have established
roles in neurogenesis and neurosteroidogenesis, little is known
about other functions of these cells and the factors that regulate
them. As RGCs are the main macroglia in fish CNS (14), they
share close interactions with different neurons and can express
neurotransmitters, neuropeptides, and hormone receptors (15).
Therefore, these cells may be under functional control through
neuronal-glial interactions.

We previously reported on the close neuroanatomical relation-
ship between the soma of secretoneurin A (SNa)-immunoreactive
magnocellular preoptic neurons and RGCs along the third ven-
tricle in goldfish (16). The neuropeptide SN is generated from
endoproteolytic processing of its precursor protein secretogranin
II (SglII) and has well-established functions in endocrine, nerv-
ous, and immune systems (17, 18). Currently, there are two
known SgII paralogs, Sglla and SglIb, that likely arose from the
genome duplication events in teleost fish, and these paralogs pro-
duce SNa and SNb peptides, respectively (19). Both in vivo and
in vitro, SNa reduces cypl19alb mRNA levels in goldfish RGCs,
implicating SNa in the control of neuroestrogen production (16).
Furthermore, data from transcriptome sequencing of cultured
goldfish RGCs revealed that gene networks related to immune
responses and CNS physiology were responsive to 1,000 nM
SNa (15). Altogether, these anatomical and transcriptomic data
propose that SNa is a regulator of RGC functions. The objectives
of this study were to (1) characterize the RGC proteome, (2)
determine the differentially regulated proteins over a range of
SNa concentrations, and (3) identify protein networks responsive
to SNa regulation.

MATERIALS AND METHODS

Experimental Animals
All procedures were approved by the University of Ottawa
Protocol Review Committee and followed standard Canadian

Council on Animal Care guidelines on the use of animals in
research. Common adult female goldfish (Carassius auratus)
were purchased from a commercial supplier (Mt. Parnell
Fisheries Inc., Mercersburg, PA, USA) and allowed to acclimate
for at least 3 weeks prior to experimentation. Goldfish were
maintained at 18°C under a stimulated natural photoperiod
and fed standard flaked goldfish food. Sexually mature female
goldfish (18-35 g) were anesthetized using 3-aminobenzoic
acid ethyl ester (MS222) for all handling and dissection
procedures.

Cell Culture and Exposure

The direct effects of SNa on RGCs were tested using a previously
established and validated cell culture method (20). In short, the
hypothalamus and telencephalon were dissected from female
goldfish and rinsed twice with Hanks Balanced Salt Solution
(HBSS; 400 mg KCl, 600 mg KH,PO,, 350 mg NaHCOs, 8 g
NacCl, 48 mg Na,HPO,, and 1 g p-Glucose in 1 L ddH,O) with
Antibiotic-Antimycotic solution (Gibco) and minced into
small explants. RGCs were dissociated with trypsin (0.25%;
Gibco) and cultured in Leibovitz’s L-15 medium (Gibco) with
15% fetal bovine serum (Gibco) and Antibiotic-Antimycotic
solution. Cell culture medium was changed 4-7 days after iso-
lation and then once a week thereafter. RGCs were subcultured
by trypsinization (0.125%) for three passages and then used
for experimentation. Goldfish SNa was synthesized as reported
previously (21). Stock solutions of synthetic goldfish SNa pep-
tide were made in water and stored at —20°C until use. Aliquots
were thawed on ice then diluted to desired concentrations in
serum-free media. Cells were exposed for 24 h to one of the
three concentrations of goldfish SNa or the water control.

Protein Extraction, Isobaric Tagging for
Relative and Absolute Quantitation
(iTRAQ), and LC-MS/MS

Proteins were extracted as previously described (22) prior to
labeling and dissolved in denaturant buffer [0.1% SDS (w/v)]
and dissolution buffer (0.5 M triethylammonium bicarbonate,
pH 8.5) in the iTRAQ Reagents 8-plex kit (AB Sciex Inc.,
Foster City, CA, USA). For each sample, 100 pg of protein were
reduced, alkylated, trypsin-digested, and labeled according to the
manufacturer’s instructions (AB Sciex Inc.). Two 8-plex iTRAQ
labeling reactions were conducted, each with two biological
replicates. Peptides from the control group were labeled with
either iTRAQ tags 113 or 114. The three treatments were labeled
as follows: 10 nM SNa (115, 116), 100 nM SNa (117, 118), and
1,000 nM SNa (119, 121). This labeling scheme was repeated in a
second experiment, so the data are derived from a sample size of
n = 4 biological replicates per group.

Labeled peptides were combined for each iTRAQ experi-
ment, desalted with C18-solid phase extraction, and dissolved in
strong cation exchange solvent A [25% (v/v) acetonitrile, 10 mM
ammonium formate, and 0.1% (v/v) formic acid, pH 2.8]. The
peptides were fractionated using an Agilent HPLC 1260 with
a polysulfoethyl A column (2.1 mm X 100 mm, 5 um, 300 A;
PolyLC, Columbia, MD, USA). Peptides were eluted with a linear
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gradient of 0-20% solvent B [2 5% (v/v) acetonitrile and 500 mM
ammonium formate, pH 6.8] over 50 min., followed by ramping
up to 100% solvent B in 5 min. The absorbance at 280 nm was
monitored, and a total of 14 fractions were collected. The frac-
tions were lyophilized and resuspended in LC solvent A [0.1%
formic acid in 97% water (v/v), 3% acetonitrile (v/v)]. A hybrid
quadrupole Orbitrap (Q Exactive) MS system (Thermo Fisher
Scientific) was used with high-energy collision dissociation in
each MS and MS/MS cycle. The MS system was interfaced with
an automated Easy-nLC 1000 system (Thermo Fisher Scientific).
Each sample fraction was loaded onto an Acclaim Pepmap 100
pre-column (20 mm X 75 pm; 3 um-C18) and separated using a
PepMap RSLC analytical column (250 mm X 75 pm; 2 pm-C18) at
a flow rate at 350 nL/min during a linear gradient from solvent A
[0.1% formic acid (v/v)] to 25% solvent B [0.1% formic acid (v/v)
and 99.9% acetonitrile (v/v)] for 80 min and to 100% solvent B
for an additional 15 min.

The raw MS/MS data files were processed by a thorough
database searching approach considering biological modifica-
tion and amino acid substitution against the National Center for
Biotechnology Information Cyprinidae database (downloaded
on March 23, 2016) using the ProteinPilot v4.5 with the Fraglet
and Taglet searches under ParagonTM algorithm (23). The fol-
lowing parameters were considered for all the searching: fixed
modification of methylmethane thiosulfonate-labeled cysteine,
fixed iTRAQ modification of amine groups in the N-terminus,
lysine, and variable iTRAQ modifications of tyrosine. The MS/
MS spectra that (1) were unique to a specific protein and (2)
showed a sum of the signal-to-noise ratios for all the peak
pairs greater than 9 were used for quantification. A protein
was quantified if it was represented with at least three unique
spectra in at least two of the biological replicates, along with
a Fisher’s combined probability of <0.05 and a fold change of
<0.5 or >1.5.

Gene Ontology (GO) and Pathway Analysis
Gene ontology terms were assigned using protein annotation
through evolutionary relationships to classify all proteins identi-
fied in RGC cultures (24). GO categories for biological processes,
molecular functions, cellular components, protein classes, and
pathways were used to identify the distribution of proteins within
each GO category. Pathway Studio 9.0 (Elsevier) and ResNet
10.0 were used to build a protein interaction network for SNa
effects in RGCs. Official gene symbols were manually retrieved
using Gene Cards (http://www.genecards.org) to map proteins
into Pathway Studio. The number of proteins that successfully
mapped to Pathway Studios using Name + Alias was as follows:
10 nM SNa = 99, 100 nM SNa = 231, and 1,000 nM SNa = 499.
Interaction networks were based on expression, binding, and
regulatory interactions in the database and were constructed
using direct connections with one neighbor. Subnetwork
enrichment analysis (SNEA) for cell processes was performed in
Pathway Studio to determine if differentially expressed proteins
were related to specific biological functions. P value for gene
seeds was set at < 0.05 and the criterion of >5 members per
cell process or group was required for inclusion as a significantly
regulated gene network.

RESULTS

Identification and GO Classification of
RGC Proteins

A complete list of proteins (n = 1,363) that were identified in
this study is provided in Table S1 in Supplementary Material.
The annotated proteins were assigned GO terms and classified
in three main GO categories: biological function, molecular
function, and cellular component (Figure 1). A variety of bio-
logical functions were identified with 1,546 unique biological
processes classified into 12 functional groups. The most repre-
sented biological functions included the categories of cellular
process (438 proteins), metabolic process (414), and cellular
component organization or biogenesis (199). Other important
biological function allocations included the categories of
developmental process (86 proteins), response to stimulus (65),
immune system process (30), and biological adhesion (11).
A broad array of 893 molecular functions was categorized into 9
functional groups. The molecular functions most represented in
the RGC proteome were binding (334 proteins), catalytic (299),
structural molecule (177), and transporter (38) activities. When
organized by cellular component, RGC proteins were enriched
in the categories of cell part (379 proteins), organelle (238),
and macromolecular complex (165). Most proteins identified
in RGCs were further classified into protein class, with nucleic
acid binding (187 proteins), cytoskeletal proteins (147), and
enzyme molecular (90) being the most represented classes
detected in RGCs (Figure 2). Finally, a total of 535 proteins were
represented by 102 pathways. The top 25 represented pathway
ontologies are shown in Table 1. Proteins were most enriched
in relation to Parkinson disease (31 proteins), integrin signaling
pathway (28), ubiquitin proteasome pathway (26), cytoskeletal
regulation by Rho GTPase (26), Huntington disease (25), and
inflammation mediate by chemokine and cytokine signaling
(24) (Table 1). Comparison of the assigned pathway ontolo-
gies identified by transcriptomics (15) and proteomics reveals
high similarity. For example, of the top 25 pathways from
transcriptomic and proteomic datasets, 18 (72%) were identical
(Table 1). A full list of GO classifications can be found in Table
S2 in Supplementary Material.

Quantitative Proteomic Responses in
Radial Glia to SNa In Vitro

A total of 609 proteins differed in abundance following SNa treat-
ment (Figure 3), and there were 17 unique expression patterns
recognized within the data set (Table 2). At 10, 100, and 1,000 nM
SNa, there were 5, 195, and 489 downregulated proteins, respec-
tively, whereas the numbers of upregulated proteins were 72, 44,
and 51, respectively. There were more downregulated proteins
observed as the concentration of SNa increased in the cultures.
The overlap of the differentially regulated proteins between con-
centrations is shown in Figure 4. A total of 10 common proteins
were regulated in all three concentrations, and some examples
include HI1 histone, glutamyl-prolyl-tRNA synthetase, Rho
GDP dissociation inhibitor y, vimentin A2, and small nuclear
ribonucleoprotein-associated protein. Table 3 highlights the top
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FIGURE 1 | Gene ontology classification of Carassius auratus radial glial cell (RGC) proteins into molecular function, biological function, and cellular component
categories. The number of proteins ascribed to each classification, along with accession number, is provided.

500
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20 proteins that were most regulated by each concentration of
SNa based on the P value.

Identifying Cellular Processes Affected
by SNa Using SNEA

The major objective of this study is to identify cellular processes
that were responsive to SNa through the analysis of significantly
regulated RGC proteins. Processes that were regulated by all
concentrations of SNa included actin organization, cytoskeleton
organization and biogenesis, apoptosis, mRNA processing, RNA
splicing, translation, cell growth, and proliferation. At the low
10 nM SNa dose, proteins that were increased are related to
processes such as blood vessel development, actin organization,
cytoskeleton organization and biogenesis, cell proliferation,
growth, and migration (Figure 5). The proteins affected by
100 nM SNa control similar processes such as cell proliferation

and growth; however, proteins involved in these processes were
downregulated compared to 10 nM SNa (Figure 6.). Similarly,
1,000 nM SNa treatment resulted in the downregulation of
proteins related to cell processes that include actin organization,
cytoskeleton organization and biogenesis, cell proliferation,
growth, and migration. In addition, protein responses at 1,000 nM
SNa suggested enrichment of processes related to neurite out-
growth and nerve fiber regeneration (Figure 7A) and tight and
gap junction assembly (Figure 7B). Both 100 and 1,000 nM SNa
caused changes in proteins involved in cell cycle, mitochondrial
function (mitochondrial membrane permeability, depolarization,
damage), and RNA processing (RNA metabolism, processing,
splicing).

In addition, SNEA was used to determine if regulated pro-
teins were known to be associated with human diseases. Major
themes in disease networks that were associated with proteins
altered by 1,000 nM SNa included diseases of the CNS (brain
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FIGURE 2 | Gene ontology classification of Carassius auratus radial glial cell (RGC) proteins by protein class. The number of proteins ascribed to each classification,

200

Number of Proteins

injuries, Alzheimer disease, Parkinson disease, cerebral infrac-
tion, brain ischemia), diseases of the cardiovascular system (heart
failure, cardiomyopathies, heart injury, cardiac hypertrophy),
and neoplasms (lung, ovarian, colorectal, pancreatic, prostatic,
breast, endometrial). An example of a network associated with
Alzheimer, Parkinson, and neurodegenerative diseases is shown
in Figure 8. All the identified subnetworks are presented in Table
S3 in Supplementary Material.

DISCUSSION

This study used quantitative proteomics to determine the response
of RGCs to SNa in an in vitro cell culture system. This effort to
characterize the goldfish RGC proteome identified 1,363 unique
proteins and adds to those previously reported (25). A total of
609 proteins showed changes in relative abundance across three
concentrations of SNa, with higher doses eliciting a greater sup-
pressive response in protein abundance. In each concentration,

SNa regulated proteins that have a role in cell processes including
actin organization, cell growth, proliferation, and migration.
Previous research on the effects of SN in the CNS focused on
neurons (26), so our work on the effects of SNa on the RGC
transcriptome (15) and proteome (current study) is the first to
characterize the effects of SNa in any glial cell type.

Assigning pathway ontologies to the identified proteins
revealed many relationships to the immune system, including
chemokine and cytokine signaling, T cell activation, TGFf
signaling, toll receptor signaling pathway, B cell activation,
and interleukin signaling pathway. While the role of RGCs
per se in neuroinflammation is not well studied, both the
transcriptomic and proteomic data support the hypothesis
that RGCs contribute to immune-related functions in fish. In
the mammalian CNS, this is more typically associated with
astrocytes, which possess both pro- and anti-inflammatory
functions, depending on the mode of injury (27). In fish brain,
RGCs are the main macroglia due to the lack of typical stellate
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TABLE 1 | Top 25 pathway ontologies associated with Carassius auratus RGC
proteins based on number of protein identified in each pathway.

Pathway name Pathway # of proteins
accession identified
Parkinson disease? P00049 31
Integrin signaling pathway? PO0034 28
Ubiquitin proteasome pathway P0O0060 26
Cytoskeletal regulation by Rho GTPase? PO0016 26
Huntington disease?® P00029 25
Inflammation mediated by chemokine and P0O0031 24
cytokine signaling pathway?
FGF signaling pathway? P0O0021 15
EGF receptor signaling pathway? P0O0018 15
CCKR signaling map? P06959 14
Wnt signaling pathway? PO0057 14
Angiogenesis? PO0005 13
Gonadotropin-releasing hormone receptor P0O6664 12
pathway?
Cadherin signaling pathway?® P00012 12
Alzheimer disease-presenilin pathway? P0O0004 10
T cell activation® P00053 10
Nicotinic acetylcholine receptor signaling P00044 10
pathway
Ras pathway? P04393 10
Glycolysis P00024 10
Cell cycle PO0013 10
Apoptosis signaling pathway? PO0006 8
TGF-beta signaling pathway? PO0052 7
De novo purine biosynthesis P02738 7
PDGF signaling pathway?® PO0047 7
Dopamine receptor-mediated signaling pathway P05912 7
Axon guidance mediated by Slit/Robo PO0008 6

@These pathways were also identified in the de novo transcriptome assembly data in
Ref. (15).

10 i .

-Log10Pval

FIGURE 3 | Volcano plots for protein expression in Carassius auratus radial
glial cells (RGCs) treated with three concentrations of secretoneurin A.
Significantly regulated proteins were determined using a cut off of >1.5 or
<0.5 and P < 0.05. Red and green dots represent proteins that are
upregulated and downregulated, respectively.

TABLE 2 | Expression patterns of the differentially regulated proteins in Carassius
auratus RGCs treated with various concentrations of SNa compared to control.

Expression 10 nM 100 nM 1000 nM Number of protein IDs
pattern
I 1 1 1 5
Il 1 1 - 9
Il ) - 1 3
% T - - 31
\ 1 - | 20
Vi 1 | ! 4
Wi - 1 1 iRl
Vil - 1 - 18
IX - 1 l 1
X - - 1 25
Xl - - - 757
Xil - - 1 288
Xill - l 1 6
XV - l - 7
XV - 1 1 176
XVI l - - 3
XVII ! ) 1 1
XVl l l - 1
RGC, radial glial cell.

10nM 100nM

1000nM

FIGURE 4 | Venn diagram showing the overlap of differentially expressed
proteins following secretoneurin A (10-1,000 nM) treatment in Carassius
auratus radial glial cells.

astrocytes, thus RGCs likely share some functions with mam-
malian astrocytes in brain homeostasis (14). In addition, many
neurotransmitter (5-HT, DA, ACh, glutamate, GABA, hista-
mine) and hormone (thyrotrophin-release hormone, oxytocin,
corticotropin-releasing factor) receptor-mediated pathways
were identified, providing further evidence that neuronal-glial
interactions are important in the control of this cell type. Our
proteomic data show the presence of several well-characterized
RGC markers including brain lipid binding protein (BLBP),
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TABLE 3 | Top 20 proteins identified by iTRAQ as different in abundance among groups in Carassius auratus RGCs treated with one of three concentrations of SNa.

Concentration Accession Protein % coverage Fold P value

(nM) proteinID  change

10 A7MCL7_DANRE Cystatin 14a, tandem duplicate 2 47 3.34 2.02E-07
Q6DN21_CARAU Calmodulin long form 99.33 5.94 6.11E-06
AOAOC5QOE9_MEGAM  Fibroblast growth factor receptor 1b 11.62 1.54 7.76E-06
E7F1X7_DANRE Serine and arginine repetitive matrix 1 33.69 1.65 8.06E-06
VIM2_CARAU Vimentin A2 44.03 3.72 8.07E-06
F1QNJ3_DANRE Testin LIM domain protein 25.51 4.29 8.58E-06
F1Q5X0_DANRE Synaptosome associated protein 29 kDa 44.74 4.29 9.73E-06
BOUXN7_DANRE C-Abl oncogene 2, non-receptor tyrosine kinase 20.18 3.00 1.19E-05
COLYZ3_9TELE High-mobility group box 1 55.44 2.02 1.23E-05
AOAOR4IMX7_DANRE SH3 and PX domains 2B 25.68 1.87 1.23E-05
X1WGZ7_DANRE Glutamyl-prolyl-tRNA synthetase 25.08 4.57 1.25E-05
E7F354_DANRE Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 57.89 3.03 1.25E-05
Q802W6_DANRE Arhgdia protein 39.41 2.70 2.01E-05
Q6Y3R4_CARAU H1 histone 34.038 4.66 2.43E-05
B3DGP9_DANRE Protein tyrosine kinase 2aa 11.29 1.58 3.44E-05
Q6NYA1_DANRE Heterogeneous nuclear ribonucleoprotein A/Bb 36.25 7.30 3.53E-05
Q802Y1_DANRE Serine/arginine-rich splicing factor 4 39.34 1.57 4.18E-05
143BA_DANRE Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein beta 77.46 0.15 6.06E-05
RBM8A_DANRE RNA-binding protein 8A 22.99 1.90 6.22E-05
F1QG80_DANRE Ribosomal protein L22 34.75 1.60 7.08E-05

100 Q5U7N6_DANRE Talin 1 18.95 0.45 9.82E-07
Q4U0S2_DANRE Myosin, heavy chain 11a, smooth muscle 24.77 0.49 3.08E-06
E7FEK9_DANRE Golgin A4 4017 0.04 4.72E-06
F1QIN6_DANRE CAP-GLY domain containing linker protein 2 43.21 0.05 4.76E-06
Q1LXT2_DANRE Eukaryotic translation elongation factor 2a, tandem duplicate 1 26.11 1.60 5.96E-06
F1QTN7_DANRE Acidic leucine-rich nuclear phosphoprotein 32 family member A 27.38 0.13 7.51E-06
E7EYW2_DANRE Epsin 2 16.27 0.02 8.56E-06
Q7ZW39_DANRE Phosphoribosyl pyrophosphate synthetase 1A 22.33 0.08 9.34E-06
F1R1J9_DANRE AHNAK nucleoprotein 53.03 2.60 1.08E-05
Q502F6_DANRE Zgc:112271 protein 75.58 0.29 1.20E-05
EIF3L_DANRE Eukaryotic translation initiation factor 3 subunit L 22.57 0.28 1.30E-05
COLYZ3_9TELE High-mobility group box 1 556.44 1.57 1.35E-05
Q72U46_DANRE Heat shock protein 4a 28.45 0.14 1.36E-05
QOPWB8_DANRE PDZ and LIM domain 3b 32.7 0.11 1.51E-05
Q9DF20_DANRE Fragile X mental retardation 1 40.77 0.10 1.51E-05
A4FUN5_DANRE ISY1 splicing factor homolog 57.54 0.32 1.75E-05
Q1LYC9_DANRE Calpain, small subunit 1 a 47.69 0.35 2.04E-05
QB6DRC1_DANRE Small nuclear ribonucleoprotein F 48.84 0.17 2.90E-05
F1QYM4_DANRE Eukaryotic translation initiation factor 4 h 55.08 0.50 3.11E-05
F1Q7S0_DANRE Vesicle transport through interaction with t-SNAREs 1A 41.94 0.03 3.32E-05

1,000 Q5U7N6_DANRE Talin 1 18.95 0.11 3.566E-09
A0JMJ1_DANRE Scinderin like a 33.06 0.03 4.60E-07
QOGC55_CARAU Heat shock protein 47 kDa 24.81 0.34 7.06E-07
Q6PBR5_DANRE ATPase, H+ transporting, V1 subunit G isoform 1 80.51 3.05 71A7E-07
F1RDG4_DANRE si:dkey-2222.1 55.02 0.28 7.79E-07
Q7ZTZ6_DANRE STIP1 homology and U-Box containing protein 1 34.51 0.02 8.19E-07
F1IR1J9_DANRE AHNAK nucleoprotein 53.03 2.86 8.48E-07
Q804W1_DANRE Parvalbumin isoform 4b 45.87 0.01 1.22E-06
F1QFN1_DANRE ELKS/RABG-interacting/CAST family member 1b 31.20 0.19 1.41E-06
EIF3L_DANRE Eukaryotic translation initiation factor 3 subunit L 22.57 0.10 1.42E-06
Q7SXA1_DANRE Ribosomal protein L26 55.17 0.03 1.63E-06
E7F049_DANRE Kinectin 1 26.47 0.20 1.90E-06
Q7ZW39_DANRE Phosphoribosyl pyrophosphate synthetase 1A 22.33 0.03 1.96E-06
Q803A9_DANRE DnadJ (Hsp40) homolog, subfamily B, member 11 11.94 0.38 2.32E-06
AOAOR4I9C6_DANRE Ubiquitin-fold modifier 1 73.33 0.35 2.55E-06
B8JJS6_DANRE Programmed cell death protein 10-B 32.86 9.51 2.58E-06
F1QTN7_DANRE Acidic leucine-rich nuclear phosphoprotein 32 family member A 27.38 0.04 2.58E-06
A4FUN5_DANRE ISY1 splicing factor homolog 57.54 0.11 2.59E-06
Q502F6_DANRE zgc:112271 75.58 0.12 2.74E-06
Q9W792_DANRE T-complex polypeptide 1 26.98 0.05 2.78E-06

All fold changes are relative to control.
iTRAQ), isobaric tagging for relative and absolute quantitation; RGC, Radlal glial cell; SNa, secretoneurin A.
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FIGURE 5 | Cellular processes of blood vessel development, actin organization, cytoskeleton organization and biogenesis, cell proliferation, growth, and migration
were enriched in primary Carassius auratus radial glial cell culture after 10 nM secretoneurin A treatment (P < 0.05) based on the protein profiles. Red indicates that
the protein is increased, and green indicates that the protein is decreased in abundance relative to the control group. All abbreviations are provided in Table S4 in

glial fibrillary acidic protein (GFAP), tight junction protein
Z0O-1, Sox2, and vimentin (28, 29), confirming that these
cultured cells are indeed RGCs. Furthermore, analysis of the
differentially regulated proteins shows that SNa can regulate
these classical protein markers of RGCs. At each concentra-
tion, SNa increased the expression of the intermediate filament
protein vimentin. While vimentin is implicated in several glial
processes, it has also been shown to be involved in the initial
stages of neurite outgrowth in rat hippocampal neurons in vitro
(30). However, the 1,000 nM SNa treatment decreased BLBP
and ZO-1. These proteins are lost when RGCs differentiate into
neurons. Moreover, SNa decreases the expression of aromatase
B (cyp19a1b) in RGCs in vivo and in vitro in a dose-dependent
manner (16). Taken together, these data suggest that SNa
downregulates some of the genes related to the progenitor-like
characteristics of this cell type.

A low dose of 10 nM SNa upregulated proteins known to
be involved in processes of blood vessel development, actin

organization, cytoskeleton organization and biogenesis, cell
growth, migration, and proliferation. It has been previously estab-
lished that SN can induce mouse angiogenesis and vasculogenesis
(31, 32), which supports our data that 10 nM SNa increases the
expression of proteins associated with blood vessel development.
Mouse RGCs have been shown to regulate angiogenesis in the
brain through their interactions with blood vessels (33). Since
SNa can regulate proteins involved in blood vessel formation, this
may control the function of RGCs to regulate angiogenesis. As a
chemoattractant, SN has the ability to stimulate the migration
of various cell types. SN can stimulate the migration of human
monocytes both in vivo and in vitro at nanomolar concentrations
(34). Similarly, SN induces eosinophil (35), dendritic cell (36),
and fibroblast (37) chemotaxis. These studies indicate that the
chemotactic activity of SN is dose dependent with maximal
affects between 0.1 and 100 nM, and higher doses elicit an inhibi-
tory affect. Interestingly, here, we report that proteins involved in
cell migration are decreased by a high concentration of 1,000 nM
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FIGURE 6 | Cellular processes of actin organization, cell proliferation, and growth were significantly enriched in primary Carassius auratus radial glial cell culture after
100 nM secretoneurin A treatment (P < 0.05) based on the protein profiles. Red indicates that the protein is increased, and green indicates that the protein is
decreased in abundance relative to the control group. All abbreviations are provided in Table S4 in Supplementary Material.
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SNa, indicating that SNa may regulate proteins involved in cell
migration in a dose-dependent manner. In addition, both 100
and 1,000 nM concentrations regulated actin organization, cell
growth, and cell proliferation protein networks; however, these
higher concentrations decreased expression of proteins involved
in these cell processes.

Following treatment with 1,000 nM SNa, subnetworks related
to tight junction and gap junction assembly were enriched based
on the proteins regulated. These cell processes were also identi-
fied by gene set enrichment analysis of transcriptomic data and
were increased by SNa at the gene network level (15). Unlike
the transcriptomic response, proteins involved in tight junction
and gap junction assembly were downregulated, indicating that
there is a complex regulation of the transcriptome and proteome
that control these processes. Among the adherens junctions that
were regulated by SNa, N-cadherin (cadherin 2) is a calcium-
dependent adhesion molecule (38), and it is expressed to uphold
RGC apical-basal polarity while anchoring adjacent RGCs to
each other to create stem cell niches (39-42). N-cadherin controls

mouse RGC function in neuronal migration and directing axon
formation (42, 43). Furthermore, N-cadherin through its interac-
tions with its effector B-catenin regulates RGC proliferation and
differentiation (44-46). Reduction in mouse N-cadherin causes
RGCs to migrate from the stem cell niche and stimulate neu-
ronal differentiation (46). In our study, N-cadherin levels were
increased at 10 nM and decreased at 1,000 nM SNa. Therefore,
our data on N-cadherin expression indicate a role for SNa in the
regulation of RGC-mediated neuronal migration, as well as RGC
proliferation and differentiation.

Proteins involved in cellular processes such as neurite
outgrowth and nerve fiber regeneration were also altered in
abundance in RGCs following treatment with 1,000 nM SNa.
The high dose of SNa significantly decreased the abundance of
proteins known to be involved in neurite outgrowth. Although
this cellular process was not enriched at lower doses, these data
indicate that SNa has inhibitory effects on proteins that regulate
neurite outgrowth. In contrast, SN stimulates neurite outgrowth
in mouse cerebellar granule cells with a maximal concentration

Frontiers in Endocrinology | www.frontiersin.org

98

March 2018 | Volume 9 | Article 68


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive

Da Fonte et al. RGC’s Respond to SNa

) Protein
| Cell Process
Regulation

FIGURE 7 | Cellular processes of (A) neurite outgrowth and nerve fiber regeneration and (B) tight and gap junction assembly were enriched in primary Carassius
auratus radial glial cell culture after 1,000 nM secretoneurin A treatment (P < 0.05) based on the protein profiles. Red indicates that the protein is increased, and
green indicates that the protein is decreased in abundance relative to the control group. All abbreviations are provided in Table S4 in Supplementary Material.

O Protein

.~ Disease

*  Regulation

FIGURE 8 | Alzheimer, Parkinson, and neurodegenerative disease pathways were enriched in primary Carassius auratus radial glial cell culture after 1,000 nM
secretoneurin A treatment (P < 0.05) based on the protein profiles. Red indicates that the protein is increased, and green indicates that the protein is decreased in
abundance relative to the control group. All abbreviations are provided in Table S4 in Supplementary Material.
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of 100 nM (47). Proteins related to nerve fiber regeneration
were also decreased in goldfish RGCs exposed to 1,000 nM
SNa. Previous findings show that SN treatment induces neural
regeneration and neurogenesis in murine models of stroke (48).
The data obtained from goldfish reveal protein networks that
may underlie the role of SN in tissue repair and specifically in
stem cell-like RGCs. SNa increased the expression of reticulon 4
(RTN4) in goldfish RGCs. RTN4 is represented in both the nerve
fiber regeneration and the neurite outgrowth protein networks in
goldfish RGCs. It is also known as a negative regulator of neurite
plasticity in mammalian models by inhibiting neurite outgrowth
and axonal regeneration (49-51). However, the major protein
region of RTN4 that is involved in neurite growth inhibition
is absent in zebrafish RTN4 (52) and is required for successful
zebrafish axon regeneration (53). Therefore, given the opposite
effects of RTN4 observed in zebrafish compared to mammals,
future work should be directed toward elucidating the effects of
SNa on neurite outgrowth and axon regeneration in fish through
mechanisms involving RTN4.

Many proteome subnetworks were identified that corre-
spond to diseases of the CNS and cardiovascular system along
with several neoplasms. Protein networks in RGCs related to
Alzheimer disease, Parkinson disease, brain ischemia, and
brain injury were all regulated by 1,000 nM SNa. Changes in
these networks are consistent with previous studies that have
associated SN with these neuropathological conditions. SN is
differentially regulated in brain ischemia (48, 54, 55), Alzheimer
disease (56-58), and epilepsy (59, 60). It has been reported that
circulating SN increases after heart failure and has a protective
effect by reducing myocardial ischemia injury, cardiomyocyte
apoptosis, and inducing angiogenesis (61, 62). Here, we show
that SNa can regulate subnetworks related to cardiovascular
diseases such as cardiomyopathies, heart injury, cardiomegaly,
and heart failure. In addition, many subnetworks related to
neoplasms were enriched after SNa treatment including lung,
ovarian, colorectal, pancreatic, prostatic, breast, and endome-
trial. Importantly, SN has been shown to be expressed in several
types of neuroendocrine tumors including prostate, lung, rectal,
pancreatic, thyroid, duodenum, and appendix (63-65). Taken
together, it is suggested that these networks underlie, in part,
the molecular responses to SN that are mechanistically linked
to these disease states.

The teleost brain has become a popular model for neuro-
genesis and neuroendocrinology because of the persistent
abundance of progenitor RGCs in the adult brain and the
high aromatase activity present in RGCs (29, 66, 67). Our
research has implications in these fields as characterizing the
RGC proteome can elucidate the molecular mechanisms that
underlie these unique functions of fish RGCs. The proximity
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Glucocorticoid (GC) hormones act on the brain to regulate diverse functions, from
behavior and homeostasis to the activity of the hypothalamic—pituitary—adrenal axis.
Local regeneration and metabolism of GCs can occur in target tissues through the
actions of the 11p-hydroxysteroid dehydrogenases [11 beta-hydroxysteroid dehydroge-
nase type 1 (11p-HSD1) and 11 beta-hydroxysteroid dehydrogenase type 2 (11p-HSD2),
respectively] to regulate access to GC receptors. Songbirds have become especially
important model organisms for studies of stress hormone action; however, there has
been little focus on neural GC metabolism. Therefore, we tested the hypothesis that
11p-HSD1 and 11p-HSD2 are expressed in GC-sensitive regions of the songbird brain.
Localization of 11p-HSD expression in these regions could provide precise temporal and
spatial control over GC actions. We quantified GC sensitivity in zebra finch (Taeniopygia
guittata) brain by measuring glucocorticoid receptor (GR) and mineralocorticoid receptor
(MR) expression across six regions, followed by quantification of 11p-HSD1 and 11p-
HSD2 expression. We detected GR, MR, and 11p-HSD2 mRNA expression throughout
the adult brain. Whereas 11p-HSD1 expression was undetectable in the adult brain, we
detected low levels of expression in the brain of developing finches. Across several adult
brain regions, expression of 113-HSD2 covaried with GR and MR, with the exception
of the cerebellum and hippocampus. It is possible that receptors in these latter two
regions require direct access to systemic GC levels. Overall, these results suggest that
11p-HSD2 expression protects the adult songbird brain by rapid metabolism of GCs in
a context and region-specific manner.

Keywords: glucocorticoid, mineralocorticoid, 11 beta-hydroxysteroid dehydrogenase, stress response, songbird

INTRODUCTION

Glucocorticoid (GC) hormones regulate numerous biological processes, including crucial actions
on the central nervous system such as feedback regulation of adrenal function, activation or sup-
pression of cognitive and locomotor activity, and regulation of feeding behaviors (1). GC secretion is
dynamic, varying according to time of day (2, 3), developmental and life history stage (4-7), as well
as in response to acute and chronic stress (1). Following synthesis and secretion, primarily from the
adrenals, GC effects are regulated by various mechanisms, including binding to circulating globulins
that regulate access to tissues and local expression of catabolic and anabolic enzymes in target tissues
(8). Ultimately, tissue genomic and cellular responses are guided by the degree to which GC receptors
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are expressed. Sensitivity to GC effects is mediated through the
intracellular mineralocorticoid receptor (MR) and glucocorticoid
receptor (GR); acute stress-induced effects are mediated by the
lower-affinity GR, while the high-affinity MR mediates baseline
and early stress-induced effects (1, 9). Membrane GR and MR,
while less studied, are found in both birds and mammals where
they likely mediate rapid, non-genomic effects of GCs (10-12).

The 11p hydroxysteroid dehydrogenase enzymes (113-HSDs)
mediate the interconversion of the GC corticosterone (birds,
some rodents, and reptiles) or cortisol (other vertebrates; both
hereafter referred to as CORT) to an inactive form, 11-dehydro-
corticosterone (11-DHC) or cortisone, respectively. The enzyme
11 beta-hydroxysteroid dehydrogenase type 1 (11B-HSD1)
catalyzes the conversion of 11-DHC or cortisone into CORT
in vivo but is capable of catalyzing the reverse reaction in vitro;
11 beta-hydroxysteroid dehydrogenase type 2 (11p-HSD2) exclu-
sively inactivates CORT by catalyzing its conversion into 11-DHC
or cortisone (13). Dysregulation of these enzymes in peripheral
tissues is implicated in mammalian models of hypertension,
diabetes, obesity, and metabolic disorder (14). 113-HSD2 plays
a critical role in the mammalian kidney, where its expression
preserves aldosterone access to MR, which binds both CORT and
aldosterone with equal affinity (15).

In rodents, 11p-HSDs are expressed peripherally and in brain,
although their localization and functional significance vary across
developmental stages. For example, relatively little 11p-HSD1 is
expressed in the early developing rodent brain (15, 16), whereas it
is widely expressed in the adult brain and periphery. In the adult
brain, this enzyme participates in hypothalamic-pituitary-adre-
nal (HPA) axis regulation (17, 18) and facilitates GC-induced
memory impairments in aging animals (19). Conversely,
11B-HSD2 expression in the adult brain has a limited distribu-
tion associated with salt-based aldosterone sensitivity, while
11B-HSD2 is expressed abundantly in the fetal brain and placenta
and is hypothesized to protect the fetal nervous system from
excess GC exposure (15).

Evidence for 11B-HSD2 expression in the adult human brain is
contradictory (20, 21), and it is possible that CORT is metabolized
in the human brain via a unique hydroxysteroid dehydrogenase
(22). Given the documented ill effects of stress and elevated GCs
on adult neurogenesis and cognition (23), the presence of region-
specific GC-inactivating and regenerating enzymatic machinery
in the brain should be adaptive and expected.

Unlike the adult rodent brain, metabolism of CORT via
11B-HSD2 has been reported in hatchling and adult songbird
brain using chicken-specific PCR primers (24) as well as species-
specific primers (25). In the latter study, we confirmed expression
of 118-HSD2 in two regions of the adult zebra finch (Taeniopygia
guttata) brain, the caudal nidopallium (cNp) and hippocampus
(HP). In addition, expression covaried with free CORT sampled
in these regions using in vivo microdialysis. Specifically, we found
that CORT levels were higher in the region expressing lower levels
of 11B-HSD2 (25) suggesting that 11p-HSD2 limits bioactive GC
exposure in specific regions of the brain.

The cNp and HP both lie adjacent to the lateral ventricular
zone (VZ), a region of the songbird brain in which adult neuro-
genesis is conspicuous and critical for seasonal growth of song

control nuclei (26) and recruitment of hippocampal neurons
(27). As previous work has established differential effects of GCs
on neurogenesis (23), we predicted that both 11p-HSD1 and
11B-HSD2 expression in HP and cNp, as well as another adjacent
region, the caudomedial nidopallium (NCM), should provide
precise control over GCs within these sensitive proliferative
zones. We therefore hypothesized that 11p-HSD2 and/or 11f-
HSD1 expression regulates exposure of the adult songbird brain
in regions with heightened expression of GC receptors.

We tested this hypothesis in adult male and female zebra
finches, assessing expression in six brain regions. We included
three brain regions, NCM, cNp, and HP because of their proxim-
ity to the VZ, the diencephalon (DIEN), because of its role in
regulating HPA negative feedback, and the cerebellum and optic
tectum as control regions. Previous studies have described expres-
sion profiles of GR and MR in songbirds (28-32). To the best of
our knowledge, 11B-HSD1 expression has not been reported in
songbirds, with little data on 11B-HSD2. To assess how metabolic
enzymes might participate in controlling GC access to its recep-
tors, we used quantitative PCR to simultaneously characterize
expression of 118-HSD1 and 11p-HSD2, as well as GR and MR,
in adult brain. While we detected 113-HSD2 in all brain regions,
11-HSD1 expression was undetectable. To verify this result,
which differs significantly from mammalian patterns of expres-
sion (15), we confirmed 11B-HSD1 expression in the brains of
developing finches as well as two additional target tissues, the
liver and kidney (33).

ANIMALS AND METHODS

Animals

This study was conducted at the University of California, Los
Angeles. All procedures involving animals were approved by
the Chancellor’s Animal Research Committee. We utilized adult
(>100 days of age) non-breeding zebra finches obtained from our
captive colony. For one study, we utilized developing finches of
variable ages (see below). Finches in our colony are kept in large
open flight aviaries with up to 40 same-sex individuals residing
in each enclosure. Breeding cages are comprised of four to five
breeding pairs with access to breeding boxes filled with nesting
material. Lights are maintained on a 14 h light/10 h dark cycle,
and finches are supplied with ad libitum seed, water, cuttle bone,
and grit at all times. Egg mix and nutritional supplements are
provided at least once per week.

Dissections

Groups of four to five adult finches were captured together and
transported in a darkened cage to a procedure room where
each bird was then processed. Following rapid decapitation, the
brain was removed and placed on a Petri dish situated in wet ice
(see below). Upon dissection, the six brain regions of interest
were immediately frozen on dry ice, transferred to tubes, and
kept at —80°C until RNA extraction. The amount of time that
passed from initial capture to sacrifice ranged from 1 to 87 min
(mean time = 39 + 6.5 min), and sacrifice time post-capture was
included as a covariate in statistical analyses. Sampling times and
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ranges were highly similar between males and females (Figure 1).
A total of 18 birds were sacrificed in this manner, over the course
of four sessions in 2 days (one AM and one PM session/day—the
order of sexes captured was counterbalanced across days). The
same aviary was never entered more than once per day to reduce
potential stress effects on gene expression.

Brain regions were dissected as follows: with the brain ventral
side down, the whole cerebellum was removed. Next, we made
two parasagittal cuts ~1 mm from the midline from the caudal to
the rostral end, then removed 5 mm of the rostral portion of the
brain. The HP was then carefully separated from the caudal por-
tion and removed bilaterally [see Ref. (25)]. Using watchmaker’s
forceps, we next collected a roughly 1 mm? region of the underly-
ing telencephalon (TEL) containing the caudomedial nidopallium
(NCM) [see Ref. (34)]. A 1 mm? portion of cNp located lateral to
the position of the HP cut was next made bilaterally [see Ref.
(25)]. After removal of the remainder of the TEL, the optic tecta
were easily separated. Finally, excess optic nerve and myelin was
removed and discarded from the ventral DIEN. Liver and kidney
were collected next and frozen.

To compare 11B-HSDI1 expression across developmental
stages, brain tissue was collected from four individuals per age
group: 5-7 days post-hatch (“hatchlings”), 25 days post-hatch
(“fledglings”), and 75 days post-hatch (“juveniles”). The entire
TEL (including underlying DIEN) was collected from hatchlings
due to their very small size, while only the caudal TEL was uti-
lized from fledglings and juveniles. The HP was removed from
the caudal TEL of these latter ages (for other studies). To enable a
direct comparison of expression across ages, the remaining cau-
dal TEL from four of the adults utilized in the main study above
was processed in parallel with these developing finch samples.

RNA Extraction and cDNA Synthesis

RNA was extracted from frozen tissue samples using the Trizol
method according to the manufacturer’s guidelines (Ambion).
All centrifugation steps were performed at 4°C. Briefly, tissue
was homogenized in 1 ml cold Trizol for a maximum of 45 s,
followed by centrifugation at 12,000 g for 10 min. The supernatant
was decanted and incubated at room temperature for 5 min, and
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FIGURE 1 | Distribution of tissue collection times post-disturbance in adult
male and female zebra finches. Males and females were sampled at similar
times.

200 pl of chloroform was then added. Samples were vigorously
shaken, incubated at room temp for 3 min and then centrifuged
at 12,000 g for 15 min. After centrifugation, the aqueous layer
was carefully removed and placed in a new tube. Next, 500 ul
of isopropanol was added to each tube. For small tissues that
produced tiny RNA pellets (HP, NCM, and cNp), we added 1 pl
of 15 mg/ml glycoblue (Invitrogen) to improve visibility. Tubes
were briefly vortexed, incubated at room temperature for 10 min,
centrifuged at 12,000 g for 10 min, and the supernatant removed,
leaving the RNA pellet in place. Finally, 1 ml of 75% ethanol (4°C)
was added to the tube, and the tube was inverted to ensure that
the pellet was free-floating. After centrifugation at 7,500 g for
5 min, the ethanol was carefully pipetted out of the tube, and
residual ethanol was allowed to evaporate. The RNA pellet was
then resuspended in 10-120 pl of sterile water based on pellet
size, vortexed and then heated in a water bath at 58°C for 10 min.
RNA quantity and integrity was then determined via nanodrop.
Total RNA concentrations ranged from 100 to 600 ng/ul, and
Anseosas0 ratios were between 1.8 and 2.15.

To prepare cDNA from RNA samples, 600 ng RNA was reverse
transcribed. Briefly, 0.5 ul of DNAse (Promega) and 1.1 pl of
DNase buffer were added to each sample, then incubated at 37°C
for 30 min and 65°C for 10 min. Next, 1.5 pl of oligoDT (Sigma)
and 0.5 pl ANTPs (Bioline) were added, and tubes were incu-
bated for 10 min at 65°C. Finally, a mix of reverse transcriptase
(Superscript II, Invitrogen; 1 pl/sample), RT buffer (4 pl/sample),
DTT (1 pl/sample), and RNAse inhibitor (RNAsin, Promega;
1 pl/sample) was added, followed by incubation at 42°C for
50 min and 70°C for 15 min. Samples were then frozen at —20°C
until qPCR analysis.

Quantitative PCR

Mineralocorticoid receptor, 11p-HSD2, and 11p-HSD1 qPCR
primers were designed based on the zebra finch genome using
Primer3Plus and PrimerBlast (NCBI). GR primers were taken
from Banerjee et al. (35). Concentrations were optimized for
each primer pair and are listed along with primer sequences and
amplicon lengths in Table 1. We used an Applied Biosystems
7300 Real-Time PCR system to quantify gene expression rela-
tive to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in
samples using the SYBR Green method. Samples were run at a
1:10 dilution and in duplicate wells. Reaction volume was 25 pl,
and cycling conditions were as follows: (1) 2 min at 50°C, (2)
10 min at 95°C, (3) 15 s at 95°C, (4) 1 min at 60°C, repeat steps
3 and 4 40 times, (5) 15 s at 95°C, (6) 1 min at 60°C, (7) 15 s at
95°C, and (8) 15 s at 60°C.

Standard curves were prepared for each gene and plate to con-
firm reaction efficiency (90-110%) and standard curve linearity
(>98%). For GR and MR, each plate contained a standard curve
prepared from a mix of 1:1 cDNA representing all samples from
the region represented on the plate. We included positive control
tissue in the adult 11B-HSD2 standard curves, pooling all brain
regions together with a small amount of kidney cDNA. The adult
11B-HSD1 standard curve was constructed from liver cDNA. All
standard curves utilized a fourfold dilution with curves extending
from 1:1 to 1:256 for GR, MR, and GAPDH, and standard curves
ranging from 1:1 to 1:1,024 (11p-HSD1) or 1:4,096 (11-HSD2).
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TABLE 1 | Quantitative PCR primer details.

Gene name (accession #)

Primer sequence (5'-3')

Amplicon length [Primer] per

(bp) reaction (uM)
