NEURON-DERIVED ESTROGEN AND NEURAL FUNCTION

By
Yujiao Lu

Submitted to the Faculty of the Graduate School
of Augusta University in partial fulfillment
of the Requirements of the Degree of
Doctor of Philosophy

March
2020

COPYRIGHT© 2020 by Yujiao Lu

ACKNOWLEDGEMENTS
First and foremost, I want to thank my mentor, Dr. Darrell Brann. Under his
mentorship, I gained solid experimental skills and learned how to study and do research,
which is extremely invaluable in my future career as a neuroscientist. I appreciate all the
help he has provided to me during my PhD study.
Next, I would like to thank the members of my advisory committee, Drs.
Quanguang Zhang, Lynnette McCluskey, Krishnan Dhandapani and Anil Pillai, for their
constructive suggestions, guidance and support for my study and research as a graduate
student.
Thank you to other members of Brann lab, especially Dr. Jing Wang for her
assistance on my experimental techniques and thoughtful discussions on my research
projects.
Thank you to our collaborators from University of Texas Health Science Center,
San Antonio for your assistance on my project: Dr. Ratna K. Vadlamudi on experimental
design, data analysis and supervision on the project; Dr. Gangadhara R. Sareddy on
experimental design, experimental performance, data analysis; Dr. Uday Pratap and Dr.
Jinyou Liu on experimental performance and data analysis; Dr. Jason OConnor for
experimental performance and data analysis, Dr. Rajeshwar R. Tekmal on the novel
FBN-ARO-KO mouse model creation and constructive suggestions for my research
advancement.

i

I also want to thank Dr. Quanguang Zhang and Dr. Ruimin Wang for their nice
suggestions on my experimental design; Dr. Jianhua Xu for his technical assistance on
electrophysiological experiment; Yan Dong for assistance on behavioral tests, Dr. Yong
Li for assistance on behavioral and LTP tests; Dr. Fulei Tang for technical assistance on
astrocyte 3D image construction.
Lastly, I would like to thank my wife and daughter for their love, encouragement
and sacrifice during my education. I can't finish my graduate study without their strong
support.

ii

STATEMENT
All of the co-authors (other than Yujiao Lu and Dr. Darrell Brann) listed on the
manuscripts of this dissertation have reviewed and agreed with the assessment of their
contributions to this project. Their signatures are shown below:
Dr. Ratna K. Vadlamudi
Dr. Gangadhara R. Sareddy
Dr. Uday Pratap
Dr. Jinyou Liu
Dr. Jason OConnor
Dr. Rajeshwar R. Tekmal
Dr. Quanguang Zhang
Dr. Jing Wang
Dr. Ruimin Wang
Dr. Jianhua Xu
Yan Dong
Dr. Yong Li
Dr. Feilei Tang
iii

ABSTRACT
YUJIAO LU
Neuron-derived Estrogen and Neural Function
(UNDER THE DIRECTION OF DR. DARRELL BRANN)
17β-estradiol (E2) is produced from androgens via the action of the enzyme
aromatase. E2 is known to be made in neurons in the brain, but its precise functions in the
brain are unclear. We created a forebrain neuron-specific aromatase knockout
(FBN-ARO-KO) mouse model to deplete neuron-derived E2 in the forebrain of mice.
Under normal conditions, FBN-ARO-KO mice showed a 70-80% decrease in aromatase
and forebrain E2 levels. Male and female FBN-ARO-KO mice exhibited significant
deficits in forebrain spine and synaptic density, as well as hippocampal-dependent
cognitive functions. Reinstating forebrain E2 levels via exogenous in vivo E2
administration was able to rescue both the molecular and behavioral defects in
FBN-ARO-KO mice. Furthermore, electrophysiological study suggested normal
long-term potentiation (LTP) induction, but significantly decreased amplitude in
FBN-ARO-KO mice which could be fully rescued by acute E2 treatment in vitro.
Mechanistic studies revealed that FBN-ARO-KO mice had compromised rapid kinase
(AKT, ERK) and CREB-BDNF signaling in the hippocampus and cerebral cortex. After
global cerebral ischemia (GCI), ovariectomized female FBN-ARO-KO mice had
significantly

attenuated

aromatase

and

hippocampal

E2

levels.

Intriguingly,

FBN-ARO-KO mice exhibited a robust reduction in astrocyte activation, as well as
exacerbated neuronal damage and worse cognitive dysfunction after GCI. Similar results
were observed in intact male mice. RNA-seq analysis revealed alterations in pathways
iv

and genes associated with astrocyte activation, neuroinflammation and oxidative stress in
FBN-ARO-KO mice. The compromised astrocyte activation in FBN-ARO-KO mice was
associated with robust downregulation of the astrocyte-derived neurotrophic factors,
BDNF and IGF-1, as well as the astrocytic glutamate transporter, GLT-1. In vivo E2
replacement rescued the compromised reactive astrogliosis and cognitive deficits.
Moreover, neuronal FGF2, which acts in a paracrine manner to suppress astrocyte
activation, was dramatically increased in FBN-ARO-KO neurons. Interestingly, blocking
FGF2 signaling in astrocytes by central injection of an FGFR3 antibody was able to
reverse the diminishment in neuroprotective astrocyte reactivity, and attenuate neuronal
damage in FBN-ARO-KO mice. Collectively, our data provides novel genetic evidence
for the roles of neuron-derived E2 in regulating synaptic plasticity, cognitive function in
the non-injured brain, and astrocyte activation and neuroprotection in the injured brain.

KEY WORDS: Estrogen, 17β-Estradiol, aromatase, cognition, synapse, ischemia,
astrocyte, neuroprotection.
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I. INTRODUCTION
A. Statement of the problem and specific aims of the overall project
1. Estrogen is produced in neurons in the brain
It is well established that the brain is a target organ of the steroid hormone,
17β-estradiol (E2), which is traditionally believed to be generated principally by the
ovaries in females. E2 has been implicated to exert both neurotrophic and neuroprotective
actions in the brain, including modulation of reproductive behavior, synaptic plasticity,
neuroprotection, and cognition (Brann et al., 2007; Simpkins et al., 2012). Until recently,
the commonly accepted belief in the field has been that gonadal-derived E2 is responsible
for the above-described actions in the brain. However, studies in birds, rodents, monkeys,
and humans have found that E2 is also produced in the male and female brain, with high
concentrations produced in the hypothalamus, amygdala, hippocampus and cerebral
cortex due to expression of the biosynthetic enzyme aromatase, which converts
testosterone to E2 (Stoffel-Wagner et al., 1999; Hojo et al., 2004). A number of studies
have reported that aromatase is significantly expressed in neurons in the above listed
brain regions, with subcellular localization noted in the cell soma and neurites, especially
at presynaptic terminals (Saldanha et al., 2011). Additional work has shown that either no
or low expression of aromatase is detected in astrocytes basally (Yague et al., 2008;
Zhang et al., 2014); however, aromatase expression in astrocytes can be significantly
induced after brain injury or various stressors (Peterson et al., 2001; Zhang et al., 2014).
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2. Current limitations for neuron-derived E2 studies
Aromatase inhibitor treatment in either cultured mouse hippocampal neurons or in
ovariectomized mice in vivo has been reported to result in a significant decrease in
dendritic spine formation and synapse loss (Kretz et al., 2004; Rune and Frotscher, 2005).
Aromatase inhibitor administration in vivo has also been reported to induce memory
defects in humans, mice and songbirds (Oberlander et al., 2004; Tuscher et al., 2016)
(Bender et al., 2007; Phillips et al., 2011; Underwood et al., 2018). These localization and
pharmacological inhibitor studies have raised the possibility that neuron-derived E2 may
function as a neuromodulator in the brain. However, a limitation of the pharmacological
inhibitor studies is that the inhibitors may have “off target” actions that could
alternatively explain their effects. Furthermore, aromatase inhibitors are not cell-specific
and their administration in vivo can inhibit both neuronal and astrocyte-derived E2
production, making it difficult to differentiate the role of neuronal vs astrocyte-derived
E2 in certain situations. To address these potential limitations and more definitively
address the role of neuron-derived E2 in the brain, we generated a novel forebrain
neuron-specific aromatase knockout (FBN-ARO-KO) mouse model to genetically deplete
neuron-derived E2 in the forebrain.

3. Brain-derived estrogen is neuroprotective after brain ischemia
Under basal conditions, aromatase has been reported to be specifically expressed in
neurons in the brain, with little to no expression in glial cells (Yague et al., 2008; Zhang
et al., 2014). However, in situations of brain injury or ischemia, aromatase has been
shown to be robustly induced in reactive astrocytes (Yague et al., 2008; Zhang et al.,
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2014). Knocking down aromatase expression in the ischemic brain by central
administration of antisense oligonucleotides was shown to result in enhanced neuronal
damage (Zhang et al., 2014). This suggested that brain-derived E2 is neuroprotective in
the injured brain, but it remained unclear whether it is neuron-derived and/or
astrocyte-derived E2 that is critical for neuroprotection. To address the role of
neuron-derived E2 in neuroprotection, we used the FBN-ARO-KO mice described above.

4. Potential role of reactive astrocytes in neuron-derived E2 neuroprotection in the
injured brain
It is well known that astrocytes become activated after ischemic injury and can exert
neuroprotection. Multiple hallmarks have been classically used to define astrocyte
reactivity: cellular hypertrophy and overexpression of intermediate filament proteins such
as Glial Fibrillary Acidic Protein (GFAP), vimentin and S100β (Hol and Pekny, 2015).
Furthermore, transcriptome analysis has implicated two major types of reactive astrocytes
- A1 and A2 phenotypes, with A1 astrocytes being neurotoxic and A2 astrocytes being
neuroprotective (Liddelow et al., 2017). Interestingly, the phenotype of reactive
astrocytes strongly depends on the injury model. Genomic analysis identified that
reactive astrocytes after brain ischemia exhibit a phenotype that is neuroprotective
(Zamanian et al., 2012). These studies raise the possibility that neuronal estrogen could
protect the injured brain by regulating reactive astrocyte phenotype after brain ischemia.
To better understand the role and functions of neuron-derived E2 in the non-injured and
injured brain, we propose the following Specific Aims.
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Specific Aim 1: Test the hypothesis that loss of forebrain neuronal E2 leads to
significantly disrupted synaptic plasticity and impaired cognitive functions in both
male and female mice.
We will examine the dendritic spine density and synaptic density in both hippocampus
and cerebral cortex after successful characterization of forebrain neuron-specific
aromatase knockout (FBN-ARO-KO) mouse model. Electrophysiological experiments
will be performed to measure the long-term potentiation (LTP) and neuronal transmission.
Spatial reference memory, recognition memory, contextual and cued fear memory,
depression, anxiety level and locomotor function will be evaluated by behavioral tests.

Specific Aim 2: Test the hypothesis that rapid kinase (AKT, ERK) and
CREB-BDNF signaling are involved in the regulation of neuron-derived E2 in
synaptic plasticity and cognition.
We will determine the changes of phosphorylated AKT, ERK, CREB and cleaved BDNF
levels in hippocampus and cortex of FBN-ARO-KO mice. To further confirm the
hypothesis, in vitro study by electrophysiological testing will be conducted to assess if
MEK/ERK inhibitor administration could abolish the rescue effect of exogenous E2 on
synaptic plasticity in FBN-ARO-KO mice.
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Specific Aim 3: Test the hypothesis that reinstatement of forebrain E2 levels can
rescue the AKT-ERK, CREB-BDNF signaling and deficits in synaptic plasticity and
cognitive functions observed in ovariectomized FBN-ARO-KO mice.
In vivo exogenous E2 treatment will be used to reinstate forebrain E2 levels in
ovariectomized FBN-ARO-KO mice back to FLOX mouse levels. The levels of
phosphorylated AKT, ERK, CREB and cleaved BDNF in both the hippocampus and
cerebral cortex will be examined. In vitro studies will be conducted to determine if
exogenous E2 perfusion on hippocampal brain sections from ovx female KO mice can
rescue the defect in neuronal transmission and LTP amplitude. The ability of exogenous
E2 to rescue spatial reference memory and recognition memory will be further examined
by Barnes Maze Task and Novel Object Recognition Test respectively.

Specific Aim 4: Test the hypothesis that depletion of neuron-derived E2 results in
diminished hippocampal E2 levels and astrocyte activation after global cerebral
ischemia (GCI) in both male and ovx female mice.
Hippocampal E2 levels will be measured by ELISA. Astrocyte reactivity and
aromatization will be evaluated by multiple techniques, including IHC analysis for GFAP
and aromatase intensity, astrocyte soma volume measurement by 3D morphology
construction, GFAP and Vimentin levels examination by Western blot analysis, and
RNA-Sequencing analysis for astrocyte pan-reactive, astrocyte A1/A2 transcripts, which
will be confirmed by RT-PCR.
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Specific Aim 5: Test the hypothesis that FBN-ARO-KO mice in both sexes exhibit
compromised

astrocyte-derived

neurotrophins

and

glutamate

transporter

expression, enhanced neuronal damage, and worse cognitive functions after GCI.
Hippocampal expression of the astrocyte-derived neurotrophins BDNF and IGF-1, which
have been demonstrated to be neuroprotective against brain ischemia, and glutamate
transporter-1 (GLT-1), will be determined in FLOX and FBN-ARO-KO mice by IHC
analysis and Western blot analysis. Neuronal damage will be assessed by F-Jade C
staining, a marker of neuronal degeneration, accompanied by neuronal structure
evaluation with MAP2 staining. Hippocampal-dependent spatial reference memory will
be determined by the Barnes Maze Task. The Open field test will be also used to evaluate
motor function.

Specific Aim 6: Test the hypothesis that in vivo E2 replacement in ovx female
FBN-ARO-KO mice can rescue deficits in astrocyte activation, aromatization,
astrocyte function, neuronal damage and cognitive function after GCI.
In vivo E2 replacement will be used to reinstate forebrain E2 levels in FBN-ARO-KO
mice back to levels observed in FLOX mice controls. Astrocyte activation, aromatase
induction, astrocyte-derived neurotrophins and glutamate transporter 1 expression,
neuronal damage and hippocampus-dependent cognition will be examined one week after
GCI.
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Specific Aim 7: Test the hypothesis that enhanced neuronal FGF2 signaling
mediates the decrease in protective astrocyte activation in FBN-ARO-KO mice after
GCI.
Neuronal FGF2 signaling has been shown to inhibit astrocyte activation (Reilly et al.,
1998; Zhang et al., 2017). Therefore, this study will examine hippocampal neuronal
FGF2 expression using IHC and Western blot analysis. The alterations of FGFR3, a
major FGF2 receptor in astrocytes will also be determined by IHC. To determine whether
astrocyte activation can be rescued in FBN-ARO-KO mice by inhibiting FGF2 signaling,
astrocyte FGFR3 will be blocked by central administration of FGFR3 neutralizing
antibody in FBN-ARO-KO mice at the time of GCI reperfusion. Astrocyte activation,
aromatase induction, astrocyte functions and consequent neuronal damage will be
examined.
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B. Literature Review
Estrogen regulates synaptic plasticity and cognitive function
17β-Estradiol (E2) was initially considered as a reproductive hormone, which
controls reproduction by acting on the hypothalamus and anterior pituitary (Gore, 2001;
Kelly et al., 2005). E2 has been classically believed to be mainly produced in the ovary
by the enzyme aromatase, from androgen precursors. The ovary-generated E2 is secreted
into the bloodstream, and circulates to various organs to exert its functions. However,
accumulating evidences in the past decades have revealed that E2 also has important
non-reproductive roles in the regulation of synaptic plasticity and cognition. Clinical
studies suggested that women during menstrual cycle exhibited memory fluctuation, and
have worse cognitive performance after menopause, which can be prevented by E2
replacement (Speck et al., 2000; Sherwin, 2003). Randomized control trials have
consistently shown that cognitive performance is better in postmenopausal women who
received estrogen replacement therapy that those who didn’t (Zec and Trivedi, 2002),
although a critical period for estrogen treatment during the immediate postmenopausal
years should be considered. Preclinical studies also suggest that forebrain regions,
including the hippocampus and prefrontal cortex that are responsible for memory
formation, are important sites of estrogen actions (Hao et al., 2003). Furthermore,
estrogen replacement has been reported to enhance neuronal excitability and dendritic
spine and synapse density in the hippocampus and cortex of ovariectomized female rats
and monkeys (Adams et al., 2001; Hao et al., 2003).
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Neuron-derived E2: a possible neuromodulator involved in the regulation of
synaptic plasticity and cognition?
Previous work has shown that the brain is equipped with all enzymes necessary for
estrogen synthesis, and is thus capable of synthesizing so-called "neurosteroids".
Aromatase activity was first reported in the brain of reptiles and rodents of both sexes in
1977 by Callard group, and thereafter confirmed in many species – including rat, mouse,
songbird, monkey, human (Stoffel-Wagner et al., 1999; Saldanha et al., 2000; Yague et
al., 2008). Brain regions expressing aromatase have been mapped by a variety of
experimental

techniques,

including

in

situ

hybridization,

mRNA

analysis,

immunostaining, PET analysis, enzymatic activity assay and aromatase-GFP reporter
mice. These studies showed that aromatase is highly expressed in amygdala,
hypothalamus, hippocampus and cerebral cortex, and cerebellum, and weakly expressed
in other brain regions in comparison (Hojo et al., 2004). In songbirds, aromatase is
especially highly expressed in song nuclei. Under physiological conditions, aromatase is
mainly expressed in neurons in the rodent, monkey and human brain (Stoffel-Wagner et
al., 1999; Hojo et al., 2004). Some aromatase immunoreactive glial cells have been
identified in human temporal cortex (Azcoitia et al., 2011).
To date, evidence for a role of neuronal-derived E2 in the brain has come primarily
from pharmacological approaches involving use of aromatase inhibitors in vitro and in
vivo. For instance, clinical studies have demonstrated that postmenopausal women, who
are subjected to systemic aromatase inhibitor treatment for advanced breast cancer, tend
to suffer from a variety of memory defects, including impaired hippocampal-dependent
memory and decreased hippocampal activity during encoding (Bender et al., 2007;
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Phillips et al., 2011; Bayer et al., 2015; Underwood et al., 2018). In vitro studies using
cultured mouse hippocampal neurons further revealed that aromatase inhibitor treatment
resulted in a significant decrease in dendritic spine formation and synapse loss in the
cultured mouse hippocampal neurons (Rune and Frotscher, 2005; Fester et al., 2011), as
well as a pronounced decrease in long term potentiation (LTP) amplitude (Grassi et al.,
2011; Vierk et al., 2012). Furthermore, in vivo aromatase inhibitor treatment studies
confirmed a loss of hippocampal spines in ovariectomized mice, as well as a defect in
spatial memory in mice and songbirds (Zhou et al., 2010; Tuscher et al., 2016). These
studies indicate that brain-derived estrogen is involved in the regulation of neuronal
transmission and cognitive function.

Estrogen exerts neuroprotection against ischemic injury
In addition to the modulation of synaptic plasticity and cognition, E2 has been
implicated to exert neuroprotection in the brain (Brann et al., 2007). Ovariectomized rats
and mice also show greater infarct size and damage following cerebral ischemia (Alkayed
et al., 1998). Moreover, exogenous E2 administration after cerebral ischemia potently
reduces the infarct volume of female rodents subjected to ovariectomy (Simpkins et al.,
1997; Zhang et al., 1998). Many studies, including from our lab, have demonstrated that
multiple

mechanisms,

including

genomic,

non-genomic

and

anti-inflammatory

mechanisms are likely involved in exogenous E2 neuroprotection, which is thought to be
mediated by activating three known estrogen receptors:

estrogen receptor-α (ERα)

estrogen receptor-β (ERβ) and G-protein coupled estrogen receptor (GPER/GPR30)
(Scott et al., 2012). ERα and ERβ are classical estrogen receptors, thought to mediate
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both rapid extranuclear and genomic effects of E2. Both ERα and ERβ have been
implicated in the neuroprotective and anti-inflammatory actions of E2 (Brann et al.,
2007). GPER is the newest identified putative ER. It is localized in the membrane, and
thought to help mediate rapid extranuclear E2 signaling, although there are reports it can
regulate pathways that crosstalk to the nucleus, and thus regulate genomic signaling as
well. GPER has also been implicated in the neuroprotective effects of E2 (Wu et al.,
2018).
E2 could act on multiple cell types in the brain to mediate neuroprotection (Brann et
al., 2007). For instance, E2 has been shown to be neuroprotective when acted directly to
purified neurons in vitro. However, the results obtained from these studies are conflicting.
While a number of studies suggest physiologically relevant concentrations of E2 are
neuroprotective in primary neuronal cultures (Singer et al., 1996; Singer et al., 1999;
Honda et al., 2000; Honda et al., 2001), an equal or greater number of studies have been
unable to confirm a direct protective effect of E2 (Moosmann and Behl, 1999; Bae et al.,
2000; Dhandapani and Brann, 2003). These findings suggest that physiological
concentrations of E2 may exert neuroprotection via an alternative or parallel pathway that
may involve another non-neuronal cell type in the brain. In support of this possibility,
physiological concentrations of E2 have been shown to be neuroprotective in organotypic
cortical explant cultures, which maintain an intact cellular and tissue architecture and
contain multiple cell types (Wilson et al., 2000; Wilson et al., 2002). Of all the
non-neuronal cell types in the brain, the astrocyte has perhaps the greatest potential for
involvement in mediating the neuroprotective effects of E2. Astrocytes express estrogen
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receptors (Azcoitia et al., 1999; Brann et al., 2007), and as will be described below have
been implicated to have a neuroprotective role after cerebral ischemia.

Astrocyte as a key mediator of neuroprotection after brain ischemia
Astrocytes are the most abundant cell type in the central nervous system. In the
normal brain, astrocytes maintain a resting status, and offer many housekeeping functions,
like structural support for synapses, metabolism regulation, blood brain barrier formation,
blood flow mediation, and neuronal homeostasis maintenance (Ransom and Ransom,
2012). In ischemic brains, astrocytes undergo dramatic morphological changes, and
become hypertrophic within minutes after brain ischemia. The hypertrophic astrocytes
have been given the term “reactive astrocytes”. Reactive astrocytes are characterized by
increased intermediate filament proteins expression, including GFAP, Vimentin, S100β
and ADH1L1, enlarged cell body volume, as well as shortened and thicken processes
(Sofroniew, 2009). Reactive astrocytes also display dramatic molecular alterations, which
are associated with cell structure, gene transcription, intracellular signaling and
membrane transporters (Liu and Chopp, 2016). As a supporting cell for neurons,
astrocytes have also been shown to be neuroprotective, and to help preserve neuronal
functions after ischemia (Chen and Swanson, 2003; Liu and Chopp, 2016). In addition,
astrocytes are more resistant to ischemic insult than neurons, which makes them a good
candidate cell type to target for potential therapy (Almeida et al., 2002; Cekanaviciute et
al., 2014).
In cases of severe ischemic injury, astrocytes can form a scar structure around the
injured site in the brain to isolate from the healthy tissue, and restrict the spread of
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detrimental cytokines (Bush et al., 1999). Moreover, activated astrocytes increase
glutamate transporter expression after ischemia, exert anti-excitotoxicity effects, and
reduce neuronal injury (Ouyang et al., 2007). Selective overexpression of glutamate
transporter 1 (GLT-1) in astrocytes enhanced the neuroprotective effects in ischemia
(Chu et al., 2007). Ischemic insult to the brain also triggers robust production and release
of neurotrophic factors, like BDNF, IGF-1, NGF and TGF-β from reactive astrocytes that
can provide a more beneficial survival environment for neurons (Wang et al., 2009).
Pharmacologically increasing astrocyte-derived neurotrophin production enhanced
neuronal survival and axonal plasticity after stroke (Qu et al., 2010). Based on RNA
sequencing and profiling results, Barres’ group at Stanford University recently proposed
that there are two main types of astrocytes – 1) a neurotoxic “A1” phenotype that is
induced by inflammatory stimuli like LPS, and has been detected in a variety of
neurodegenerative diseases including Alzheimer’s disease, Huntington’s disease,
Parkinson’s disease, amyloid lateral sclerosis, and multiple sclerosis (Liddelow et al.,
2017); and 2) a neuroprotective “A2” phenotype that is induced following cerebral
ischemia (Zamanian et al., 2012). Whether E2 regulates A1/A2 phenotype after ischemia
is unknown, and thus was explored as one of the aims in this dissertation project.

Neuronal FGF2 signaling is a suppressor of astrocyte activation
Astrocyte activation is known to be triggered in response to brain damage, and
tightly regulated by differential factors. In the central nervous system, pro-inflammatory
cytokines, TGF-β, STAT3 and fibrinogen have been demonstrated to facilitate astrocyte
activation (Sofroniew and Vinters, 2010; Kang and Hebert, 2011). In contrast, FGF2
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signaling has been shown to suppress the activation of astrocytes in both normal and
injured brains (Kang et al., 2014; Zhang et al., 2017). Genetically enhancing FGF2 level
in astrocytes was shown to delay astrocyte responses and attenuate astrocyte reactivity in
the injured brain. Similarly, disrupting astrocytic FGF receptors enhanced scar formation
in the injury site, and reduced brain lesion size (Kang et al., 2014). These studies suggest
that FGF2 signaling is required to maintain a “nonreactive” astrocyte status in the brain.

Project Rationale
The functions of peripheral estrogen have been widely reported, however, the roles
of neuron-derived estrogen in both the normal and injured brain remains poorly
understood. Generation of the novel FBN-ARO-KO mice by our group, provides for the
first time an elegant animal model for elucidation of the roles of neuron-derived E2 in
both the uninjured brain, and injured brain. The proposed studies have the potential to
significantly advance our understanding of the roles, functions and mechanisms of
neuron-derived E2 in both the female and male brain.
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Abstract
17β-estradiol (E2) is produced from androgens via the action of the enzyme aromatase.
E2 is known to be made in neurons in the brain, but its precise functions in the brain
are unclear. Here, we utilized a forebrain neuron-specific aromatase knockout
(FBN-ARO-KO) mouse model to deplete neuron-derived E2 in the forebrain of mice
and thereby elucidate its functions. FBN-ARO-KO mice showed a 70-80% decrease
in aromatase and forebrain E2 levels, as compared to FLOX controls. Male and
female FBN-ARO-KO mice exhibited significant deficits in forebrain spine and
synaptic density, as well as hippocampal-dependent spatial reference memory,
recognition memory and contextual fear memory, but had normal locomotor function
and anxiety levels. Reinstating forebrain E2 levels via exogenous in vivo E2
administration was able to rescue both the molecular and behavioral defects in
FBN-ARO-KO mice. Furthermore, in vitro studies using FBN-ARO-KO hippocampal
slices revealed that while induction of long-term potentiation (LTP) was normal, the
amplitude was significantly decreased. Intriguingly, the LTP defect could be fully
rescued by acute E2 treatment in vitro. Mechanistic studies revealed that
FBN-ARO-KO mice had compromised rapid kinase (AKT, ERK) and CREB-BDNF
signaling in the hippocampus and cerebral cortex. In addition, acute E2 rescue of LTP
in hippocampal FBN-ARO-KO slices could be blocked by administration of a
MEK/ERK inhibitor, further suggesting a key role for rapid ERK signaling in
neuronal E2 effects. In conclusion, the findings provide evidence of a critical role for
neuron-derived E2 in regulating synaptic plasticity and cognitive function in the male
and female brain.
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Significance Statement
The steroid hormone, 17β-Estradiol (E2) is well known to be produced in the ovaries
in females. Intriguingly, forebrain neurons also express aromatase, the E2 biosynthetic
enzyme, but the precise functions of neuron-derived E2 is unclear. Using a novel
forebrain neuron-specific aromatase knockout mouse model to deplete neuron-derived
E2, the current study provides direct genetic evidence of a critical role for
neuron-derived E2 to regulate rapid AKT-ERK and CREB-BDNF signaling in the
mouse forebrain, and demonstrates that neuron-derived E2 is essential for normal
expression of long-term potentiation, synaptic plasticity, and cognitive function in
both the male and female brain. These findings suggest that neuron-derived E2
functions as a novel neuromodulator in the forebrain to control synaptic plasticity and
cognitive function.
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Introduction
It is well established that the brain is a target organ of the steroid hormone,
17β-estradiol (E2), which is traditionally believed to be generated principally by the
ovaries in females. E2 has been implicated to exert both neurotrophic and
neuroprotective actions in the brain, including modulation of reproductive behavior,
synaptic plasticity, neuroprotection, and cognition (Brann et al., 2007; Simpkins et al.,
2012). Until recently, the commonly accepted belief in the field has been that
gonadal-derived E2 is responsible for the above-described actions in the brain.
However, studies in birds, rodents, monkeys, and humans have found that E2 is also
produced in the male and female brain, with high concentrations produced in the
hypothalamus, amygdala, hippocampus and cerebral cortex due to expression of the
biosynthetic enzyme aromatase, which converts testosterone to E2 (Stoffel-Wagner et
al., 1999; Hojo et al., 2004). A number of studies have reported that aromatase is
significantly expressed in neurons in the above listed brain regions, with subcellular
localization noted in the cell soma and neurites, especially at presynaptic terminals
(Saldanha et al., 2011). Additional work has shown that either no or low expression of
aromatase is detected in astrocytes basally (Yague et al., 2008; Zhang et al., 2014);
however, aromatase expression in astrocytes can be significantly induced after brain
injury or various stressors (Peterson et al., 2001; Zhang et al., 2014). Intriguingly,
aromatase inhibitor treatment in either cultured mouse hippocampal neurons or in
ovariectomized mice in vivo has been reported to result in a significant decrease in
dendritic spine formation and synapse loss (Kretz et al., 2004; Rune and Frotscher,
2005). Aromatase inhibitor administration in vivo has also been reported to induce
memory defects in humans, mice and songbirds (Oberlander et al., 2004; Bender et al.,
2007; Phillips et al., 2011; Tuscher et al., 2016; Underwood et al., 2018).
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Collectively, these localization and pharmacological inhibitor studies have raised
the possibility that neuron-derived E2 may function as a neuromodulator in the brain.
However, a limitation of the pharmacological inhibitor studies is that the inhibitors
may have “off target” actions that could alternatively explain their effects.
Furthermore, aromatase inhibitors are not cell-specific and their administration in vivo
can inhibit both neuronal and astrocyte-derived E2 production, making it difficult to
differentiate the role of neuronal vs astrocyte-derived E2 in certain situations. To
address these potential limitations and more definitively address the role of
neuron-derived E2 in the brain, we generated novel forebrain neuron-specific
aromatase knockout (FBN-ARO-KO) mice to deplete neuron-derived E2 in the
forebrain. Using the FBN-ARO-KO mice, we show that neuron-derived E2 is critical
for normal activation of rapid AKT-ERK kinase signaling and CREB-BDNF
neurotrophic signaling in the forebrain. Our study further demonstrates that
neuron-derived E2 is essential for normal long-term potentiation, and that this effect is
dependent upon rapid ERK signaling. In addition, the findings of our study revealed
that neuronal E2 has an important role to regulate spine density, synapse formation,
and hippocampal-dependent cognitive function in both the male and female forebrain.
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Materials and Methods
Generation of Forebrain-Neuron-Specific Aromatase Knockout Mouse Model
To examine the role of forebrain neuron-derived E2 in the modulation of synaptic
plasticity and cognitive behavior, we custom created a forebrain neuron-specific
aromatase knockout (FBN-ARO-KO) mouse using Genoway, Inc. (Lyon, France).
Transgenic mice that expressed a floxed allele of Cyp19a1 (aromatase) were
generated using a site-specific Cre/loxP and FLP/FRT recombination system to
facilitate the conditional aromatase knockout in vivo. The Cre-LoxP recombination
system has been widely used to selectively knock out genes in vivo. To specifically
knock out the Cyp19a1 gene in forebrain neurons, we targeted the Cyp19a1 gene by
inserting two loxP sites flanking Cyp19a1 exons 10 and 11. Removal of Cyp19a1
exons 10 and 11 results in conditional deletion of 3318 bp of the coding sequence
encoding for the second substrate binding site, the iron binding site, and part of the
p450 domain and the Poly A signal. The targeting construct was transfected into
129/sv ES cells, which were then injected into C57BL/6J blastocysts using standard
protocols. Breeding of chimera male with C57BL6 FLP-deleter mice was performed
to generate heterozygous mice (mosaic) carrying the Neo-excised conditional
knockout allele (floxed mice). To conditionally delete locally synthesized aromatase
in forebrain neurons, we next generated Cyp19a1 Cre/LoxP conditional KO mice,
under the control of the Ca2+/-calmodulin-dependent protein kinase II alpha
(CaMKIIα) promoter that expresses Cre exclusively in forebrain excitatory neurons.
CaMKIIα-Cre mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA).
FLOX and FBN-ARO-KO animals were maintained in the C57BL/6 background.
Because of the potential for recombination in Sertoli cells of CaMKIIα-Cre-positive
mice, needed mice were generated by breeding CaMKIIα-Cre-positive females with
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CaMKIIα-cre-negative males. To verify the knockout effectiveness in the
CamKIIα-Cre+/- mice, we utilized mouse genotyping by tail digestion, followed by
genomic

DNA

PCR

using

following

primers.

5′-GCCATATTCCTGCAACAGTTTATTTGAGG-3’;

FLOX-forward:

FLOX-reverse:

5′-GTAAA

ACCATTCCTGGAAAATTCATAACAACC-3′; Cre-forward: 5′-GCGGTCTGGC
AGTAAAAACTATC-3′; Cre-reverse: 5′-GTGAAACAG CATTGCTGTCACTT-3′;
Cre mediated excision of Cyp19a1 exons 10 and 11 resulted in generation of a unique
775 bp band was determined using following primers. Cre excised FLOX-forward:
5′-GCATGATCTCATCGACTCTGTAGCAGC-3′;

Cre

excised

FLOX-reverse:

5′-ATGAGCAAGTGTG CCTATGCCAAGC-3′; Animal experiments and handling
was done in accordance with ethical guidelines of Declaration of Helsinki and NIH
and were approved by the Augusta University and UT Health San Antonio
Institutional Animal Care and Use Committees.

Tissue Lysates Preparation and Western Blotting
Three to five month-old male and female FLOX and FBN-ARO-KO mice were
used in the study. Mice were sacrificed under deep anesthesia at different time points,
as detailed in the experiments. Mice were perfused with ice-cold 0.9% saline, and the
whole brain was quickly removed, with cortex, hippocampus and cerebellum isolated
and separately stored in -80°C until use. For lysate preparation, tissues were
homogenized as previously described by our lab (Lu et al., 2017a). Briefly,
homogenization was performed using a motor-driven Teﬂon homogenizer in 400 μl
ice-cold homogenization buffer (Thermo Scientiﬁc, Rockford, IL), containing
protease and phosphatase inhibitors, according to the manufacturer’s protocol. The
homogenates were vigorously mixed for 20 min on a rotator at 4°C and centrifuged at
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12,000 × g for 30 min to get total protein fractions in the supernatant. Total protein
concentration was determined using Protein Assay Dye Reagent Concentrate
(BioRad). Samples were stored at -80°C until use. Western blotting was performed as
previously described by our lab (Sareddy et al., 2015). Primary antibodies used for
Western blotting analysis include: anti-PSD95 (Transduction Laboratories, Cat#
P43520, 1:1000), anti-synaptophysin (Cell Signaling, Cat# 4329S, 1:1000),
anti-p-AKT (Cell Signaling, Cat# 4060S, 1:1000), anti-AKT (Cell Signaling, Cat#
4691P, 1:1000), anti-p-ERK/1/2 (Cell Signaling, Cat# 9101S, 1:1000), anti-p-CREB
(Cell Signaling Technology, Cat# 9198S, 1:1000), anti-ERK1/2 (Biosource, Cat#
0703, 1:1500), anti-CREB (Santa Cruz, Cat# A2715, 1:200), anti-GAPDH (Santa
Cruz, Cat# H2114, 1:2000), anti-BDNF (EMD Millipore, Cat# 2865371, 1:1000),
anti-aromatase (Invitrogen, Cat# SD2376082A, 1:1000), anti-β-actin (Sigma, Cat#
014M4759, 1:5000). Bound proteins were visualized using a CCD digital imaging
system, and the band intensities were quantified using ImageJ analysis software
(Version 1.49; NIH, USA). Band densities for the indicated proteins were normalized
to the corresponding loading controls.

Brain Section Preparation and Immunoﬂuorescence Staining
Mouse brain sections were prepared as previously described (Lu et al., 2017b).
Briefly, mice were transcardially perfused with ice-cold 0.9% saline under deep
anesthesia. The mice were then sacrificed by decapitation with the whole brain
quickly removed and post-fixed in 4% paraformaldehyde at 4°C for 48 h, and
cryoprotected with 30% sucrose. Frozen-sections of 30-μm thickness were cut in a
series on a Leica Rm2155 microtome. The collected sections were saved in stock
solution for subsequent staining. For immunofluorescence staining, brain ﬂoating
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sections were incubated with 10% normal donkey serum for 1 h at room temperature,
followed by incubation with appropriate primary antibodies overnight. The primary
antibodies used in this study include: anti-aromatase (Invitrogen, Cat# SD2376082A,
1:200),

anti-Estrogen

receptor-beta

(Invitrogen,

Cat#

RH238843,

1:200),

anti-17β-Estradiol (Abcam, Cat# 131413, 1:100), anti-GFAP (Abcam, Cat# 53554,
1:500), anti-synaptophysin (Cell Signaling, Cat# 4329S, 1:200), anti-p-AKT (Cell
Signaling, Cat# 4060S, 1:200), anti-p-ERK/1/2 (Cell Signaling, Cat# 9101S, 1:200),
anti-p-CREB (Cell Signaling, Cat# 9198S, 1:150), anti-PSD95 (Transduction
Laboratories, Cat# P43520, 1:200), anti-BDNF (EMD Millipore, Cat# 2865371,
1:200),

anti-NeuN

(EMD Millipore,

Cat#

mAB377,

1:400),

anti-Estrogen

receptor-alpha (EMD Millipore, Cat# 2775528, 1:300). Sections were subsequently
washed for three times with 0.1% Triton X-100 solution at room temperature,
followed

by

incubation

with

proper

Alexa

Fluor

568/488

donkey

anti-mouse/rabbit/goat secondary antibody (Thermo Fisher) for 1 h. After another
three washes, the sections were mounted and coverslipped in Vectashield mounting
medium with DAPI (Vector Laboratories). Fluorescent images were captured on an
LSM510 Meta confocal laser microscope (Carl Zeiss), using 40-100× oil immersion
Neoﬂuor objectives with the image size set at 1024 x 1024 pixels. The captured
images were analyzed using LSM510 Meta imaging software. At least 4-5
representative sections were used per animal for immunostaining, and the typical
staining was selected for presentation.

Measurement of 17β-Estradiol Levels
17β-Estradiol levels in hippocampal CA1, cortex, and serum were measured
using a high sensitivity ELISA kit (ADI-900-174, Enzo Life Sciences, Farmingdale,
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NY), as previously described by our lab (Zhang et al., 2014). Briefly, 100 μl of
sample was added into the bottom of an appropriate well, which is coated with a
donkey anti-sheep polyclonal antibody. Subsequently, 50 μl of 17β-estradiol
conjugate was added, followed by 50 μl of sheep polyclonal antibody to 17β-estradiol.
The plate was then sealed and incubated at room temperature with shaking speed of
~500 rpm for two hours. After washing 3 times with 400 μl of wash buffer each time,
200 μl of pNpp substrate was added into each well and incubated for 1 h at room
temperature without shaking. Afterward, 50 μl of stop solution was added into each
well, and the optical density was read at 405 nm. 17β-estradiol level in each sample
was calculated according to the established standard curve, and expressed as percent
change versus FLOX mice.

Barnes Maze Task
The Barnes Maze Task was used in the current study to examine
hippocampal-dependent spatial learning and memory (Lu et al., 2017a). Briefly, this
behavior task was divided into two stages: a training trial and a probe trial. On each
day of the training trial stage (day 1 - day 3), an overhead video camera controlled by
ANY-maze video tracking software (Stoelting Co., Wood Dale, IL) was used to
record the escape latency of mice from the center of platform to the hidden chamber,
their escape velocity, as well as their escape traces. The probe test was performed on
day 4, with the hidden chamber removed. During the 90-second time period, the time
spent in the target quadrant where the hidden box had been, as well as the searching
errors were recorded. Searching error was deﬁned as exploring any hole that did not
have a target chamber under it. The escape latency, escape velocity, quadrant
occupancy and searching errors were quantified afterward using ANY-maze software.
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In the E2 replacement experiment, only the escape latency and quadrant occupancy in
the probe trial were selected for analysis.

Novel Object Recognition Test
The Novel Object Recognition test was used to examine the alteration of
recognition memory, a hippocampal-dependent working memory (Lu et al., 2017a).
One day before the test, mice were allowed 5 minutes to explore the empty arena for
habituation. The test was subsequently divided into two stages. In stage one, the mice
were placed in the same recognition box containing two identical objects at an equal
distance for 5-min exploration. In stage two, 24 hours later, the mice were returned to
the recognition box in the presence of one familiar object and one novel object to test
the long-term recognition memory. The novel object has the same height and volume,
but different shape and appearance with the familiar object. Exploration of the object
was defined as the animal’s nose being within a zone of 2 cm from the object. Time
spent exploring each object were recorded using ANY-maze video tracking software
as mentioned above, and discrimination index (the percentage of time spent exploring
the novel object) were analyzed afterwards.

Fear Conditioning Test
Fear conditioning was carried out as previously described (Li and Kim, 2017).
Briefly, a fear-conditioning chamber (17*17.5*33 cm3) was used for conditioning and
testing, with the walls made of black laminated particle boards, and the floor made of
a grid of steel rods (diameter, 3.2 mm) for electric shocks. The fear-conditioning
chamber was illuminated with 36 lux white light. A camera was mounted above the
chamber for recording. The task was divided into two sessions: conditioning test (day
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1) and fear memory test (day 2). At day 1, mice were placed in the conditioning
chamber for a 2-min acclimation, followed by three 30-s tones (2.8-kHz sine waves
and presented at 90 dB) co-terminated with a 2-s shock at 0.5 mA for every 2 minutes.
Mice were returned to their home cages immediately after conditioning. The
conditioning chamber was cleaned with 70% ethanol after each animal testing. The
fear acquisition curve at this stage was analyzed according to the freezing rate during
each tone presentation. At day 2, contextual fear memory was evaluated by putting the
mice into the same conditioning chamber for 5 minutes without shock. Freezing time
was recorded during this period. Cued fear memory was tested 1 hour later with the
visual context changed by lining the walls and ﬂoor of the chamber with paper. Mice
were put in the chamber for 90 s, followed by three 30-s tones every 2 minutes.
Freezing time during the tones was recorded. Freezing behavior is counted as
unnoticeable movement for ≥ 1 second, excluding the respiration movement.

Forced Swimming Test
The Forced Swimming test was used to measure depressive-like behavior (Xu et
al., 2017). Mice were put in a 2L beaker filled with water of 25+/-1°C to 4.5 cm from
the top, which ensured that the mice could not touch the bottom with their tails, or
escape from the top. When mice were put into the beaker, the recording time was
started, and the duration was set to 6 minutes. Immobility time during each test was
recorded as lack of movement (except that required to keep the mouse afloat and
breathe). After the test, mice were gently warmed under a heating lamp, and returned
to their home cages.
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Open Field Test
The Open Field test was used to examine locomotor function and anxiety, as
previously described with minor revision (Christoffel et al., 2012). A black open box
with 56 cm*56 cm was used. To start the test, a mouse was placed at one corner of the
box, making it face the wall. During a five-minute period, the numbers of rearing and
grooming, travel distance, as well as time spent in a delineated center zone (26*26 cm)
were recorded.

Spine Density Analysis
To examine for changes in neuronal morphology and spine density in FLOX and
FBN-ARO-KO mice, the FD Rapid GolgiStainTM kit (FD NeuroTechnologies, Inc.)
was used according to the manufacturer’s instructions. Briefly, mice were sacrificed
under deep anesthesia. The brains were quickly collected without perfusion, and
rinsed in double distilled water to remove blood from the surface. Brain tissues were
subsequently immersed in the impregnation solution, made by mixing equal volumes
of Solution A and B, and stored at room temperature for 10 days in the dark.
Subsequently, the brains were transferred into Solution C and stored at 4°C in the
dark for 4 days. Sections of 200 μm thickness were cut on a vibratome, and mounted
on gelatin-coated slides with Solution C for natural drying at room temperature for 2
days. Dried sections were further processed according to the manufacturer’s
instructions. Images of dendrites in the hippocampus and cortex (primary
somatosensory cortex) were captured on an OLYMPUS IX70 microscope using a
100× objective. Spines along the apical dendrite were selected for analysis. Spines
were classified as mushroom, thin and stubby, which are defined as follows: If the
‘neck ratio’ (head diameter/neck diameter) of a spine was >1.1, the spine was
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classified as mushroom or thin; it was mushroom when the head diameter was ≥ 0.3
μm, and thin otherwise. If the neck ratio of a spine was ≤ 1.1, the spine was
classiﬁed as thin or stubby; if the ‘thin ratio’ (spine length/head diameter) is > 2.5, it
was classified as thin; and stubby otherwise (Kim and Li, 2015). Spine density was
analyzed as spine numbers per um. For one brain section, spine densities of dendrites
from five separate neurons in both hippocampus and cortex were measured, with the
mean value presented as a single value for one animal. Spine density was analyzed
using ImageJ software.

Synapse Density Analysis
ImageJ software was used for the measurement of synaptophysin and PSD95
intensities to determine the numbers of presynaptic and postsynaptic puncta
respectively. To accurately assess SYN/PSD95 contact, synaptophysin and PSD95
paired puncta was manually counted under 100x objective of LSM510 Meta confocal
laser microscope (Carl Zeiss) (Cao et al., 2013). Synaptic density in hippocampal
CA1 and cortex regions was quantified as puncta/μm3, and presented as percentage
changes versus FLOX control.

Electrophysiology
Acute dorsal hippocampal slices of 400 μm prepared from 2-3 months old
FBN-ARO-KO mice and their FLOX littermates were perfused with ACSF at
32+/-0.5°C in a recording chamber at a rate of 1.6 mL/min (Li and Kim, 2016). Field
excitatory postsynaptic potentials (fEPSP) from the hippocampal CA1 region were
recorded when stimulating the Schaffer collateral axons. For the examination of I/O
relationships, fEPSP was recorded with a set of four presynaptic stimulus intensities,
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which were then selected for linear I/O relationships. For baseline fEPSP recording,
the stimulation strength was adjusted to 50% of the maximal fEPSP amplitude. After
a 20-minute baseline recording, LTP was induced with high frequency stimulation
(HFS; 100 Hz, 1 s, 20 s intervals), and recorded for 60 minutes. The mean fEPSP
slope between 50-60 minutes after LTP induction was selected for quantitative
analysis. fEPSP slope from FBN-ARO-KO group was normalized to FLOX control,
and expressed as percentage changes compared to the FLOX control group. For the in
vitro E2 rescue experiment, E2 was dissolved in DMSO, diluted to working
concentration (1 nM) in oxygenated ACSF (Di Mauro et al., 2015). A DMSO
(0.001% DMSO) vehicle control was also included in the experiment. In addition, the
MEK inhibitor, U0126 (Cell Signaling, Cat# 9903S, 10 μM) was also dissolved in
DMSO and diluted to working concentration in oxygenated ACSF. U0126 was
co-administered with E2. The drugs were applied for all the recording period 20 min
before the application of the stimulation protocol.

In vivo E2 Rescue Experiment
Three month-old ovariectomized female mice were used in this experiment,
which were divided into four groups: FLOX + Placebo, FLOX + E2, FBN-ARO-KO
+ Placebo and FBN-ARO-KO + E2. Alzet minipumps (Alzet osmotic minipumps;
model 1007D, 7-d release; Durect Corporation) with Placebo or E2 (0.0167 mg) were
implanted s.c. in the upper midback region at the time of ovariectomy. The dose of E2
used here yields stable serum levels of 26.52+/-0.89 pg/mL, which represents a
physiological diestrus II - proestrus level of E2 (Nelson et al., 1981). Molecular and
functional endpoints were examined 7 days after minipump implantation.
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Experimental Design and Statistical Analyses
All quantitative analysis was performed on age-matched FLOX control and
FBN-ARO-KO mice. Except the in vivo E2 rescue experiment, both male and female
mice were used. Only female mice were used for in vivo E2 replacement. For
behavioral tests, 8-10 mice were used for each group, otherwise, 4-6 samples from
each group were analyzed. SigmaStat 3.5 software was used to analyze all the data.
Data represented in bar graphs were expressed as mean +/- SE. A Student’s T test was
performed when only comparing two groups. Statistical data from the Barnes Maze
training trial, fear acquisition test, electrophysiological measurements and part of the
in vivo E2 replacement experiments requiring multiple groups comparisons were
analyzed with two-way ANOVA followed by Tukey’s all pairwise comparisons test to
determine group difference. A value of P < 0.05 was considered statistically
significant.

Results
Characterization of FBN-ARO-KO Mice
A transgenic mouse that expresses a floxed allele of Cyp19a1 (aromatase) was
initially established to facilitate conditional knock out of aromatase in vivo using a
site-specific Cre/loxP recombination system. We targeted the Cyp19a1 gene by
inserting two loxP sites flanking Cyp19a1 exons 10 and 11 (Fig. 1A). Removal of
Cyp19a1 exons 10 and 11 results in conditional deletion of 3318 bp of the coding
sequence encoding for the second substrate binding site, the iron binding site, part of
p450 domain and the Poly A signal. Breeding of chimera male with C57BL6
FLP-deleter mice was used to generate Neo-excised conditional knockout allele
(floxed mice). Excision of the Neo cassette was confirmed by Southern blotting of
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genomic

DNA

(Fig.

1B).

CaMKIIα-Cre-negative

males

were

bred

with

CaMKIIα-Cre-positive females that expressed Cre under the control of the CaMKIIα
promoter, which is specially expressed in excitatory neurons of the forebrain by
postnatal day 18-23 (Tsien et al., 1996), thus allowing selective knockout of
aromatase in forebrain excitatory neurons. Mice were genotyped with PCR on
genomic DNA of tail biopsies to confirm the genotype of floxed and Cre alleles (Fig.
1C). FBN-ARO-KO mice are viable and fertile, with no obvious gross immunological,
reproductive or neurological abnormality or phenotype.
We next confirmed the knockout effectiveness in the CaMKIIα-Cre+/- mice. As
shown in Fig. 1D, PCR showed that deletion of Cyp19a1 exons 10 and 11 resulted in
generation of a unique 775 bp band due to expression of CaMKIIα-Cre in the
forebrain and excision of the floxed region. However, CaMKIIα-Cre expression did
not affect Cyp19a1 gene size in WT mice, hence no 775 bp product can be seen (Lane
1, upper panel). In addition, Western blot analysis revealed a robust decrease of
aromatase expression in the forebrain (hippocampus and cortex), but not in the
hindbrain (cerebellum) of both male (Fig. 1E) and ovariectomized (ovx) female (Fig.
2A) FBN-ARO-KO mice, as compared to the FLOX control. Likewise,
immunohistochemistry (IHC) for aromatase showed a 65-70% decrease in the
hippocampal CA1 region and cortex of both male (Fig. 1F&G, p<0.001, unpaired
t-test) and ovx female (Fig. 2B&C, p<0.001, unpaired t-test) FBN-ARO-KO mice, as
compared to FLOX mice, with no decrease observed in the hindbrain (p=0.2346 and
p=0.5022 respectively, unpaired t-test).
We next performed triple IHC with antibodies to aromatase (red), the astrocyte
marker, GFAP (green), and the neuronal marker NeuN (blue), which revealed that in
both male (Fig. 1H) and ovx female (Fig. 2D) FLOX mice, aromatase is specifically
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expressed in neurons in the CA1 region, and not in astrocytes, and that
FBN-ARO-KO mice display a profound loss of aromatase expression in hippocampal
CA1 neurons, verifying the neuron-specific knockout of aromatase. The small
residual aromatase in the FBN-ARO-KO mouse may be due to aromatase expression
in inhibitory neurons and interneurons or a small percentage of excitatory neurons that
lack Cre expression.
Next, we examined E2 levels in the forebrain in male FBN-ARO-KO mice using
IHC (Fig. 1I,J) and ELISA (Fig. 1K). Consistent with the KO results for aromatase
expression, IHC and ELISA revealed that neuron-derived E2 was decreased by
65-70% in the hippocampal CA1 region and cortex of male FBN-ARO-KO mice (Fig.
1I,J,K, p<0.001, unpaired t-test) and in ovx female FBN-ARO-KO mice (Fig. 2E-G,
p<0.001, unpaired t-test), as compared with FLOX mice. In contrast, there was no
significant difference in serum E2 levels between FLOX and FBN-ARO-KO mice
(Fig. 1L, p=0.1838, unpaired t-test), demonstrating that the knockout was specific for
forebrain E2 levels and did not affect circulating E2 levels. Finally, Nissl staining
revealed that postnatal deletion of the aromatase gene in forebrain excitatory neurons
did not result in any apparent defects in brain structure in male (Fig. 1M) or ovx
female (Fig. 2H) FBN-ARO-KO mice.

Cognitive function is impaired in FBN-ARO-KO mice
Next, we subjected male FBN-ARO-KO mice to the Barnes maze task, a widely
used test of hippocampal-dependent spatial reference learning and memory. The
results revealed that FBN-ARO-KO mice displayed a significant spatial memory
defect as evidenced by an increase in escape latency to find the hidden chamber on the
third day of the training trial (p=0.003, two-way ANOVA), with decreased quadrant
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occupancy (p=0.009, unpaired t-test) and increased number of exploring errors on
probe trial (p=0.001, unpaired t-test), as compared with FLOX mice (Fig. 3A&B).
Escape velocity was similar between the two groups, indicating that differences on
escape latencies were not due to speed variations. Similar impairments of
hippocampal-dependent spatial reference learning and memory were also observed in
both intact (Fig. 4A&B, p=0.002 for the escape latency on the second day, p=0.002
on the third day of training trial, two-way ANOVA; p<0.001 for quadrant occupancy,
p=0.002 for exploring errors, unpaired t-test) and ovx (Fig. 5A&B, p<0.001 for the
escape latency on the second day, p=0.003 on the third day of training trial, two-way
ANOVA; p=0.001 for quadrant occupancy and p=0.003 for exploring errors, unpaired
t-test) female FBN-ARO-KO mice. These findings suggest that neuron-derived E2 has
an important role in hippocampal-dependent spatial reference learning and memory in
both male and female mice.
Using the Novel Object Recognition test, we also found that male, intact female,
and ovx female FBN-ARO-KO mice all displayed a significant impairment in
hippocampal-dependent recognition memory, as evidenced by a significant decrease
in preference to explore the novel object compared with the FLOX mice (Figs. 3C,
4C, and 5C, with p<0.001, p<0.001, p=0.004 respectively, unpaired t-test).
Exploration of long-term fear memory using the Fear Conditioning test revealed that
male (Fig. 3D), intact female (Fig. 4D), and ovx female (Fig. 5D) FBN-ARO-KO
mice did not differ in fear acquisition (a, p=0.581, p=0.601, p=0.524 respectively,
two-way ANOVA) and cued freezing rate (b, p=0.888, p=0.846, p=0.294 respectively
for baseline, p=0.677, p=0.485, p=0.182 respectively for tone, unpaired t-test) from
FLOX controls, but did exhibit a significant decrease in the hippocampal-dependent
contextual freezing rate (c, with p=0.038, p=0.005, p=0.028 respectively, unpaired
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t-test). Thus, neuron-derived E2 appears to also have an important role in the
hippocampus to regulate contextual fear memory in both males and females.
We next examined depressive-like behavior in the mice using the Forced
Swimming test. The results revealed that there was no significant difference in
immobility time in male (Fig. 3E, p=0.593, unpaired t-test) or intact female (Fig. 4E,
p=0.261, unpaired t-test) FBN-ARO-KO mice, as compared to FLOX mice. However,
immobility time in ovx female FBN-ARO-KO mice was significantly increased as
compared to the ovx FLOX controls (Fig. 5E, p=0.04, unpaired t-test), indicative of
apparent depressive behavior. Finally, we performed Open Field test to examine
locomotor activity and anxiety in FBN-ARO-KO mice. The results revealed that male
(Fig. 3F), intact female (Fig. 4F) and ovx female (Fig. 5F) FBN-ARO-KO mice
exhibited similar rearing times (a, p=0.395, p=0.721, p=0.914 respectively, unpaired
t-test) and travel distance (b, p=0.787, p=0.548, p=0.542 respectively, unpaired t-test)
as compared with the FLOX littermates, suggesting that locomotor functions were not
affected following forebrain neuronal aromatase deletion. Likewise, grooming times
(c, p=0.402, p=0.798, p=0.794 respectively, unpaired t-test) and time spent in the
central zone (d, p=0.767, p=0.447, p=0.731 respectively, unpaired t-test) for
FBN-ARO-KO mice were also statistically indistinguishable from their FLOX
controls, demonstrating that FBN-ARO-KO mice don’t exhibit abnormal anxiety
levels.

Depletion of neuron-derived E2 leads to a significant decrease in dendritic spine
density
We next examined dendritic spine formation in the mouse forebrain by utilizing
Golgi staining to visualize in vivo spine morphology (Fig. 6A). Spine density along
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the apical dendrite was selected for analysis (Fig. 6B). The results revealed that mean
spine density was significantly decreased by 28.3+/-1.8% in the hippocampal CA1
subregion (p<0.001, unpaired t-test), and approximately by 26.4+/-1.3% in the cortex
(p<0.001, unpaired t-test) of male FBN-ARO-KO mice, as compared to FLOX mice
(Fig. 6C&D&F). Spines were further morphologically classified into mushroom, thin
and stubby. In the hippocampal CA1 region and cortex, mushroom spines were
decreased by 26.7+/-2.0% (p<0.001, unpaired t-test) and 24.5+/-1.6% (p<0.001,
unpaired t-test) respectively in male FBN-ARO-KO mice, while thin spines were
decreased by 43.5+/-4.4% (p<0.001, unpaired t-test) and 35.5+/-2.9% (p<0.001,
unpaired t-test) respectively, with stubby spines decreased by 15.0+/-1.8% (p=0.008,
unpaired t-test) and 13.7+/-2.7% (p=0.006, unpaired t-test) respectively (Fig. 6E and
6G). Mean spine density in ovx female FBN-ARO-KO mice was decreased by
33.0+/-0.9% (p<0.001, unpaired t-test) in the hippocampal CA1 region, and
32.1+/-1.5% (p<0.001, unpaired t-test) in cortex (Fig. 6H&I&K), with mushroom
spines showing the greatest decrease: 42.7+/-1.9% (p<0.001, unpaired t-test) in the
hippocampal CA1 region (Fig. 6J) and 37.2+/-0.9% (p<0.001, unpaired t-test) in the
cortex (Fig. 6L). Density of thin and stubby spines was decreased by 26.6+/-1.5%
(p<0.001, unpaired t-test) and 24.8+/-3.6% (p<0.001, unpaired t-test) respectively in
the hippocampal CA1 region, and 25.2+/-1.6% (p<0.001, unpaired t-test) and
30.7+/-3.1% (p=0.003, unpaired t-test) respectively in the cortex of ovx female
FBN-ARO-KO mice. These findings indicate that neuron-derived E2 is an important
regulator of spine formation in the hippocampal CA1 region and cerebral cortex in
both male and female mice.
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Loss of neuron-derived E2 leads to a significant decrease in synapse number
We next examined whether FBN-ARO-KO mice exhibit alterations in synapse
number. IHC staining for the presynaptic marker, synaptophysin, and postsynaptic
marker, PSD95 was conducted in both the hippocampal CA1 region (Fig. 7A) and
cerebral cortex (Fig. 7E) to visualize presynaptic and postsynaptic specializations.
Semiquantitative analysis of the IHC results showed that male FBN-ARO-KO mice
exhibited a 31-33% decrease in synaptophysin (Fig. 7B&F, p<0.001, unpaired t-test)
and PSD95 (Fig. 7C&G, p<0.001, unpaired t-test) in both the hippocampal CA1 and
cortex. Intensity of SYN/PSD95 contacts was analyzed as an index of reactive
synaptic density, which displayed 33.1+/-3.1% decrease in the hippocampal CA1
region (Fig. 7D, p<0.001, unpaired t-test) and 33.7+/-1.9% decrease in cortex (Fig.
7H, p<0.001, unpaired t-test) of male FBN-ARO-KO mice, as compared with FLOX
controls. Studies in ovx female FBN-ARO-KO mice showed a similar robust decrease
(55-58%) in synaptophysin, PSD95, and SYN/PSD95 contacts in the forebrain
hippocampal CA1 region (Fig. 8A&B) and cortex (Fig. 8C&D). Western blot
analysis confirmed a significant decrease in both synaptophysin and PSD95 protein
levels in the hippocampus and cortex of male and female FBN-ARO-KO mice (Fig.
7I&J&K). Overall, these results indicate that neuron-derived E2 is an important
regulator of forebrain synaptic density in both male and female mice.

Functional synaptic plasticity is significantly impaired in FBN-ARO-KO mice,
and rescued by acute E2 treatment
We next examined whether loss of neuron-derived E2 results in impaired
functional synaptic plasticity in the forebrain. To assess the efficacy of synaptic
transmission, we examined excitatory synaptic transmission of hippocampal CA1
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neurons by determining the relationship between the amplitude of presynaptic fiber
volley and field excitatory postsynaptic potentials (fEPSP) slope (I/O). As shown in
Fig. 9A, the results revealed a less steep I/O relationship in male FBN-ARO-KO mice
compared to the male FLOX control mice. Further analysis of the slope of the I/O
curve (ms-1) revealed that the mean slope of I/O curves in male FBN-ARO-KO mice
was 2.7+/-0.05 ms-1, compared with 3.2+/-0.04 ms-1 in FLOX control mice (Fig. 9B,
p<0.001, two-way ANOVA), indicating that the fEPSP slope response per presynaptic
action potential was decreased after neuron-derived E2 depletion. Furthermore, acute
application of exogenous E2 (1 nM) on FBN-ARO-KO brain slices during
electrophysiological measurement rapidly reversed the defect in synaptic transmission
to a level (3.1+/-0.03 ms-1) that was not different from that observed in FLOX mice
(Fig. 9B, p<0.001, two-way ANOVA). DMSO alone vehicle had no effect on
synaptic transmission (Fig. 9B, p=0.912, two-way ANOVA). Co-incubation of U0126
(10 M), an inhibitor of MEK/ERK, with E2 completely prevented the E2 effect (Fig.
9B, p=0.009, two-way ANOVA), suggesting the rescue effects by acute E2
administration are driven via ERK signaling pathway. Note that incubation with only
U0126 didn’t change synaptic transmission (Fig. 9B, p=0.39, two-way ANOVA). A
similar pattern of I/O relationship was found in ovx female FBN-ARO-KO mice (Fig.
9C), with the mean slope of the I/O curve down-regulated from 2.9+/-0.07 ms-1 in
FLOX control to 2.3+/-0.04 ms-1 (p<0.001, two-way ANOVA) in the FBN-ARO-KO
mice, which was fully rescued to 2.8+/-0.08 ms-1 by acute 1 nM E2 administration
(Fig. 9D, p=0.002, two-way ANOVA). Co-incubation of U0126 with E2 abolished
the E2 rescue effect (Fig. 9D, p=0.003, two-way ANOVA), while DMSO vehicle and
U0126 alone had no effects on synaptic transmission (Fig. 9D, p=0.908 and 0.322
respectively, two-way ANOVA). These results demonstrate that neuron-derived E2 is
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critical for maintaining efficient synaptic transmission in the forebrain of both male
and female mice.
Next, we examined long-term potentiation (LTP) in the hippocampal CA1 region
using high-frequency tetanic stimulation (HFS, 100 Hz, 1 s) to induce a rapid increase
in fEPSP slope, which was recorded for 60 min. As shown in Fig. 9 E&G, in
response to HFS, there was a robust induction of LTP in FLOX control mice. While
LTP induction still occurred in both male (Fig. 9E) and ovx female (Fig. 9G)
FBN-ARO-KO mice, the amplitude of LTP was significantly impaired. Quantitative
analysis of mean fEPSP slope between 50-60 minutes of LTP recording showed a
57+/-2.3% decrease in male FBN-ARO-KO mice (Fig. 9F, p<0.001, two-way
ANOVA), and a 91.4+/-1.9% decrease in ovx female FBN-ARO-KO mice (Fig. 9H,
p<0.001, two-way ANOVA), as compared with their FLOX littermate controls. We
next examined whether acute in vitro E2 treatment of the hippocampal slices could
rescue the LTP impairment in the FBN-ARO-KO mice. The results showed that acute
E2 application (1 nM) was able to rapidly rescue LTP amplitude in FBN-ARO-KO
mice. In males, the fEPSP slope in FBN-ARO-KO mice was increased to
94.6+/-0.95% of FLOX level by E2 replacement (Fig. 9F, p<0.001, two-way
ANOVA). While the level in ovx female FBN-ARO-KO mice was reinstated to
96.54+/-1.4% of their FLOX control (Fig. 9H, p<0.001, two-way ANOVA). DMSO
alone vehicle had no effect on LTP amplitude (p=0.823 for males, p=0.671 for
females, two-way ANOVA). Co-administration of U0126 with E2 blocked the ability
of E2 to rescue LTP amplitude in both males (Fig. 9F, p<0.001, two-way ANOVA)
and females (Fig. 9H, p<0.001, two-way ANOVA). U0126 treatment alone had no
significant effect on LTP in either male (Fig. 9F, p=0.125, two-way ANOVA) or
female (Fig. 9H, p=0.508, two-way ANOVA) FBN-ARO-KO mice. These results
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demonstrate that forebrain neuronal E2 is necessary to maintain full expression of
LTP in the hippocampus of both male and female mice. It also provides direct
evidence that this beneficial E2 effect can be achieved through rapid non-genomic
modulation involving the MEK-ERK signaling pathway.

Rapid kinase and neurotrophic signaling is significantly attenuated in
FBN-ARO-KO mice
To further confirm and extend the in vitro results, we next examined rapid
AKT-ERK kinase and CREB-BDNF neurotrophic signaling in the hippocampal CA1
and cortex region of FBN-ARO-KO mice (Fig 10A-F). IHC results showed that the
phosphorylation of AKT, ERK, and CREB in the hippocampal CA1 region of male
FBN-ARO-KO mice was decreased by approximate 44.5-48.6%, whereas the BDNF
levels were decreased by 76.5+/-1.7%, as compared to the FLOX control (Fig. 10A,B
with p<0.001, p=0.013, p=0.007, p<0.001 respectively, unpaired t-test). A similar
pattern was observed in cortex with a 32.5-58.7% decrease in the phosphorylation of
AKT, ERK, CREB, and a 61.9+/-3.4% reduction in BDNF levels (Fig. 10C,D,
p<0.001, p=0.022, p=0.031, p=0.007 respectively, unpaired t-test). Western blot
analysis confirmed a similar robust decrease in pAKT, pERK, pCREB and BDNF
levels in both the hippocampus and cerebral cortex of male FBN-ARO-KO mice (Fig.
10E&F). Likewise, studies in ovx female FBN-ARO-KO mice revealed a similar
69.1-80.7% decrease in pAKT, pERK, pCREB and BDNF levels in the hippocampus
(Fig. 11A&B, p<0.001, p=0.023, p=0.002, p=0.005 respectively, unpaired t-test) and
a 69.6-72.5% decrease in the cortex, as compared with their FLOX controls (Fig.
11C&D, p=0.004, p=0.026, p=0.002, p<0.001 respectively, unpaired t-test).
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In vivo exogenous E2 replacement rescues the molecular and functional deficits
in FBN-ARO-KO mice
We next examined whether in vivo exogenous E2 replacement could rescue the
molecular and functional deficits in ovx FBN-ARO-KO mice. As shown in Fig.
12A&B, E2 replacement in ovx FBN-ARO-KO mice was able to reinstate
hippocampal and cortical E2 levels to 93% of the FLOX control (p=0.005, p<0.001
respectively,

two-way

ANOVA).

Western

blot

results

revealed

that

the

phosphorylation of AKT, ERK and CREB in FBN-ARO-KO mice were restored to
90-95% in the hippocampus (p=0.007, p<0.001, p=0.002 respectively, two-way
ANOVA) and cortex (p=0.007, p=0.003, p=0.007 respectively, two-way ANOVA) by
E2 replacement, while BDNF levels were increased to 80-90% of FLOX control
levels (Fig. 12C-F, p=0.012 and p<0.001 respectively, two-way ANOVA), indicating
an almost complete rescue of these signaling pathways. Western blot analysis for
synaptogenesis showed that expression of both synaptophysin and PSD95 in the
forebrain was also robustly rescued by E2 replacement in ovx FBN-ARO-KO mice
(Fig. 12G-I). This appears to be a true “rescue" and not just an enhancement mediated
by E2 in normal forebrain as exogenous E2 replacement was able to rescue the BDNF
levels and phosphorylation of AKT, ERK and CREB in FBN-ARO-KO mice, but had
no significant effect in FLOX mice. Based on these results, we hypothesized that the
FBN-ARO-KO mouse forebrain may be more sensitive to E2 replacement. In support
of this hypothesis, we found that ERβ, which is critical for the modulation of synaptic
plasticity and memory, was up-regulated by 40-50% in the hippocampal CA1 region
and cerebral cortex of FBN-ARO-KO mice (Fig. 13A&B, p<0.001 and p=0.008
respectively,

two-way

ANOVA),

while

in

contrast,

ERα

was

markedly

down-regulated, as compared to FLOX controls (Fig. 13C&D, p=0.004 and p<0.001
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respectively, two-way ANOVA). Exogenous E2 replacement in the FBN-ARO-KO
mice was able to significantly reverse these changes in both ERα and ERβ.
Next, we performed the Barnes Maze test and Novel Object Recognition test to
examine whether reinstating forebrain E2 levels via E2 replacement could rescue
functional outcome in FBN-ARO-KO mice. As shown in Fig. 14, E2 replacement was
able to rescue the spatial learning and memory defects as evidenced by E2-treated ovx
FBN-ARO-KO mice exhibiting a significantly decreased primary escape latency (Fig.
14A), spending more time in the target quadrant exploring the removed hole (Fig.
14B), and having decreased exploring errors during the probe trial stage (Fig. 14C),
as compared to the placebo-treated ovx FBN-ARO-KO mice. Using the Novel Object
Recognition test, we found that E2 could rescue recognition memory, as occupancy
plots in Fig. 14D showed that E2 replacement of ovx FBN-ARO-KO resulted in
significantly improved preference to the novel object. Quantitative analysis confirmed
that E2 treated FBN-ARO-KO mice spent more time exploring the novel object than
FBN-ARO-KO mice treated with placebo (Fig. 14E&F). Collectively, our data
demonstrates that restoration of forebrain E2 levels by exogenous E2 replacement is
capable of rescuing both the molecular and functional deficits in ovx FBN-ARO-KO
mice.

Discussion
The discovery that aromatase is constitutively expressed in forebrain neurons of
both male and female in many species, and can produce significant levels of E2 via
rapid regulation of phosphorylation, indicates that neuron-derived E2 may have
important roles in synaptic transmission and brain function. By creating
FBN-ARO-KO mice, the current study demonstrated that: a) loss of neuron-derived

42

E2 in the forebrain induced significant impairment in hippocampal-dependent
cognitive functions in both male and female mice; b) neuron-derived E2 deficiency
led to a significant decrease in dendritic spine density and spine synapses that was
associated with attenuated rapid kinase AKT-ERK and CREB-BDNF neurotrophic
signaling in the forebrain; c) reinstating forebrain E2 levels through in vivo exogenous
E2 replacement fully rescued these molecular and functional defects in
FBN-ARO-KO mice; and d) in vitro studies revealed that LTP amplitude was
impaired in FBN-ARO-KO mice and could be fully rescued by acute E2 treatment, an
effect dependent upon rapid ERK signaling.
When using KO mouse models, one must be concerned with the possibility that
the phenotype observed could be due to altered or abnormal brain development.
However, this seems unlikely in our study as the Cre recombinase in our
FBN-ARO-KO mouse model is expressed specifically in forebrain neurons after
postnatal day 18-23 (under the control of the CaMKIIα gene promoter), and previous
studies have shown that forebrain neurons are already well differentiated by P7, with
fully established neuronal connections (Stanfield and Cowan, 1979; Pokorny and
Yamamoto, 1981b, a). Furthermore, many studies, including the brain structure data
provided in this paper, have shown that development of the brain is normal in
CaMKIIα-Cre forebrain knockout models (Burgin et al., 1990; Tsien et al., 1996;
Tsien, 1998; Kusakari et al., 2015). Finally, our study showed that acute treatment of
FBN-ARO-KO slices with E2 significantly improved the deficit in synaptic
transmission efficiency and completely reversed the deficit in LTP within minutes.
Thus, the plasticity and behavioral deficits in FBN-ARO-KO mice do not simply
reflect postnatal developmental consequences of the neuronal aromatase knockout,
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but rather reflect an acute requirement for neuronal aromatase and neuronal-derived
E2 in ongoing synaptic function in the hippocampus.
An important observation of our study is that male and female FBN-ARO-KO
mice displayed significant defects in spatial learning and memory, recognition
memory and contextual fear memory. These differences were not due to differences in
locomotor function, as we found that both male and female FBN-ARO-KO mice had
normal locomotor function and anxiety levels. Our findings suggest that
neuron-derived E2 plays a critical role in hippocampal-dependent cognitive functions
in both male and female mice. A similar role may exist for neuron-derived E2 in
humans as widespread expression of aromatase has been reported in neurons in the
human hippocampus and cortex (Yague et al., 2010). Furthermore, clinical studies
have demonstrated that postmenopausal women, who are subjected to systemic
aromatase inhibitor treatment for advanced breast cancer, tend to suffer from a variety
of memory defects (Bender et al., 2007; Phillips et al., 2011; Underwood et al., 2018),
including impaired hippocampal-dependent memory and decreased hippocampal
activity during encoding (Bayer et al., 2015), although there are dissenting studies
(Hurria et al., 2014; Le Rhun et al., 2015). Aromatase inhibitor administration has
also been reported to lead to memory defects in mice and songbirds (Bailey et al.,
2017; Zameer and Vohora, 2017).
Our study also revealed a significant decrease in dendritic spine and synaptic
density in the forebrain of both male and female FBN-ARO-KO mice. Interestingly, a
previous study (Zhou et al., 2010) reported that letrozole treatment decreased
hippocampal spines and synapse density in female but not in male mice, suggesting
that neuron-derived E2 effects on spines and synaptic density were gender-specific.
The reason for this discrepancy between our findings and theirs is unclear. However,
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another group, which used a 2-fold higher dose of letrozole, did find a significant loss
of dendritic spines and synapses in the hippocampus of male mice (Zhao et al., 2018).
An intriguing question is whether the loss of spines and synapses observed in
FBN-ARO-KO mice causes the LTP impairment observed in the FBN-ARO-KO mice.
We believe this is not the case as our in vitro studies demonstrated that E2 could
rescue LTP amplitude within minutes, an effect too rapid for induction of spine
synapses to have occurred. A similar conclusion was reached by Vierk et. al. (Vierk et
al., 2012) in their studies using the aromatase inhibitor letrozole in female mice, as
they found that LTP impairment preceded hippocampal spine and synapse loss in
letrozole-treated mice. Based on these findings, we propose that the spine and synapse
loss observed in FBN-ARO-KO mice in our study may result from impaired LTP. In
support of this hypothesis, several studies have demonstrated that LTP can induce the
formation of spines and synapses (Toni et al., 1999; Yuste and Bonhoeffer, 2001).
Our findings also provided insight into the potential signaling mechanisms that
underlie neuron-derived E2 effects on LTP, synaptic plasticity and memory. Our
discovery that AKT and ERK activation is significantly attenuated in the forebrain of
FBN-ARO-KO mice, suggests that neuron-derived E2, most likely acting through an
extranuclear signaling mechanism, can regulate these rapid kinase signaling pathways.
Both AKT and ERK signaling has been implicated to help mediate LTP, synaptic
plasticity, and memory (Sweatt, 2001; Giovannini, 2006; Levenga et al., 2017).
Furthermore, E2 is well known to enhance both AKT and ERK signaling in the
hippocampus and cortex through rapid extranuclear estrogen receptor-mediated
signaling (Raz et al., 2008). In addition, E2-induced LTP induction can be blocked by
inhibiting ERK and PI3K-AKT signaling in male rat hippocampal slices (Hasegawa et
al., 2015), and our own study showed that the ability of acute E2 to rescue LTP in
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hippocampal slices from FBN-ARO-KO mice could be abolished by inhibiting ERK
signaling. Based on these findings, we propose that rapid extranuclear neuronal E2
signaling regulates ERK and AKT activation in the forebrain, which may contribute
significantly to its effects upon LTP, synaptic plasticity and memory.
Our study also revealed a significant decrease of pCREB and BDNF expression
in the FBN-ARO-KO forebrain. CREB is a major transcription factor known to play
an important role in learning and memory (Lonze and Ginty, 2002). BDNF is a
neurotrophin that plays an important role in the regulation of synaptic transmission,
LTP and memory via effects mediated by TrkB receptors that are coupled to
activation of the ERK and PI3K-AKT pathways (Korte et al., 1996; Ying et al., 2002;
Lu et al., 2008; Leal et al., 2014). In neurons, E2 has been reported to induce the
phosphorylation of CREB via the ERK pathway (Szego et al., 2006), and
phosphorylated CREB can act in the nucleus to enhance expression of BDNF (Tao et
al., 1998). Indeed, previous work has demonstrated that E2 can enhance BDNF in the
rodent forebrain (Luine and Frankfurt, 2013). Interestingly, BDNF heterozygous
knockout mice have impaired LTP, memory and synaptic plasticity (Korte et al.,
1995), which mirrors our findings in FBN-ARO-KO mice. Collectively, our findings
highlight the importance of neuron-derived E2 in maintaining BDNF levels, as well as
activation of AKT, ERK and CREB in the forebrain of male and female mice.
Finally, in addition to demonstrating the ability of acute E2 treatment to rescue
LTP amplitude in vitro, we also demonstrated that in vivo E2 replacement that
restores forebrain E2 levels in the FBN-ARO-KO mice could rescue the synaptic and
behavioral deficits in ovx female FBN-ARO-KO mice. In addition, in vivo E2 rescue
also reinstated pAKT, pERK, pCREB and BDNF levels, as well as synaptophysin and
PSD95 expression in the forebrain of the FBN-ARO-KO mouse. Furthermore, in vivo
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E2 replacement also rescued the spatial and recognition memory defects in the
FBN-ARO-KO mice. These E2 effects appears to be true “rescue" effects and not just
an enhancement mediated by E2 in normal forebrain, as exogenous E2 replacement
had no significant effect in FLOX mice. Interestingly, we found that ER- is
up-regulated in the FBN-ARO-KO mouse forebrain, while ER- was down-regulated.
ER- has been shown to be critical for E2 effects upon PSD95, LTP, synaptic
plasticity and memory in mice (Liu et al., 2008). Thus, up-regulation of ER- could
make the FBN-ARO-KO mouse forebrain more sensitive to E2. Additional studies are
needed to further explore this possibility.
In conclusion, our study demonstrates that forebrain neuron-derived E2 regulates
synaptic plasticity and hippocampal-dependent cognitive function in both male and
female mice. Neuron-derived E2 was also demonstrated to be essential for normal
expression of LTP in both male and female mouse hippocampal slices in vitro, and
acute E2 treatment was able to rapidly and fully rescue the LTP defect in an
ERK-dependent manner. Neuron-derived E2 was also demonstrated to be important
for maintaining BDNF levels, as well as activation of ERK, AKT and CREB in the
forebrain of male and female mice. Collectively, our study supports an important role
for neuron-derived E2 as a novel “neuromodulator” in both the male and female
forebrain to regulate LTP, synaptic plasticity and cognitive function.
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Figure 1. Generation and characterization of male FBN-ARO-KO mice.
(A) Schematic representation of endogenous (WT) and recombinant locus of mouse
CYP19a1. (B) Confirmation of the excision of Neo cassette by Southern blotting of
genomic DNA. (C) Tail DNA PCR confirmation of bitransgenic FBN-ARO-KO mice
expressing CaMKIIα-Cre and loxpCYP19a1. (D) Confirmation of excision of floxed
region in hippocampus of FLOX control and FBN-ARO-KO mice using genomic
PCR. (E) Total lysates of cortex, hippocampus, and cerebellum collected from FLOX
control and homozygous FBN-ARO-KO (CYP19a1 loxp/loxp, CaMKIIα-Cre+/−)
male mice were subjected to Western blotting with Aromatase antibody. F=FLOX,
C=Cre. (F) Immunohistochemical (IHC) confirmation for aromatase expression in
hippocampal CA1 region, cerebral cortex and cerebellum of FLOX control and
FBN-ARO-KO mice. (G) Relative intensity of aromatase in FBN-ARO-KO mice
compared with FLOX control was quantified following confocal analysis above. (H)
Confirmation of neuron-specific expression of aromatase in the forebrain by
aromatase, GFAP and NeuN co-staining. (I&J) Examination of 17β-estradiol (E2)
levels in hippocampal CA1 subregion and cortex by IHC (I), results were further
quantified as percentage changes vs Flox mice (J). (K) E2 levels in the forebrain were
confirmed by E2 ELISA assay. (L) Serum E2 levels were furthered assayed by E2
ELISA to determine the potential impact of neuroestradiol loss on E2 circulating
levels. (M) Nissl staining of coronal sections from both FLOX and FBN-ARO-KO
mice was conducted to examine the potential change of brain structure in
FBN-ARO-KO mice. Bar graphs represent mean ± SEM. N=4-5. *P <0.05.
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Figure 2. Characterization of ovariectomized female FBN-ARO-KO mice.
(A) Western blot was conducted to examine aromatase expression in hippocampus,
cortex and cerebellum from both ovx female FLOX and FBN-ARO-KO mice. (B&C)
Confirmation of aromatase levels in forebrain and hindbrain by IHC (B), which was
further quantitatively analyzed (C). (D) Neuronal specific localization of aromatase
was confirmed by co-staining for aromatase, GFAP and NeuN. (E&F) IHC analysis
(E) and further quantification (F) of E2 levels in hippocampal CA1 region and cortex.
(G) ELISA assay was performed to confirm significant decrease of forebrain E2
levels in ovx female FBN-ARO-KO mice. (H) Nissl staining of coronal sections
confirm normal brain structure following forebrain neuronal-E2 depletion. Values are
means ± SEM of determinations from each group. N=5. *P<0.05 vs. FLOX group.
Cerebe=Cerebellum.
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Figure 3. Male FBN-ARO-KO mice exhibit cognitive defects but normal
locomotor activity and anxiety levels.
(A) Representative tracking plots of FLOX (a) and FBN-ARO-KO (b) mice on the
third day of Barnes Maze training trial. Escape latency (c) and escape velocity (d)
were also recorded, and statistical data are shown. (B) Representative tracking plots of
FLOX (a) and FBN-ARO-KO (b) mice on the probe trial day. Quadrant occupancy (c)
and exploring errors (d) made during probe trial stage were recorded and statistically
analyzed. (C) Novel Object Recognition Test (NORT) was performed to evaluate
recognition memory. Representative tracking plots of the indicated mice on NORT
choice day are shown in (a)-(b). Exploration time (c) and Discrimination index (d)
were statistically analyzed afterwards. (D) Fear acquisition curve during conditioning
test was analyzed (a). Cued freezing rate (b) and contextual freezing rate (c) were
assayed 24 hours after fear conditioning to test cued fear memory and contextual fear
memory respectively. (E) Forced swimming was conducted to evaluate the depression
level. Immobility time during forced swimming was recorded as an index of
depression. (F) Rearing times (a), travel distance (b), grooming times (c) and time in
center zone (d) were determined in the Open Field test to assess locomotor function
(a-b) and anxiety level (c-d). Values are means ± SEM. N=8. *P<0.05 vs. FLOX
group. #P<0.05 vs. Familiar object.
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Figure 4. Behavioral analysis of intact female FBN-ARO-KO mice.
(A) (a)–(b) Representative tracking plots of both groups on the third day of Barnes
Maze training trial. Escape latency (c) and escape velocity (d) were recorded and
statistically analyzed. (B) (a)–(b) Representative tracking plots of both groups on
Barnes Maze probe trial. Quadrant occupancy (c) and exploring errors (d) during this
stage were recorded. (C) Representative tracking plots of both FLOX (a) and
FBN-ARO-KO (b) mice on NORT choice session are shown. Exploration time (c) and
Discrimination index (d) were statistically analyzed. (D) Fear conditioning test was
conducted to examine both the cued and contextual fear memory. Fear acquisition
analysis during conditioning test was conducted (a). There was no alteration in cued
freezing rate (b), a dramatic decrease in contextual freezing rate (c) was observed in
FBN-ARO-KO mice examined 24 hours after fear conditioning. (E) Forced
Swimming test was performed, with immobility time recorded as an index of
depression. (F) Open Field test was carried out to evaluate locomotor function by
examining rearing times (a) and travel distance (b); and anxiety level by examining
grooming times (c) and time spent in center zone (d). Values are means ± SEM of
determinations from each group. N=8. *P<0.05 vs. FLOX group. #P<0.05 vs. Familiar
object.
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Figure 5. Ovariectomized female FBN-ARO-KO mice exhibit cognitive defects
but normal locomotor activity and anxiety levels.
(A) Representative tracking plots of Barnes Maze test for the indicated ovx female
mice on the third day of training trial. Escape latency (c) and escape velocity (d) were
recorded and statistically analyzed. (B) (a)–(b) Representative tracking plots of
Barnes Maze test on the probe trial day. Relative quadrant occupancy (c) and
exploring errors (d) during probe trial were recorded. (C) Representative tracking
plots of indicated groups on NORT choice day are indicated. Exploration time (c) and
Discrimination index (d) were statistically analyzed. (D) Fear acquisition analysis
during conditioning test was conducted (a). Cued freezing rate (b) and contextual
freezing rate (c) were determined 24 hours after fear conditioning. (E) Forced
Swimming was conducted, with immobility time recorded during swimming. (F)
Open Field test was carried out with rearing times (a), travel distance (b), grooming
times (c) and time in center zone (d) assayed, which showed no alterations in ovx
female FBN-ARO-KO mice. Values are means ± SEM of determinations from each
group. N=8-10. *P<0.05 vs. FLOX group. #P<0.05 vs. Familiar object.
ovx=ovariectomized.
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Figure 6. Dendritic spine density was decreased in both male and ovariectomized
female FBN-ARO-KO mice.
(A) Representative images of coronal sections subjected to Golgi staining from cortex
and hippocampal CA1 region. (B) Representative single neuron morphology with
Golgi staining and the framed apical dendrite section for spine density analysis. (C)
Representative images of selected dendritic segments from hippocampal CA1 region
and cortex of male FLOX and FBN-ARO-KO mice. (D) Quantitative analysis of
mean spine density in hippocampal CA1 region from male mice. (E) Quantitative
analysis for the changes of different spines which were classified into mushroom, thin
and stubby based on morphology. (F&G) Quantitative analysis of both mean spine
density (F) and different spine morphologies (G) in cortex of FBN-ARO-KO mice. (H)
Representative images of dendritic spines from hippocampal CA1 pyramidal and
cortical neurons of ovx female FLOX and FBN-ARO-KO mice. (I&J) Quantitative
analysis of mean spine density (I) and the classified spines (J) in hippocampal CA1
region from ovx female mice. (K&L) Group data of mean spine density (K) and
classified spines (L) in cortex of ovx female mice. Values are means ± SEM. N=5.
*
P<0.05 vs. FLOX group. Mushrm=Mushroom.
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Figure 7. Synaptic density is significantly impaired in male FBN-ARO-KO mice.
(A) IHC analysis for the expression and localization of both presynaptic marker,
synaptophysin and postsynaptic marker, PSD95 in male hippocampal CA1 region.
(B-D) Quantitative analysis for the relative intensity of synaptophysin (SYN) (B),
PSD-95 (C) and SYN/PSD-95 contacts which represents synaptic density (D)
compared with FLOX mice. (E-H) IHC (E) and further quantitative analysis of
synaptophysin (F), PSD95 (G) and SYN/PSD-95 contact (H) intensity in male
cerebral cortex. (I) Western blot confirmation for synaptophysin and PSD95
expression in hippocampus and cortex from both male and ovx female mice. (J&K)
Quantitative analysis of Western blot analysis for both hippocampus (J) and cortex
(K). Values are means ± SEM. N=5. *P<0.05 vs. FLOX group. SYN,
Synap=Synaptophysin.
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Figure 8. Synaptic density is decreased in ovariectomized female FBN-ARO-KO
mice.
(A) IHC analysis for Synaptophysin and PSD95 expressions, along with their
localization in hippocampal CA1 subregion was performed. (B) Analysis of the
relative intensity of synaptophysin, PSD95 and SYN/PSD95 contacts in ovx female
FBN-ARO-KO versus FLOX mice. (C&D) The changes of synaptophysin and
PSD95, along with SYN/PSD95 contact intensity in cortex of ovx female
FBN-ARO-KO and FLOX mice were measured with IHC (C), which was further
subjected to quantitative analysis in (D). Values are means ±
SEM of
*
determinations from each group. N=5.
P<0.05 vs. FLOX group.
SYN=Synaptophysin.
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Figure 9. Functional synaptic plasticity is impaired in both male and
ovariectomized female FBN-ARO-KO mice and rescued by acute E2 treatment.
(A) Examination of the alteration in excitatory synaptic transmission in male
FBN-ARO-KO mice compared with the FLOX control, and the rescue effect by acute
E2 treatment (1 nM). In another group, U0126 (10 M), a MEK/ERK inhibitor was
co-administered with E2 to determine the role of MEK-ERK signaling in the
regulation of acute E2 benefit on synaptic transmission. (B) Quantification of the
slopes of I/O curve obtained from linear regression of the I/O curves in A. (C-D)
Analysis of excitatory synaptic transmission in ovariectomized female mice and the
rescue effect by acute E2 administration (1 nM) on FBN-ARO-KO brain slices. In
another group, U0126 (10 M) was co-administered with E2 to determine the role of
MEK-ERK signaling in E2 rescue. (C). The corresponding changes in slope of I/O
curve were quantified in D. (E) LTP recording of Schaffer collateral synapses in
above male groups by HFS (100 Hz, 1 s) stimulation, with the fEPSP slope measured
for 60 minutes after LTP induction. (F) Quantitative analysis for changes in mean
fEPSP slope between 50-60 minutes after LTP induction indicated in E. (G&H) LTP
recording in ovariectomized female mice (G) and the analysis for fEPSP slope in each
group (H). Values are means ± SEM of determinations from each group. N=6 slices.
*
P<0.05 vs. FLOX group, #P<0.05 vs. KO group.
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Figure 10. Male FBN-ARO-KO mice exhibit significant defects in forebrain
AKT-ERK and CREB-BDNF signaling.
(A&B) IHC staining (A) and the quantification (B) of p-AKT, p-ERK, p-CREB and
BDNF levels in hippocampal CA1 region. (C&D) The same parameters in cerebral
cortex were examined with confocal analysis (C), and further quantified in (D). (E&F)
Western blot (E) was subsequently performed to confirm the variations shown above,
and further quantified in (F), which shows the same consistent pattern as observed
with IHC staining. Values are means ± SEM of determinations from each group. N=5.
*
P<0.05 vs. FLOX group.
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Figure 11. Ovariectomized female FBN-ARO-KO mice exhibit significant defects
in forebrain AKT-ERK and CREB-BDNF signaling.
(A) Representative confocal images of p-AKT, p-ERK, p-CREB and BDNF in
hippocampal CA1 regions from FLOX and FBN-ARO-KO groups in ovx female mice.
(B) Confocal analysis in (A) was further quantified in a diagram form with data
expressed as percentage changes of each group versus FLOX group. (C&D) Cerebral
cortex was subjected to IHC analysis (C) to detect the changes of p-AKT, p-ERK,
p-CREB and BDNF in FBN-ARO-KO mice. Further quantitative analysis was
conducted, with percentage changes versus FLOX mice shown in (D). Values are
means ± SEM of determinations from each group. N=5. *P<0.05 vs. FLOX group.
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Figure 12. Exogenous in vivo E2 replacement “rescues” AKT-ERK-CREB-BDNF
signaling and synaptic density in ovx female FBN-ARO-KO mice.
(A–B) E2 levels in hippocampus (A) and cortex (B) of FLOX+PL, FLOX+E2,
KO+PL and KO+E2 mice were measured with E2 ELISA after E2 replacement. Data
was quantified as percentage changes compared with FLOX+PL group. (C-F) E2
replacement on the activation of neurotrophic signaling pathway in both hippocampus
(C) and cortex (E) was determined through Western blot which was probed with
phospho- and total AKT, ERK1/2, CREB, as well as BDNF antibodies. Western blot
in (C) and (E) was quantified in (D) and (F) respectively, with data expressed as
percentage changes versus FLOX+PL group. (G-I) Hippocampal and cortical lysates
from the indicated groups were subjected to Western blot for synaptophysin and
PSD95 expression to examine the effect of E2 replacement on synaptic restoration in
FBN-ARO-KO mice (G). The result was further quantified as percentage changes of
each group versus FLOX+PL group (H-I). Values are means ± SEM. N=4-5. *P<0.05
#
vs.
FLOX+PL
group.
P<0.05
vs.
KO+PL
group.
PL=Placebo;
Synap=Synaptophysin.
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Figure 13. Alterations of ERα and ERβ levels in the forebrain of ovx female
FBN-ARO-KO mice and effect of exogenous in vivo E2 replacement.
(A) Representative confocal images of ERβ in both hippocampal CA1 and cortex of
the indicated groups subjected to IHC analysis. (B) Confocal analysis in (A) was
further quantified as relative changes of each group versus FLOX+PL group. (C&D)
Representative confocal images of ERα in hippocampal CA1 region and cerebral
cortex from indicated groups (C). The confocal images were further quantified in (D).
Values are means ± SEM of determinations from each group. N=4-5. *P<0.05 vs.
FLOX + PL group. #P<0.05 vs. FBN-ARO-KO + PL group. Hippo=Hippocampus;
PL=Placebo.
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Figure 14. E2 replacement “rescues” hippocampal-dependent cognitive function
in ovx female FBN-ARO-KO mice.
(A) Primary escape latency for the indicated mice during Barnes Maze probe trial. (B)
Time spent in target quadrant during probe trial was recorded. (C) Analysis for
exploring errors of the indicated mice during Barnes Maze probe trial. (D)
Representative occupancy plots of the indicated groups during the choice session of
the Novel Object Recognition Test. (E) Exploring time for familiar and novel objects
during the choice session was recorded, and further quantified in a diagram form. (F)
Result in (E) was further converted to discrimination index, a parameter of exploring
rate on novel object. Values are means ± SEM of determinations from each group.
N=8. *P<0.05 vs. FLOX+PL group. #P<0.05 vs. KO+PL group. PL=Placebo.
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Abstract
17-estradiol (E2) is produced from androgens via the action of the enzyme
aromatase. E2 is known to be made in neurons in the brain, but the functions of
neuron-derived E2 in the ischemic brain are unclear. Here, we used a
forebrain-neuron-specific aromatase knockout (FBN-ARO-KO) mouse model to
deplete neuron-derived E2 in the forebrain and determine its roles after global
cerebral ischemia (GCI). The results revealed that ovariectomized female
FBN-ARO-KO mice had significantly attenuated aromatase and hippocampal E2
levels, as compared to FLOX mice. Intriguingly, FBN-ARO-KO mice exhibited a
robust reduction in astrocyte activation, as well as exacerbated neuronal damage and
worse cognitive dysfunction after GCI. Similar results were observed in intact male
mice. RNA-seq analysis revealed alterations in pathways and genes associated with
astrocyte activation, neuroinflammation and oxidative stress in FBN-ARO-KO mice.
The compromised astrocyte activation in FBN-ARO-KO mice was associated with
robust downregulation of the astrocyte-derived neurotrophic factors, BDNF and
IGF-1, as well as the astrocytic glutamate transporter, GLT-1. n vivo E2 replacement
rescued the compromised reactive astrogliosis and cognitive deficits. Moreover,
neuronal FGF2, which acts in a paracrine manner to suppress astrocyte activation, was
dramatically increased in FBN-ARO-KO neurons. Interestingly, blocking FGF2
signaling in astrocytes by central injection of an FGFR3 antibody was able to reverse
the diminishment in neuroprotective astrocyte reactivity, and attenuate neuronal
damage in FBN-ARO-KO mice. Collectively, our data provide novel genetic evidence
for a beneficial role of neuron-derived E2 in astrocyte activation, neuroprotection and
cognitive preservation following ischemic injury to the brain.
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Significance Statement
Following cerebral ischemia, astrocytes become highly reactive and can exert
neuroprotection through the release of neurotrophic factors and clearance of
neurotoxic glutamate. The current study advances our understanding of this process
by demonstrating that neuron-derived 17β-estradiol (E2) is neuroprotective and
critical for induction of reactive astrocytes and their ability to produce
astrocyte-derived neurotrophic factors, BDNF and IGF-1, and the glutamate
transporter, GLT-1 after ischemic brain damage. These beneficial effects of
neuronal-derived E2 appear to be due, at least in part, to suppression of neuronal
FGF2 signaling, which is a known suppressor of astrocyte activation. These findings
suggest that neuronal-derived E2 is neuroprotective after ischemic brain injury via a
mechanism that involves suppression of neuronal FGF2 signaling, thereby facilitating
astrocyte activation.
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Introduction
Traditionally, the steroid hormone, 17β-estradiol (E2) has been considered to be
produced primarily in the ovary in females by the enzyme, aromatase. However, a
number of studies have shown that aromatase is also expressed in many brain regions,
particularly the forebrain in many species, and is capable of producing E2
concentrations that are reportedly even higher than that observed in the peripheral
bloodstream (Stoffel-Wagner et al., 1999; Saldanha et al., 2000; Hojo et al., 2004;
Ooishi et al., 2012). Under basal conditions, aromatase has been reported to be
specifically expressed in neurons in the brain, with little to no expression in glial cells
(Yague et al., 2008; Zhang et al., 2014). However, in situations of brain injury or
ischemia, aromatase has been shown to be robustly induced in reactive astrocytes
(Yague et al., 2008; Duncan et al., 2013; Zhang et al., 2014; Azcoitia et al., 2018).
Two hallmarks have been classically used to define astrocyte reactivity: cellular
hypertrophy and overexpression of intermediate filament proteins such as Glial
Fibrillary Acidic Protein (GFAP), vimentin (Hol and Pekny, 2015) and S100(Brozzi
et al., 2009). Furthermore, transcriptome analysis has implicated two major types of
reactive astrocytes - A1 and A2 astrocytes (Zamanian et al., 2012). A1-type astrocytes
are induced by inflammatory agents such as lipopolysaccharide (LPS) and have been
shown to be pro-inflammatory and neurotoxic, while A2-type astrocytes are induced
following cerebral ischemia and have been suggested to be neuroprotective (Liddelow
et al., 2017).
With regards to brain-derived E2 functions, previous studies using either global
aromatase inhibition or global knockout of aromatase have implicated a role of
brain-derived E2 in synaptic modulation and neuroprotection (Rune and Frotscher,
2005; Vierk et al., 2012). In addition, central administration of antisense
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oligonucleotides to knockdown aromatase expression in the brain was shown by our
group to be neuroprotective after ischemic injury (Zhang et al., 2014). However, these
global approaches are difficult to interpret due to their affecting aromatase throughout
the body. Furthermore, while the antisense oligonucleotide knockdown approach is
more brain-specific, it unfortunately lacks cell specificity, making it difficult to
determine the specific role of neuron- versus astrocyte-derived E2 in brain function.
Thus, more cell-specific approaches are needed to determine the role of neuronal- or
astrocyte-derived E2 in brain function. To address this issue, we recently created a
forebrain neuron-specific aromatase knockout (FBN-ARO-KO) mouse model to help
provide novel genetic insight into neuronal E2 actions (Lu et al., 2019). Using the
FBN-ARO-KO mice, we recently demonstrated that forebrain neuronal E2 has a
critical role in the regulation of forebrain synaptic and dendritic spine density,
long-term potentiation (LTP), and cognitive function in non-injured male and female
mice (Lu et al., 2019).
In the current study, we sought to use the FBN-ARO-KO mice to determine the
role of neuronal-derived E2 in the injured ischemic brain. To accomplish this, we used
the mouse two-vessel occlusion global cerebral ischemia (GCI) model. We chose this
model because forebrain neurons in the hippocampal CA1 region are highly
vulnerable to GCI (Sugawara et al., 2002; Neumann et al., 2013; Zhang et al., 2014).
In addition, GCI following cardiac arrest and hypotensive shock is associated with
significant cognitive deficits, which is thought to be due to damage to the
hippocampal CA1 region (Jover et al., 2002; Yang et al., 2010; Neumann et al., 2013).
Since our FBN-ARO-KO mouse model has aromatase knocked out in excitatory
forebrain neurons, the GCI model thus provides an excellent model for the study of
neuron-derived E2 function in the ischemic forebrain.
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Materials and Methods
Animals and Global Cerebral Ischemia
A forebrain neuron-specific aromatase knockout (FBN-ARO-KO) mouse model
created previously by our group was utilized in this study (Lu et al., 2019). Three to
five-month-old intact male and ovariectomized female mice were subjected to
two-vessel occlusion GCI, as previously described (Zhang et al., 2008). Bilateral
ovariectomy of female mice was conducted one week prior to GCI surgery. For GCI,
mice were anesthetized under isoflurane, and both common carotid arteries (CCAs)
were isolated and occluded with clips for 20 minutes. Blood flow through the arteries
was verified when the clips were removed. Rectal temperature was maintained at
36.5 – 37.5 °C throughout the procedure with a heating blanket. Mice that lost their
righting reflex within 30 seconds, and whose pupils were dilated and unresponsive to
light during GCI, were selected for further experiments. For the animals in sham
control, identical procedures were performed, and CCAs were exposed, only without
occlusion.

Preparation of Tissue Lysates and Western Blotting
Mice were killed under deep anesthesia at 7 days following GCI reperfusion.
After completely perfusing with ice-cold 0.9% saline, the hippocampus was quickly
collected, and subjected to lysates preparation, as previously described in our study
(Lu et al., 2017a). Briefly, hippocampal tissues were homogenized with a
motor-driven Teﬂon homogenizer in 400 l ice-cold homogenization buffer that
contained protease and phosphatase inhibitors, according to the manufacturer’s
instructions (Thermo Scientiﬁc, Rockford, IL). The homogenates were then
vigorously mixed for 20 min on a rotator at 4°C and centrifuged at 12,000 × g for 10
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minutes to get total protein fractions in the supernatant. Total protein concentration
was measured with Protein Assay Dye Reagent Concentrate (BioRad). The samples
were stored at -80°C until use. Western blotting was conducted as previously
described (Han et al., 2015). The primary antibodies used for Western blotting in
current study include: anti-GFAP (Abcam, Cat# 53554, 1:1500), anti-Vimentin (Santa
Cruz, Cat# sc-7557, 1:200), anti-GLT-1 (Abcam, Cat# ab106289, 1:1000), anti-FGF2
(Abcam, Cat# ab8880, 1:1000), anti-β-actin (Sigma, Cat# 014M4759, 1:5000) and
anti-GAPDH (Santa Cruz, Cat# H2114, 1:2000). Bound proteins were captured using
a CCD digital imaging system, and the band intensities were quantified with ImageJ
analysis software (Version 1.49; NIH, USA). Band intensities for the indicated
proteins were normalized to the corresponding loading controls to correct the
variations in sample loading.

Preparation of Brain Sections and Histological Analysis
Mouse brain sections were prepared as described previously (Lu et al., 2017a).
Briefly, mice were transcardially perfused with ice-cold 0.9% saline under deep
anesthesia. The mice were killed by decapitation and the brain was quickly removed
and post-fixed in 4% paraformaldehyde at 4°C for 48 hours, and cryoprotected in 30%
sucrose. The embedded brains in tissue embedding medium (Fisher HealthCare, 4585)
were cut into frozen-sections of 25-m thickness in series on a Leica Rm2155
microtome. The following primary antibodies were used for immunofluorescent
staining: anti-aromatase (Invitrogen, Cat# SD2376082A, 1:200), anti-GFAP (Abcam,
Cat# 53554, 1:800), anti-S100β (Sigma, Cat# AMAB91038, 1:500), anti-BDNF
(EMD Millipore, Cat# 2865371, 1:200), anti-IGF-1 (Santa Cruz, Cat# SC-9013, 1:50),
anti-GLT-1 (Abcam, Cat# ab106289, 1:800), anti-C3D (R&D SYSTEMS, Cat#
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AF2655, 1:200), anti-S100A10 (Invitrogen, Cat# MA5-24769, 1:200), anti-NeuN
(EMD Millipore, Cat# mAB377, 1:400), Fluoro-Jade C (F-Jade C) (EMD Millipore,
Cat# AG325-30MG), anti-MAP2 (Proteintech, Cat# 17490-1-AP, 1:800), and
anti-FGF2 (Abcam, Cat# ab8880, 1:300), and anti-FGFR3 (Invitrogen, Cat#
PA5-34574, 1:200). Fluorescent images were captured on an LSM510 Meta confocal
laser microscope (Carl Zeiss), using 40x or 63x oil immersion Neoﬂuor objectives
with the image size set at 1024 x 1024 pixels. The obtained images were analyzed
using LSM510 Meta imaging software, and further subjected to intensity analysis
with ImageJ software. IntDen value was measured, and expressed as percentage
change of their controls. For unbiased comparison across different groups, IntDen
measurement was normalized to the cell-free background. Cell counts were carried
out manually. All analysis was conducted with unmodified images. At least 4-5
representative sections per animal were used for immunostaining, and the typical
image was selected for presentation.

Construction of Astrocyte 3D Morphology and Measurement of Astrocyte
Volume
To build 3D images of astrocytes in the hippocampal CA1 region, frozen-sections
of 25-m thickness were subjected to GFAP staining (Abcam, Cat# 53554, 1:800).
Confocal single plane images and z stacks with a step size of 0.5 m were taken under
a 63X objective lens of a LSM510 Meta confocal laser microscope (Carl Zeiss).
Images were processed with AutoQuant X software, and the 3D constructions were
obtained, and astrocyte volumes were measured using Imaris software (Bitplane AG).
Astrocytes with a cell volume over 200 μm^3 were selected for analysis. At least 4-5
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representative sections per animal were used for immunostaining, and the typical
image was selected for presentation.

RNA Sequencing Analysis
Total RNA was isolated from FLOX and FBN-ARO-KO mice that underwent
20-minute CCA occlusion, followed by 24-hour reperfusion. The collected
hippocampi samples were subjected to RNA isolation using the RNeasy mini kit
(Qiagen) according to the manufacturer’s instructions. Illumina TruSeq RNA sample
preparation and sequencing was done using UT Health San Antonio genomics core
facility protocol. Differential gene expression was analyzed by DEseq, and significant
genes with adjusted p value < 0.05 were used in Ingenuity Pathway Analysis (IPA)
for interpreting biological pathways (Sareddy et al., 2015). RNA-seq data has been
deposited in the GEO database under a GEO accession number (pending). To further
confirm the RNASeq results, select genes were examined by real-time qPCR
conducted using SybrGreen on an Illumina Real-Time PCR system using the
following

primers:

TDO2-forward:

5’TGGCA

ATTACTTGCAGTTGGA-3’,

TDO2-reverse: 5’-GTGCTCGTCATGGATTTTGTTC-3’; ST18-forward: 5’-AGCA
AAGGGGAACCTGAGTTT-3’, ST18-reverse: 5’-GAACCTC GTTCAGCCTGT
AGA-3’;

FAM107A-forward:

FAM107A-reverse:

5’-CAGACCAGAGTACAGAGAGTG

5’-GTGGTTCATAAGCAGCTCACG-3’;

G-3’,

HOMER1-forward:

5’-CCCTCTCTCATGCTAGTTCAGC-3’, HOMER1-reverse: 5’-GCACAGCGTTT
GCTTGACT-3’; FOS-forward: 5’-CGGGTTTCAACGCCGACTA-3’, FOS-reverse:
5’-TTGGCACTAGAGACGGACAGA-3’; WNT7B-forward: 5’-TTTGGCGTCCTC
TACGTGA

AG-3’,

S100A10-forward:

WNT7B-reverse:

5’-CCCCGATCACAATGATGGCA-3’;

5’-TGGAAACCATGATGCTTACGTT-3’,
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S100A10-reverse:

5’-GAAGCCCACTTTGCCATCTC-3’; PTX-3-forward: 5’-CCTGCGATCCTGCTT
TGTG-3’, PTX-3-reverse: 5’-GGTGGGATGAAGTCCATTGTC-3’.

Measurement of 17β-Estradiol Levels
Hippocampal 17β-Estradiol levels were tested with a high sensitivity ELISA kit
(ADI-900-174, Enzo Life Sciences, Farmingdale, NY), as previously described by our
group (Zhang et al., 2014). Briefly, 100 μl of sample with equal amount of protein
was added into each well of the provided microplate which is coated with a donkey
anti-sheep polyclonal antibody. 50 μl of 17-estradiol conjugate was subsequently
added, accompanied with 50 μl of sheep polyclonal antibody to 17β-estradiol.
Afterwards, the plate was covered and incubated for 2 hours at room temperature with
a shaking speed of ~500 rpm. The plate was next washed for three times using the
wash buffer, and added with 200 μl of pNpp substrate in each well, followed by
another one-hour’s incubation at room temperature without shaking. Finally, 50 μl of
stop solution was added, and the optical density was read at 405 nm on a microplate
reader (Bio-Rad). 17β-estradiol level in each sample was calculated according to the
established standard curve, and expressed as percentage changes versus FLOX+Sham
group.

Barnes Maze Test
The Barnes Maze test was performed to evaluate the hippocampal-dependent
spatial reference learning and memory at 7 days after GCI injury, as described in our
previous study (Lu et al., 2017b). Briefly, the test was divided into two stages:
training trial (day 1 – day 3) and probe trial (day 4). During each day of the training
trial, the mice were initially placed in the center of the platform, and trained to find
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the hidden chamber beneath a target hole for 3 minutes every day. On the probe trial,
the hidden chamber was removed, and replaced with a black board. The escape
latency from the center of the maze to the target hole, escape velocity, exploring time
in target quadrant and exploring errors during a 90-second period were recorded using
an overhead video camera controlled by ANY-maze video tracking software
(Stoelting Co., Wood Dale, IL). The target quadrant is one of the four quadrants in the
platform, where the hidden chamber had been located. Exploring error was defined as
exploring any hole that did not have the hidden chamber beneath it. The tracking plots
and all the parameters were analyzed with ANY-maze software after the experiment.

Novel Object Recognition Test (NORT)
The NORT is a well accepted test for hippocampal-dependent recognition
memory in animal models, and was carried out after 7-day E2 rescue in KO+GCI
mice in the current study (Lu et al., 2019). Briefly, this task was divided into two
stages: sampling stage (day 1) and choice stage (day 2). One day before the test, the
mice were placed in the empty arena for 5-minute free exploration for habituation. For
the sampling stage, mice were put in the same box which contains two identical
objects with equal distance for 5-minute exploring. For the choice stage 24 hours later,
one of the objects was replaced with a novel object which had identical size, but
different shape and appearance with the familiar object. The exploring time of the
mice on each object was recorded with ANY-maze video tracking software as
mentioned above, and the discrimination index (the percentage of time spent
exploring the novel object) was analyzed afterwards. Object exploration is defined as
the mouse’s nose being within 2 cm’s range from the object.
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Open Field Test
The Open Field test was utilized to examine the locomotor function of mice
subjected to GCI insult, as described previously (Lu et al., 2019). Mice were put in an
open box (56 cm * 56 cm * 45 cm), facing the corner, and allowed to freely explore
the apparatus for 5 minutes. Movement of the mice was recorded with ANY-maze
video tracking software as mentioned above. Total travel distance and rearing times
during this period were measured.

Exogenous E2 Rescue Experiment
Three-month-old ovariectomized female mice were divided into four groups:
FLOX+GCI, KO+GCI, KO+GCI+E2, KO+GCI+Placebo. For KO+GCI+E2 and
KO+GCI+Placebo groups, Alzet mini-pumps (Alzet osmotic minipumps; 14-d release;
Durect Corporation) with E2 (0.0167 mg) or Placebo (20% β-Cyclodextrin) were
implanted s.c. in the upper midback region at the time of ovariectomy as described
previously (Lu et al., 2019). The dose of E2 was chosen based on previous results
showing that this dose effectively reinstated forebrain E2 levels in FBN-ARO-KO
mice back to levels normally observed in the forebrain of FLOX mice (Lu et al.,
2019). All mice were subjected to GCI 7 days after ovariectomy. Barnes Maze and
NORT behavioral tests were performed 7 days after GCI injury to assess the
hippocampal-dependent spatial reference memory and recognition memory,
respectively.

Intracerebroventricular Microinjections of FGFR3 Antibody
Previous work has suggested that neuronal FGF2 can inhibit astrocyte activation
(Zhang et al., 2017). To determine the role of neuronal FGF2 signaling in mediating
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the loss of astrocyte activation in FBN-ARO-KO mice, we administered a FGFR3
blocking antibody (FGFR3 Ab) by intracerebroventricular (i.c.v) microinjection to
mice as previously reported (Zhang et al., 2017). The following groups were used in
our study: 1) FLOX+GCI, 2) KO+GCI, 3) KO+GCI+FGFR3 neutralizing antibody
and 4) KO+GCI+Vehicle. Bilateral i.c.v injection was performed at the time of GCI
reperfusion in ovx female FBN-ARO-KO mice, with the following stereotaxic
coordinates: 0.6 mm caudal from bregma, 2.00 mm ventral from dura mater, + 1.2
mm lateral from the midline. The mice were injected using a dosage of 1 μl of 50
μg/ml or PBS as vehicle for each lateral ventricle (Invitrogen, PA5-34574), with a
speed of 0.33 μl/min. The syringe was left for 5 minutes after each injection to allow
full diffusion into cerebral spinal fluid. The mice were killed 7 days after
microinjection, and hippocampal tissues were collected for further histological
analysis.

Astrocyte Purification
To

confirm

changes

in

astrocyte

activation

and

astrocyte-derived

neurotrophic/neuroprotective factors in FBN-ARO-KO+GCI mice following FGFR3
neutralization,

astrocytes

were

isolated

from

FLOX+GCI,

KO+GCI,

KO+GCI+Vehicle and KO+GCI+FGFR3 Ab mice 7 days after FGFR3 antibody i.c.v
injection. First, an Adult Brain Dissociation Kit (Miltenyi Biotec, Cat# 130-107-677)
was used to dissociate brain tissue into single-cell suspensions according to the
manufacturer’s instructions. Briefly, mice were killed under anesthesia with the brain
quickly removed and stored in cold D-PBS. Brain tissues were cut into 0.5 cm pieces
using a scalpel, and then transferred into gentleMACS C tubes which contained 1950
μl of enzyme mix 1 solution. 30 μl of enzyme mix 2 was added into C tubes
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afterwards. The tightly closed C tubes were then attached onto a gentleMACS Octo
Dissociator with Heater for tissue dissociation. The obtained samples were filtered
with a MACS SmartStrainer (70 μm), and subjected to debris removal and red blood
cell removal. The single-cell suspension obtained from above steps was subjected to
magnetic labeling with an Anti-ACSA-2 MicroBead Kit (Miltenyi Biotec, Cat#
130-097-678) according to the manufacturer’s instructions. Briefly, the cell
suspension was blocked with 10 μl of FcR Blocking Reagent per 107 total cells at 4°C
for 10 minutes. 10 μl of Anti-ACSA-2 MicroBeads per 107 total cells was added, and
incubated at 4°C for 15 minutes. The cells were washed by adding 2 ml of PB buffer
per 107 total cells, and resuspended in 500 ul PB buffer per 107 total cells. The cell
suspension was applied to a MS column (Miltenyi Biotec, Cat# 130-042-201) to get
purified astrocytes. The purity of astrocytes obtained by this procedure was
determined by Flow Cytometry. The cell population was presented in a dot plot with
four quadrants. The percentage of ACSA-2 positive cells was defined as astrocyte
purity, which was 94%, and is consistent with previous reports (Feldmann et al.,
2014). Protein lysates of the purified astrocytes were made for further Western
blotting analysis. Primary antibodies used to determine changes in astrocyte activation
and astrocyte neurotrophic factors include: anti-GFAP (Abcam, Cat# 53554, 1:1500),
anti-GLT-1 (Abcam, Cat# ab106289, 1:1000), anti-Aromatase (Invitrogen, Cat#
PA1-16532, 1:1000), anti-p-STAT3 (Cell Signaling, Cat# 9131S, 1:1000),
anti-STAT3 (Cell Signaling, Cat# 9139S, 1:1000), anti-BDNF (EMD Millipore, Cat#
2865371, 1:1000), anti-GAPDH (Santa Cruz, Cat# H2114, 1:2000).
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Experimental Design and Statistical Analyses
All experiments in the current study were performed on age-matched FLOX
control and FBN-ARO-KO mice. Both intact males and ovariectomized females were
used, and sham animals were used as controls. Eight to eleven animals per group were
used for behavioral tests, otherwise 3-5 independent samples from each group were
analyzed. A Student’s T test was conducted when only comparing two groups. In
experiments with two interaction factors and requiring multiple group comparisons,
two-way ANOVA was performed followed by Tukey’s all pairwise comparisons test
to determine group difference. All the data was analyzed with SigmaStat 3.5 software.
Data represented in bar graphs were expressed as mean + SE. P < 0.05 was
considered statistically significant.
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Results
Loss of forebrain neuron-derived E2 leads to attenuated astrocyte activation and
aromatization
We first measured hippocampal E2 levels in ovariectomized female FLOX and
FBN-ARO-KO mice 7 days after GCI using a high-sensitivity ELISA kit. The results
revealed that in FLOX mice, there was a significant increase in hippocampal E2 levels
at 7d after GCI, as compared to FLOX+Sham controls (Fig. 1A, p<0.001, two-way
ANOVA). Examination of FBN-ARO-KO mice revealed that FBN-ARO-KO+Sham
mice displayed a ~66% loss of hippocampal E2 levels as compared to FLOX+Sham
controls, a finding in agreement with our previous studies (Lu et al., 2019).
Furthermore, in contrast to FLOX+GCI mice, FBN-ARO-KO+GCI mice failed to
show any significant increase in hippocampal E2 production after GCI (Fig. 1A).
Since aromatase can be induced in reactive astrocytes of injured brains
(Garcia-Segura et al., 1999; Zhang et al., 2014), we next examined astrocytic
aromatase expression in the hippocampal CA1 region of ovariectomized female
FLOX and FBN-ARO-KO mice 7 days after GCI (Fig. 1B, a). Double staining of
aromatase and GFAP showed that aromatase was specifically localized in
hippocampal CA1 neurons in FLOX+Sham mice, and that aromatase expression in
hippocampal CA1 neurons is dramatically decreased in FBN-ARO-KO+Sham mice,
as compared to FLOX+Sham mice. Aromatase was not detected in the resting
astrocytes from either group. In contrast, strong aromatase induction in astrocytes of
FLOX+GCI mice was observed. In addition, astrocytes in the FLOX-GCI mice were
strongly hypertrophic as compared to FLOX+Sham mice controls, suggesting robust
activation and reactivity of the astrocytes in FLOX+GCI mice after ischemia. In
contrast to the results in FLOX+GCI mice, only weak aromatase levels were observed
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in astrocytes from FBN-ARO-KO+GCI mice. Furthermore, the FBN-ARO-KO+GCI
astrocytes appeared significantly less hypertrophic as compared to astrocytes from
FLOX+GCI mice, suggesting diminished induction of reactive astrocytes in KO mice
after GCI. Intensity analysis of GFAP immunostaining in hippocampal CA1 region,
revealed a robust decrease in GFAP intensity in FBN-ARO-KO+GCI mice as
compared to FLOX+GCI group (Fig. 1B, b). To further analyze and quantitate the
alterations of astrocyte morphology/reactivity, we constructed 3D images of
astrocytes in the hippocampal CA1 region and measured the cell body volumes of the
astrocytes using Imaris software (Ardalan et al., 2017) (Fig. 1C). The results revealed
that there was no difference in astrocyte volume between FLOX+Sham and
FBN-ARO-KO+Sham mice (p=0.136, two-way ANOVA), indicating a resting state in
both groups. However, astrocyte volumes of FLOX+GCI mice were strongly
increased as compared with FLOX+Sham controls (p=0.008, two-way ANOVA),
indicating a robust induction of reactive astrocytes in FLOX+GCI mice. In contrast,
astrocytes volumes in FBN-ARO-KO+GCI mice were not significantly elevated
(p=0.095, two-way ANOVA) when comparing to their sham control, and were
significantly lower than FLOX+GCI mice (p=0.03, two-way ANOVA). This finding
suggests that induction of reactive astrocytes after global brain ischemia is
significantly compromised in FBN-ARO-KO mice. To further confirm the results, we
conducted Western blot analysis to examine the expression of two typical astrocyte
markers, GFAP and Vimentin (Fig. 1D). Both GFAP (~70% increase, p=0.007) and
Vimentin (~101% increase, p=0.038, two-way ANOVA) levels were robustly
elevated in the hippocampal CA1 region of FLOX+GCI versus FLOX+Sham controls
at 7 d after GCI. In contrast, FBN-ARO-KO+GCI mice only displayed a slight
increase (20% for GFAP, p=0.115; 18% for Vimentin, p=0.312, two-way ANOVA)
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versus FBN-ARO-KO+Sham controls, indicating strongly diminished reactive
astrogliosis in the FBN-ARO-KO mice after GCI. To determine whether a change in
astrocyte number might contributes to these alterations, we counted astrocyte numbers
in the hippocampal CA1 region using immunostaining for GFAP, as well as for
S100, another typical marker of astrocytes (Fig. 1E). Analysis for GFAP- and
S100-positive cells showed no differences among the indicated groups, suggesting
only astrocyte activation, and not astrocyte loss or proliferation, was diminished after
neuronal E2 depletion in our GCI model.

FBN-ARO-KO mice exhibit enhanced neuronal damage and greater cognitive
deficits after GCI
Next, we investigated the neuronal damage and functional outcome of
ovariectomized female FBN-ARO-KO mice 7 days after GCI reperfusion. First,
double staining in the hippocampal CA1 region for NeuN, a neuronal marker, and
F-Jade C, a marker of neuronal degeneration was performed (Schmued et al., 2005),
and the number of F-Jade C positive neurons per 250 m of the hippocampal CA1
region was counted. It revealed that FBN-ARO-KO+GCI mice had significantly
increased F-Jade C positive hippocampal pyramidal neurons as compared to
FLOX+GCI mice, suggesting enhanced neuronal degeneration (Fig. 2A, p=0.002,
two-way ANOVA). No apparent F-Jade C staining was observed in FLOX and
FBN-ARO-KO sham mice. Further examination of alterations in neuronal structure by
MAP2 staining showed that FBN-ARO-KO+GCI mice had less MAP2 intensity
(p<0.001, two-way ANOVA) and greater dispersion (p<0.001, two-way ANOVA)
than FLOX+GCI mice (Fig. 2B), suggesting poorer neuronal structural integrity in
FBN-ARO-KO mice as compared to FLOX mice after GCI.
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We next examined functional outcome in FBN-ARO-KO+GCI mice by
performing behavioral tests. First, the Barnes Maze task was conducted to assess
hippocampal-dependent spatial reference memory (Fig. 2C). Results in the probe trial
showed that FLOX+GCI mice displayed a significant increase in escape latency
(p=0.002) and exploring errors (p<0.001), and a robust decrease in quadrant
occupancy (p=0.017, two-way ANOVA), as compared to FLOX+Sham mice,
indicative of impaired spatial reference memory retention. FBN-ARO-KO+Sham
mice also displayed cognitive deficits, as compared to FLOX+Sham mice, a finding
consistent

with

our

previous

study

(Lu

et

al.,

2019).

Interestingly,

FBN-ARO-KO+GCI mice exhibited an even greater increase in escape latency,
exploring errors, and decrease in quadrant occupancy as compared to FLOX+GCI
mice (p=0.018, p=0.014, p=0.017 respectively, two-way ANOVA). Identical escape
velocities among all groups demonstrated that the altered parameters discussed above
were not due to speed variations. We also utilized the Open Field test to evaluate
locomotor function by recording the total travel distance and rearing times in the open
arena (Fig. 2D). However, no differences in these two parameters were observed
among the indicated groups, suggesting that loss of forebrain neuronal E2 doesn’t
affect locomotor ability under normal and GCI conditions.

RNA-Seq analysis reveals unique gene pathways and profiles regulated by
neuron-derived E2 after GCI
To identify gene pathways and profiles regulated by forebrain neuronal E2 after
GCI injury, we performed global transcriptome analysis. Twenty-four hours after GCI
reperfusion, RNA samples were isolated from the hippocampus of ovariectomized
female FLOX+GCI and FBN-ARO-KO+GCI mice and subjected to RNA-Seq

81

analysis as described previously (Sareddy et al., 2015). A representative heat map
depicting gene changes across the various groups is shown in Fig. 3A. Significant
genes with adjusted p value < 0.05 were selected for analysis. Differentially expressed
genes were subjected to pathway analysis using IPA software, and the top canonical
pathways identified are shown in Fig. 3B. We observed that some of the key
pathways that regulate astrocyte reactivity, such as RhoA signaling, actin-based
motility by Rho signaling, signaling by Rho family GTPases, and NRF2-mediated
oxidative stress response were significantly altered in FBN-ARO-KO+GCI mice. To
determine whether there were changes in transcription of genes involved in astrocyte
reactivity, we screened astrocyte-associated gene profiles for the pan-reactive,
proinflammatory A1-type and neuroprotective A2-type astrocyte phenotypes. The
results revealed a significant downregulation of top pan-reactive astrocyte transcripts
in FBN-ARO-KO+GCI mice (Fig. 3C, a), as well as strong downregulation of most
of the astrocyte A2-specific transcripts in FBN-ARO-KO+GCI mice (Fig. 3C, b).
Some of the astrocyte A1-specific gene transcripts also showed alterations (Fig. 3C,
c), but their basal expression levels were low. Finally, we used RT-PCR to validate
key genes implicated to regulate astrocyte activation, neuroinflammation and
apoptosis (Fig. 3D). The results confirmed significant upregulation of genes
implicated in neuroinflammation (TDO2, Fam107a, Homer1) and apoptosis (ST18),
and robust downregulation of genes regulating astrocyte “A2” phenotype (Fos,
S100A10, PTX3) and synapse maturation (WNT7B). The results suggest that
neuronal E2 regulates transcription of genes and pathways involved in astrocyte
activation and neuroprotection after global brain ischemia.
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Depletion of forebrain neuronal E2 invokes diminished astrocyte A2 phenotype
and compromised astrocyte functions
Following the transcriptome analysis, we next examined select A1 and A2
astrocyte markers at the protein level in the hippocampus. Double-immunostaining
was performed in ovariectomized female mice at 7 d after GCI in the hippocampal
CA1 region for GFAP (astrocyte marker) and C3D, a marker of A1 astrocytes.
Interestingly, we failed to detect any C3D expression in any of the indicated groups at
7 days after GCI (Fig. 4A). In contrast, S100A10, a marker of A2 astrocytes, was
demonstrated to be strongly induced and colocalized with GFAP in hippocampal
astrocytes

of

FLOX+GCI

mice

at

7

days

after

GCI.

Examination

of

FBN-ARO-KO+GCI mice revealed a dramatic reduction of S100A10/GFAP+ cells in
the hippocampal CA1 region, as compared to FLOX+GCI mice (Fig. 4B), suggesting
a compromised A2 reactive astrocyte induction after GCI damage in mice deficient in
forebrain neuronal E2.
Reactive astrocyte induction after cerebral ischemia has been implicated to be
neuroprotective, due in part to enhanced production of neurotrophic factors, as well as
astrocyte glutamate transporters that clear excess neurotoxic glutamate levels
generated after cerebral ischemia (Liu and Chopp, 2016). Therefore, we next
examined expression of the astrocytic neurotrophins, BDNF and IGF-1 in the
hippocampal CA1 region using double IHC analysis with antibodies for either BDNF
or IGF-1 and GFAP. Three representative astrocytes in each hippocampal CA1 region
were selected for analysis. Astrocytic BDNF and IGF-1 intensities were quantitatively
analyzed, and expressed as percent change of each group versus FLOX+Sham. The
results in Fig. 4C revealed that BDNF expression in hippocampal astrocytes was
strongly increased in FLOX+GCI mice, as compared to FLOX+Sham (p<0.001,

83

two-way

ANOVA).

In

contrast,

in

the

less

activated

astrocytes

in

FBN-ARO-KO+GCI mice, astrocytic BDNF levels were significantly diminished as
compared to FLOX+GCI mice (p<0.001, two-way ANOVA). No difference in
astrocyte-localized BDNF was found in the resting astrocytes between FLOX+Sham
and FBN-ARO-KO+Sham (p=0.265, two-way ANOVA). Similarly, astrocytic IGF-1
expression in the hippocampal CA1 region of FBN-ARO-KO+GCI mice was
significantly attenuated, as compared to FLOX+GCI mice (Fig. 4D, p=0.029,
two-way ANOVA). There was no difference in astrocytic IGF-1 expression between
FLOX sham versus FBN-ARO-KO sham mice. Finally, we examined for differences
in astrocyte expression of the astrocytic glutamate transporter-1 (GLT-1).

Double

IHC analysis for GLT-1 and GFAP revealed that GLT-1 levels were robustly
upregulated in FLOX+GCI reactive astrocytes in the hippocampal CA1 region, as
compared with the resting astrocytes in FLOX+Sham mice (Fig. 4E, p<0.001,
two-way ANOVA). In contrast, FBN-ARO-KO+GCI mice displayed a pronounced
reduction of astrocytic GLT-1 levels, as compared to FLOX+GCI mice (p<0.001,
two-way ANOVA). To further confirm the GLT-1 results, we performed Western
Blot analysis. Similar results were obtained to the IHC analysis, with GLT-1 protein
levels significantly decreased in hippocampal lysate from FBN-ARO-KO+GCI mice
than FLOX+GCI mice (Fig. 4F). These results support our behavioral and
transcriptomic data, and suggest that neuron-derived E2 is critical for hippocampal
astrocyte

activation

and

upregulation

of

neuroprotective

astrocyte-derived

neurotrophins and GLT-1 after GCI.

Male FBN-ARO-KO mice exhibit similar deficits in astrocyte activation as
observed in ovariectomized female mice after GCI
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To address whether neuronal-derived E2 has similar functions in males, we next
examined astrocyte reactivity, astrocyte polarization, hippocampal neuronal damage,
and hippocampal-dependent cognitive function in intact male FBN-ARO-KO mice 7
days after GCI. Double staining of aromatase and GFAP revealed that aromatase was
specifically localized in hippocampal CA1 neurons in FLOX+Sham mice, which was
dramatically decreased in FBN-ARO-KO+Sham mice (Fig. 5A, a). Aromatase was
not detected in the resting astrocytes from either group. In contrast, aromatase was
strongly induced in hypertrophic astrocytes of FLOX+GCI mice. Furthermore, the
FBN-ARO-KO+GCI astrocytes appeared significantly less hypertrophic as compared
to astrocytes from FLOX+GCI mice, as manifested by robustly attenuated GFAP
expression in FBN-ARO-KO+GCI mice (p<0.001, two-way ANOVA, Fig. 5A, b). In
addition,

only

weak

astrocytic

aromatase

induction

was

observed

in

FBN-ARO-KO+GCI mice (p<0.001, two-way ANOVA, Fig. 5A, b). These findings
suggest that similar to the results in ovariectomized female mice, there is diminished
astrocyte activation and aromatization in male FBN-ARO-KO mice after GCI.
Next, we determined the reactive astrocytes phenotype by double IHC analysis
for GFAP and either the A1 marker, C3D, or the A2 marker S100A10. The results
revealed that there was no C3D immunostaining observed in either the FLOX+GCI or
FBN-ARO-KO+GCI hippocampus at 7 days after GCI, a finding similar to that
observed in ovariectomized female mice (Fig. 5B, a). However, double IHC revealed
a dramatic decrease of expression of the astrocyte “A2” marker, S100A10 in the
hippocampus of FBN-ARO-KO+GCI male mice, as compared to FLOX+GCI male
mice (p<0.001, two-way ANOVA, Fig. 5B, b). We next assessed expression of
astrocytic neurotrophins and glutamate transporter GLT-1. Similar to the results in
ovariectomized female mice, double IHC analysis confirmed pronounced reductions
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in

both

BDNF

and

IGF-1

levels

in

hippocampal

astrocytes

of

male

FBN-ARO-KO+GCI mice, as compared with male FLOX+GCI mice (p<0.001,
two-way ANOVA) (Fig. 5C). A significant reduction in astrocytic GLT-1
immunoreactive protein levels was also observed in FBN-ARO-KO+GCI mice, as
compared with male FLOX+GCI mice (p<0.001, two-way ANOVA, Fig. 5C).
Further examination for neuronal damage in hippocampal CA1 region by F-Jade C
staining

revealed

that

the

number

of

degenerating

neurons

in

male

FBN-ARO-KO+GCI mice was significantly increased as compared to male
FLOX+GCI mice (Fig. 5D, p=0.002, two-way ANOVA). Finally, examination of
hippocampal-dependent spatial reference memory by Barnes Maze test, revealed that
male FBN-ARO-KO mice exhibited an enhanced memory deficit as compared to male
FLOX mice after GCI (Fig. 5E), as evidenced by an increased escape latency
(p=0.007, two-way ANOVA) and decreased exploring time (p=0.023, two-way
ANOVA) in the target quadrant.

In vivo exogenous E2 replacement reverses astrocyte dysfunction and neuronal
damage in ovx female FBN-ARO-KO mice
We next performed an in vivo exogenous E2 rescue experiment to determine if
the neuronal defects in FBN-ARO-KO+GCI mice could be prevented when brain
equivalent E2 was reinstated in FBN-ARO-KO+GCI mice. Exogenous E2 was
administered in ovariectomized female FBN-ARO-KO mice by minipumps, with a
dose that has been previously demonstrated to fully restore the hippocampal E2 levels
in FBN-ARO-KO mice (Lu et al., 2019). As shown in Fig. 6A-C, IHC analysis
showed that exogenous E2 replacement was able to rescue astrocyte-derived BDNF
(Fig. 6A), IGF-1 (Fig. 6B) and GLT-1 (Fig. 6C) in FBN-ARO-KO+GCI
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hippocampus to almost FLOX+GCI levels (p<0.001, two-way ANOVA). No
alterations were found with placebo (vehicle) treatment only. To determine if reactive
astrogliosis was also reinstated after E2 treatment, we analyzed total GFAP intensity
in hippocampal CA1 region (Fig. 6D). We found E2 replacement rescued GFAP
levels in FBN-ARO-KO+GCI mice from 65.7% of FLOX+GCI mice to 92.6%, while
Placebo treatment alone didn’t cause any changes. Neuronal injury was next assessed
by F-Jade C staining. The results in Fig. 6E showed that the increased F-Jade C
positive neurons in FBN-ARO-KO+GCI mice was robustly decreased by E2
replacement (p<0.001, two-way ANOVA). Neuronal structure was further examined
by MAP2 staining (Fig. 6E), which revealed that the reduced MAP2 intensity and
elevated MAP2 dispersion in FBN-ARO-KO+GCI mice were subsequently reversed
by exogenous E2 treatment (p<0.001 and p=0.004 respectively, two-way ANOVA).
We next conducted the Barnes Maze task to evaluate whether exogenous E2
replacement was able to rescue hippocampal-dependent spatial reference working
memory in FBN-ARO-KO mice after GCI. As shown in Fig. 7A, tracking plots in the
probe trial revealed significantly improved performance on exploring the target hole
in FBN-ARO-KO+GCI mice that received exogenous E2 replacement. Further
quantitative analysis revealed that exogenous E2 replacement strongly decreased the
primary escape latency (p<0.001, two-way ANOVA) and exploring errors (p=0.003,
two-way ANOVA), and elevated the quadrant occupancy (p=0.002, two-way
ANOVA) in FBN-ARO-KO+GCI mice to levels that there were not significantly
different from those observed in FLOX+GCI mice (Fig. 7B). These findings provide
further evidence that reinstating brain E2 levels is able to rescue cognitive function in
FBN-ARO-KO+GCI mice. Similar escape velocities among groups indicate that the
observed differences were not due to speed variations. Hippocampal-dependent
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recognition memory was further investigated using the novel object recognition test
(Fig. 7C). Similar exploring time on two identical objects in the sampling stage
suggested that all the mice were not biased to the same objects that were located in
different positions (Fig. 7D). However, in the choice stage, we observed a
significantly reduced preference to the novel object in FBN-ARO-KO+GCI mice
compared with FLOX+GCI mice, indicating worse impairment in recognition
memory. Conversely, E2 replacement strongly reversed the deficits, as evidenced by
the increased exploring time on novel object and elevated discrimination index
(p=0.01, two-way ANOVA).

Enhanced neuronal FGF2 signaling mediates the diminishment in astrocyte
activation in FBN-ARO-KO mice after GCI
Next, we explored the potential mechanisms underlying how neuronal-derived
E2 regulates reactive astrocyte induction after GCI. We focused upon neuronal FGF2
signaling, as it has been previously shown to suppress astrocyte activation (Kang et al.,
2014; Zhang et al., 2017), and our RNA-Seq results revealed that the FGF2 transcript
was markedly increased in the hippocampus of FBN-ARO-KO+GCI mice versus
FLOX+GCI mice. This led us to hypothesize that FGF2 signaling might be a key
factor that mediates the suppression of reactive astrogliosis in FBN-ARO-KO mice
following GCI injury. First, we examined FGF2 levels in hippocampal CA1 neurons
by double staining with FGF2 and NeuN, a neuronal marker. We found a significant
increase of neuronal FGF2 in FBN-ARO-KO+GCI mice, as compared with the other
groups, especially FLOX+GCI mice (Fig. 8A, p=0.008, two-way ANOVA).
Conversely, FLOX+GCI mice actually displayed a further reduction in neuronal
FGF2 level, as compared with FLOX+Sham (p<0.001, two-way ANOVA), which is
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consistent with previous reports that reduced neuronal FGF2 facilitates reactive
astrogliosis (Zhang et al., 2017). Western blot was further conducted to validate
hippocampal FGF2 alterations, which confirmed the robust increase of FGF2 protein
levels in FBN-ARO-KO+GCI hippocampus, as compared to the other groups (Fig.
8B). To investigate the interaction of this increased neuronal FGF2 with neighboring
astrocytes, we next examined the expression of its major receptor FGFR3 in
hippocampal astrocytes by IHC analysis (Fig. 8C). Interestingly, we observed weak
intensity of FGFR3 in the reactive astrocytes of FLOX+GCI mice, corresponding to
the downregulated neuronal FGF2 level. In contrast, strong FGFR3 was expressed in
both the resting astrocytes of non-injured sham groups and the less activated
astrocytes of FBN-ARO-KO+GCI mice, suggesting that increased FGF2 signaling in
FBN-ARO-KO+GCI mice might contribute to the diminished astrogliosis observed in
these mice after GCI.
To confirm this possibility, we utilized a previously established FGF3R antibody
neutralizing approach to block cerebral FGF2 signaling in FBN-ARO-KO+GCI mice
(Zhang

et

al.,

2017).

FGF3R

antibody

was

bilaterally

infused

by

intracerebroventricular injection at the time of GCI reperfusion (Fig. 8D, a). To
determine astrocyte reactivity, aromatization and the specific expression of astrocyte
neurotrophic/neuroprotective factors following FGFR3 blockage, we isolated
astrocytes from the ischemic brains, and determined a 94.97% astrocyte purity
through Flow Cytometry (Fig. 8D, b). Western blot analysis was subsequently
conducted with protein lysate of the purified astrocytes (Fig. 8E). It was shown that
GFAP levels in purified astrocytes isolated from FBN-ARO-KO+GCI+FGFR3 Ab
mice were elevated to about 92.1% of FLOX+GCI levels (p=0.026, two-way
ANOVA), indicating an almost complete rescue of reactive astrogliosis in
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FBN-ARO-KO+GCI mice after blocking FGF2 signaling. We also observed
pronounced aromatase induction in FBN-ARO-KO+GCI astrocytes, to levels about
95.1% of FLOX+GCI mice.

Furthermore, examination of p-STAT3, a hallmark of

neuroprotective astrocyte phenotype (Burda and Sofroniew, 2014; Tyzack et al.,
2014), revealed that pSTAT3 levels in the purified astrocytes isolated from
FBN-ARO-KO+GCI+FGFR3 Ab mice were elevated to about 91.2% of FLOX+GCI
levels (p=0.03, two-way ANOVA). These results demonstrate that the attenuated
astrocyte activation and aromatase expression in FBN-ARO-KO+GCI mice were
effectively reinstated by blocking FGF2 signaling. Further study by Western blot
revealed that FGF3R neutralization robustly rescued both BDNF and GLT-1
expression (p=0.009 and p=0.026, respectively, two-way ANOVA) in purified
astrocytes isolated from FBN-ARO-KO+GCI+FGFR3 Ab mice. Collectively, these
findings demonstrate that neuroprotective astrocyte activation and functions were
dramatically restored after FGFR3 neutralization in FBN-ARO-KO mice after GCI.
To determine whether reinstatement of the beneficial astrocyte response after
FGF3R neutralization can lead to reduced neuronal damage in FBN-ARO-KO+GCI
mice, we performed F-Jade C staining in hippocampal CA1 neurons. The results
showed that F-Jade C intensity was significantly attenuated in FBN-ARO-KO+GCI
mice by FGF3R neutralization, indicating decreased hippocampal neuronal
degeneration (Fig. 8F, p<0.001, two-way ANOVA). Taken together, our results
indicate that neuronal-derived E2 regulation of neuroprotective astrogliosis after GCI
is due, at least in part, to suppression of neuronal FGF2 signaling.
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Discussion
While it has been known for some time that neurons make E2, the precise roles
of neuron-derived E2 in the brain is not well understood. Previous work by our group
demonstrated that neuron-derived E2 has a critical role in regulating forebrain
synaptic plasticity and cognitive function in the male and female brain in the basal,
non-injured state (Lu et al., 2019). In the current study, we utilized the same
FBN-ARO-KO mouse model to examine the roles of neuron-derived E2 in the
ischemic male and female brains. The results from the study suggest that
neuron-derived E2 has several key roles following ischemic brain injury, including: 1)
being critical for astrocyte activation in the hippocampal CA1 region; 2) suppressing
neuronal FGF2 signaling as a mechanism to facilitate astrocyte activation; 3)
enhancing expression of astrocyte-derived neuroprotective neurotrophin factors
BDNF and IGF-1, and the GLT-1 glutamate transporter; and 4) exerting
neuroprotection and preserving hippocampus-dependent cognitive functions. It should
be mentioned that loss of forebrain neuronal aromatase leads not only to E2 depletion
in neurons but also accumulation of androgen precursors. We believe the defects in
FBN-ARO-KO mice are primarily due to loss of neuronal E2, as exogenous E2
replacement was able to fully rescue the defects in FBN-ARO-KO mice after GCI.

Neuron-Derived E2 is Critical for Astrocyte Activation after Ischemic Injury
To our knowledge, this is the first report to demonstrate that neuron-derived E2
is critical for astrocyte activation following ischemic injury. A hallmark of reactive
astrocytes after ischemia is that they transiently become hypertrophic and highly
express the intermediate filaments, GFAP and vimentin (Sofroniew, 2009; Hamby
and Sofroniew, 2010; Hol and Pekny, 2015). Mice deficient in GFAP and vimentin
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display attenuated astrocyte hypertrophy and reactive gliosis after brain injury (Li et
al., 2008). In our study, FBN-ARO-KO mice displayed a significant decrease in
astrocyte hypertrophy, as well as a robust decrease of GFAP and vimentin in the
hippocampal CA1 region following GCI. Furthermore, RNA-sequencing analysis
revealed significant alterations in RhoA signaling in FBN-ARO-KO mice, which has
been shown to constrain actin motility and astrocyte reactivity, and is tightly
controlled by STAT3, a factor whose expression and activation is known to be critical
for induction of the reactive astrocyte phenotype (Chen et al., 2006; O'Callaghan et al.,
2014; Renault-Mihara et al., 2017).
An interesting finding of our study is that elevation of astrocyte aromatase and
hippocampal E2 levels after GCI was significantly attenuated in FBN-ARO-KO mice.
We believe this effect is likely due to the decreased activation of astrocytes we
observed in FBN-ARO-KO mice, as aromatase induction is known to occur only in
activated astrocytes, and is not observed in basal, non-activated astrocytes
(Garcia-Segura et al., 1999; Zhang et al., 2014). Further support of this suggestion
comes from our finding that reinstating astrocyte activation in FBN-ARO-KO mice
(by blocking FGF2 signaling) rescued the attenuated aromatase levels in hippocampal
astrocytes after GCI.

Role of Neuronal FGF2 in Neuron-Derived E2-Regulated Astrocyte Activation
The findings of our study further suggest that neuron-derived E2 facilitates
astrocyte activation after GCI by restraining neuronal FGF2 signaling. RNA-Seq
analysis showed increased FGF2 mRNA levels in FBN-ARO-KO mice after GCI, and
double immunohistochemistry revealed that the FGF2 protein was significantly
elevated in hippocampal neurons in FBN-ARO-KO mice after GCI. Neuron-derived
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FGF2 has been shown to exert an inhibitory effect on astrocyte activation by
suppressing GFAP expression in astrocytes (Reilly et al., 1998; Zhang et al., 2017).
Blocking the FGF2 receptor in astrocytes by immunoneutralization or conditional
deletion invokes reactive astrogliosis basally, and strongly enhances it after injury
(Kang et al., 2014; Zhang et al., 2017), indicating that FGF2 is an important signal to
restrain induction of reactive astrocytes. FGF2 signaling appears to play an important
role in the decreased astrocyte activation observed in FBN-ARO-KO mice in our
study, as blocking FGF2 signaling by administration of a FGFR3 neutralizing
antibody into the lateral ventricle of FBN-ARO-KO mice fully rescued astrocyte
activation after GCI. In addition, aromatase, pSTAT3, BDNF and GLT-1 expression
were also rescued in astrocytes, followed by a significant reduction of neuronal
damage after GCI. These findings strongly suggest that attenuated astrocyte activation
in FBN-ARO-KO mice is due, at least in part, to enhanced neuronal FGF2 signaling.

Neuron-Derived E2 is Neuroprotective
Our study also provides evidence that neuron-derived E2 exerts neuroprotection
following ischemic injury. FBN-ARO-KO mice had exacerbated hippocampal
neuronal damage after GCI, and worse hippocampal-dependent cognitive function, as
compared to FLOX controls. Since FBN-ARO-KO mice exhibited attenuated reactive
astrogliosis after GCI, it raises the possibility that the neuroprotective effect of
neuron-derived E2 could be mediated by reactive astrocytes after GCI. Previous work
suggests that reactive astrocytes can be either detrimental or beneficial. For instance,
in cases of severe damage, astrocytes can become proliferative and form a scar, which
could inhibit axonal regeneration after injury (Wang et al., 2018). However, our GCI
model produces only mild injury and does not develop a scar. In contrast, a number of
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studies suggest that reactive astrocytes exert neuroprotection after ischemic injury (Li
et al., 2008; Hayakawa et al., 2010). For instance, inhibition of reactive astrocytes
with fluorocitrate retards neurovascular remodeling and recovery after focal cerebral
ischemia (FCI) in mice (Hayakawa et al., 2010). In addition, GFAP-/-Vm-/- mice
exhibit attenuated reactive astrogliosis, increased neuronal damage, and reduced
GLT-1-mediated glutamate transport after FCI (Li et al., 2008). This is highly similar
to the phenotype of our FBN-ARO-KO mice after GCI, which have strong attenuation
of GFAP and vimentin in the hippocampus, attenuated reactive astrogliosis, increased
neuronal damage, and reduced hippocampal astrocytic GLT-1 levels.
Reactive astrocytes can protect neurons through several mechanisms including
increased uptake of excess glutamate and release of neuroprotective factors such as
BDNF, IGF-1, and even E2, itself (Verma et al., 2010; Arevalo et al., 2015; Liu and
Chopp, 2016; Liu et al., 2017). With respect to glutamate transport, GLT-1 is a major
astrocyte-specific Na+-dependent glutamate transporter that is responsible for 90% of
glutamate uptake in the brain (Kim et al., 2011). Glutamate excitotoxicity is known to
be a major mechanism of neuronal damage and death after ischemia, and upregulation
of GLT-1 in astrocytes has been shown to protect hippocampal CA1 neurons from
GCI (Ouyang et al., 2007). Thus, regulation of GLT-1 in astrocytes could be one
mechanism whereby neuronal-derived E2 exerts neuroprotection after ischemia.
In addition, following GCI, FBN-ARO-KO mice also showed significant
reductions in expression of two other astrocytic factors that have been implicated to
be

neuroprotective

–

BDNF

and

IGF-1.

For

example,

astrocyte-specific

over-expression of IGF-1 protected hippocampal neurons following brain injury
(Madathil et al., 2013), and IGF-1 rescued CNS neurons following hypoxic-ischemic
injury (Gluckman et al., 1992). Likewise, astrocyte-derived BDNF administration
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reduced infarct damage after FCI (Schabitz et al., 2000), and conditional BDNF
delivery from astrocytes has also been shown to rescue memory defects, spine density
and synaptic function in a mouse model of AD (de Pins et al., 2019). Thus, in addition
to regulation of GLT-1, enhanced astrocytic BDNF and IGF-1 production could also
contribute to neuron-derived E2 neuroprotective effects after GCI. Finally, many
studies have suggested that E2 produced by reactive astrocytes can itself exert
neuroprotection (Garcia-Segura et al., 1999; Garcia-Segura et al., 2003; Walters and
Saldanha, 2008). Thus, the attenuated astrocyte activation and reduced aromatase/E2
induction in astrocytes after GCI in FBN-ARO-KO mice could also contribute to the
enhanced neuronal damage in KO mice.
Finally, we cannot exclude the possibility of a direct protective effect of
neuron-derived E2 upon neurons, as E2 is known to be protective if added directly to
neurons in vitro (Ishihara et al., 2016; Zhao et al., 2016). Nevertheless, we believe a
role for reactive astrocytes in neuron-derived E2 neuroprotection is strongly supported
based on the findings that 1) aromatase and E2 go up in reactive astrocytes after GCI
(Zhang et al., 2014), and 2) that reinstatement of astrocyte activation in
FBN-ARO-KO mice after GCI (by blocking FGF2 signaling) rescued the attenuated
aromatase levels in hippocampal astrocytes, as well as reinstated pSTAT3, BDNF and
GLT-1 levels in the astrocytes, and strongly reduced GCI-induced damage to
hippocampal neurons. Furthermore, in other work we showed that astrocyte-specific
aromatase KO mice have the same phenotype after GCI as FBN-ARO-KO mice (e.g.
attenuated astrocyte activation, increased neuronal damage, and worse cognitive
outcome as compared to FLOX mice), despite having normal neuronal aromatase
expression (Wang et al, 2019). This suggests that neuron-derived E2 effects after GCI
involve mediation by reactive astrocytes and astrocyte-derived E2.
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In conclusion, our study demonstrated a critical role of forebrain neuron-derived
E2 in neuroprotection against ischemic injury. We provide the first evidence that
neuronal E2 is critical for induction of reactive astrocytes and their ability to produce
astrocyte-derived neurotrophic factors, BDNF and IGF-1, and the glutamate
transporter, GLT-1 after ischemic brain damage. The beneficial effects of
neuronal-derived E2 in ischemic brain injury appear to be due, at least in part, to
suppression of neuronal FGF2 signaling, which is a known suppressor of astrocyte
activation. As a whole, the study significantly advances our understanding of the
beneficial roles of neuron-derived E2 in the ischemic brain.
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Figure 1. Attenuated astrocyte activation and aromatization in ovx female
FBN-ARO-KO mice 7 days after GCI. A Measurement of hippocampal E2 levels
with high-sensitivity E2 ELISA kit. B IHC analysis for alterations in astrocyte
reactivity and aromatase induction in hippocampal CA1 region. C Representative 3D
images of hippocampal CA1 astrocytes with cell body volumes distinguished with
different colors (a). Astrocyte volumes from the indicated groups were measured, and
quantitatively analyzed (b). D Astrocyte activation was confirmed by examining the
expression of two typical astrocyte markers, GFAP and Vimentin with Western blot
analysis. E Astrocyte numbers in hippocampal CA1 region were counted with both
GFAP and S100 immunostaining, and expressed as cell numbers per 105 m2.
Values are means ± SEM of determinations from each group. N=3-5. *P<0.05 vs.
FLOX+Sham, #P<0.05 vs. FLOX+GCI. NS, no significant difference.
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Figure 2. Ovariectomized female FBN-ARO-KO mice exhibit worse neuronal
damage and cognitive deficits 7 days after GCI injury. A IHC analysis for
degenerating neurons by F-Jade C, a typical neurodegenerative marker, with NeuN
double staining (a), and number of F-Jade C positive neurons per 250 mm was
counted (b). B MAP2 staining was performed to further evaluate hippocampal CA1
dendrite morphology following aggravated neuronal damage in FBN-ARO-KO mice.
C Barnes Maze task was utilized to assess the spatial reference memory.
Representative track plots of FLOX+Sham (a), FLOX+GCI (b), KO+Sham (c) and
KO+GCI (d) on the probe trial were recorded. Primary escape latency (e), escape
velocity (f), quadrant occupancy (g) and exploring errors (h) during probe trial were
analyzed. D Open field test was carried out to determine the locomotor ability, in
which the travel distance and rearing times were recorded and analyzed. Values are
means ± SEM of determinations from each group. N=5 for A, B; N=8-9 for C, D.
*
P<0.05 vs. FLOX+Sham, #P<0.05 vs. FLOX+GCI. NS, no significant difference.
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Figure 3. RNA-Sequencing analysis of hippocampal transcriptome alterations in
ovariectomized female FBN-ARO-KO mice after GCI. A Representative heat map
of differentially expressed genes from FLOX+GCI and FBN-ARO-KO+GCI groups
at 24 hours after GCI insult. B Differentially expressed genes with adjusted p value <
0.05 were examined by Ingenuity Pathway Analysis, and the top canonical pathways
were shown in the graph. C Top astrocyte pan-reactive (a), A1-specific (b) and
A2-specific (c) transcripts that were significantly altered in FBN-ARO-KO mice. D
Selected differentially expressed genes that are associated with protective astrocyte
activation, neuroinflammation and apoptosis were confirmed by quantitative
RT-qPCR. Values are means ± SEM of determinations from each group. *P<0.05 vs.
FLOX+GCI.
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Figure 4. Loss of neuronal E2 invokes diminished astrocyte A2 phenotype and
attenuates the expression of astrocytic neurotrophins and glutamate transporter.
A IHC analysis for the possible astrocyte A1 phenotype by double-staining of the
typical astrocyte A1 marker C3D with GFAP. B IHC examination for astrocyte A2
phenotype using A2-specific marker S100A10 and GFAP double-staining (a).
Percentage changes of S100A10 in FBN-ARO-KO+GCI mice versus FLOX+GCI
mice were quantified (b). C Levels of astrocyte-derived BDNF were determined by
GFAP and BDNF co-staining (a). BDNF intensity in astrocytes was further
quantitatively analyzed, and presented in (b). D Immunofluorescent image of IGF-1
and GFAP demonstrated a pronounced reduction of IGF-1 expression in astrocytes in
FBN-ARO-KO+GCI mice when comparing with FLOX+GCI control (a). IGF-1
intensity in astrocytes was further quantitatively analyzed, and presented in (b). E
Levels of glutamate transporter in astrocytes following compromised astrocyte
reactivity in FBN-ARO-KO+GCI mice were interrogated by GLT-1 and GFAP
co-staining (a), with the GLT-1 production were quantified in (b). F GLT-1
alterations were further validated by Western blot analysis. Values are means ±
SEM of determinations from each group. N=4-5. *P<0.05 vs. FLOX+Sham, #P<0.05
vs. FLOX+GCI.

100

Figure 5. Male FBN-ARO-KO mice exhibit strong neurodegeneration and
cognitive impairment 7 days after GCI injury. A Astrocyte aromatization in
hippocampal CA1 region was examined by GFAP and aromatase double-staining (a).
GFAP levels in each group were quantified as a parameter of astrocyte reactivity after
GCI injury (b). Total aromatase levels in hippocampal CA1 region were further
measured (b). B Astrocyte A1 and A2 phenotypes after GCI were examined by IHC
analysis with the markers of C3D (a) and S100A10 (b) respectively. C BDNF, IGF-1
and GLT-1 production in astrocytes following the altered astrocyte activation were
determined by IHC analysis (a), and their relative
changes of intensities in
astrocytes were quantified (b). D Representative double-staining for NeuN and F-Jade
C to evaluate neuronal degeneration in each group (a), with the F-Jade C positive
neurons counted (b). E Spatial reference memory was assessed by Barnes Maze
behavioral test. Tracking plots in probe trial were shown in (a) - (d). Primary escape
latency (e) and quadrant occupancy (f) of animals from each group in probe trial were
recorded. Values are means ± SEM of determinations from each group. N=4 for
A-C; N=8-11 for D. *P<0.05 vs. FLOX+Sham, #P<0.05 vs. FLOX+GCI.
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Figure 6. Exogenous E2 replacement reverses the protective astrocyte
dysfunction and neuronal damage in ovx female FBN-ARO-KO mice. A-C
Representative images of BDNF (A), IGF-1 (B) and GLT-1 (C) with GFAP double
immunostaining to determine the functional outcome of astrocytes in hippocampal
CA1 subregion of FBN-ARO-KO GCI mice after 7-day exogenous E2 treatment. D
GFAP intensities were analyzed to determine the astrocyte reactivity in
FBN-ARO-KO GCI mice following E2 rescue. E IHC analysis for neuronal damage
by examining F-Jade C levels in pyramidal neurons of hippocampal CA1 region (a).
Numbers of F-Jade C-positive neurons per 250 m in each group were counted (b). F
Dendritic morphological analysis by MAP2 immunostaining to evaluate the structural
integrity of hippocampal CA1 neurons (a). MAP2 intensity and dispersion were
further quantified (b). Values are means ± SEM of determinations from each group.
N=4. *P<0.05 vs. FLOX+GCI, #P<0.05 vs. KO+GCI.
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Figure 7. Hippocampal-dependent cognitive functions were preserved by
exogenous E2 replacement in ovx female FBN-ARO-KO mice after GCI injury.
A Hippocampal-dependent spatial reference memory of FBN-ARO-KO mice which
were subjected to E2 rescue, was evaluated by Barnes Maze task. Tracking plot of the
indicated groups in the probe trial were shown in (a) – (d). B Primary escape
latency (a), escape velocity (b), exploring errors (c) and quadrant occupancy (d) were
recorded. C Hippocampal-dependent recognition memory was subsequently examined
by novel object recognition test. (a) – (b) show the occupancy plot of each group in
the choice stage. D Exploring time on two resemble objects in the sampling stage (a),
exploring time on familiar and novel objects respectively in the choice stage (b) and
the following discrimination index (c) were analyzed. Values are means ± SEM of
determinations from each group. N=8. *P<0.05 vs. FLOX+GCI, #P<0.05 vs. KO+GCI,
a
P<0.05 vs. Familiar object. NS, no significant difference.
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Figure 8. Evidence that up-regulation of neuronal FGF2 signaling mediates
decreased astrocyte activation in FBN-ARO-KO mice after GCI. A
Representative images of FGF2 and NeuN double staining in hippocampal CA1
region (a), and quantitative analysis of neuronal FGF2 levels in each group (b)
(N=4-5). B Neuronal FGF2 alterations in hippocampus were confirmed by Western
blotting analysis (N=3). C Representative images of FGFR3 and GFAP double
staining showing changes of FGFR3 expression in hippocampal CA1 astrocytes
(N=4-5). D Schematic illustration of FGFR3 neutralization by bilateral i.c.v injection
of FGFR3 blocking antibody in FBN-ARO-KO GCI mice (a). The purity of isolated
astrocytes from the ischemic brains was evaluated by Flow Cytometry test (b). E To
examine the effects of FGFR3 neutralization on astrocyte reactivity and functional
restoration in FBN-ARO-KO mice after GCI, levels of GFAP, p-STAT3, BDNF and
GLT-1 in purified astrocytes were determined by Western blotting (a), and further
quantitatively analyzed (b) (N=3). F IHC analysis for neuronal degeneration by
F-Jade C and NeuN double-staining in hippocampal CA1 region (a). Quantification of
F-Jade C levels in CA1 pyramidal neurons, which was presented as relative intensity
of each group vs. FLOX+GCI (N=4-5) (b). Values are means ± SEM of
determinations from each group. *P<0.05 vs. FLOX+Sham, #P<0.05 vs. FLOX+GCI.
$
P<0.05 vs. FLOX+GCI, &P<0.05 vs. KO+GCI.
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IV. DISCUSSION
Neurons are an important source of estrogen production
17-estradiol (E2) is a steroid hormone that has been implicated to exert a variety
of actions in the brain, including modulation of reproductive behavior, synaptic
plasticity, neuroprotection, and cognition (Brann et al., 2007; Simpkins et al., 2012;
Yao and Brinton, 2012; Sareddy et al., 2015). With respect to its synaptic plasticity
effects, E2 has been shown to enhance hippocampal dendritic spine and synapse
density in ovariectomized mice, rats and monkeys (Li et al., 2004; Liu et al., 2008;
Jacome et al., 2016). E2 also modulates functional synaptic plasticity by enhancing
long-term potentiation (LTP), an electrophysiological parameter of memory (Sherwin,
2012; Tierney et al., 2013). In addition, both clinical and animal studies have
suggested a neuroprotective and anti-inflammatory role of E2 in the brain. Work by
many groups, including our lab, has provided evidences that E2 can exert
neuroprotection in a wide range of neural diseases, like cerebral ischemia (Brann et al.,
2007). Since the female ovary is the main organ in the periphery that produces
estrogen, the commonly accepted belief has been that ovary-derived estrogen is
responsible for the above-described actions in the brain. However, increasing studies
in the past few decades have demonstrated that aromatase, the enzyme that converts
androgen to estrogen, is also highly expressed in neurons of the brains in many
species, including birds, rodents, monkeys, and humans, with little or no expression in
glial cells (Naftolin et al., 1972; Naftolin et al., 1996; Yague et al., 2008; Zhang et al.,
2014). These findings indicate the brain is another important source of estrogen
generation. Strikingly, E2 levels in the brain are much higher than that in the
circulation (Ooishi et al., 2012), leading to the hypothesis that neuron-derived E2
might play a more important role in neural regulation.
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So far, evidence for a role of neuron-derived E2 have primarily come from
pharmacologically suppressing aromatase activity by administering aromatase
inhibitors. However, these pharmacological strategies can have “off target” actions,
which compromise interpretations. Although a global aromatase knockout approach
has been used, it is difficult to determine between brain-derived versus peripheral E2
mediated-actions using this model due the global nature of the knockout. It also is
difficult to delineate contributions of different brain cell-specific sources of E2 in the
global knockout.

Considering these limitations, we created a forebrain

neuron-specific aromatase knockout (FBN-ARO-KO) mouse model to deplete
neuron-derived E2 in the forebrain. This genetic model allowed us to study the
specific roles of forebrain neuronal-derived E2 in both physiological and pathological
conditions. My dissertation was designed to address two major aims:
Aim 1: We investigated the roles of forebrain neuron-derived E2 in the regulation of
synaptic plasticity and cognitive functions in non-injured male and female brains, and
the potential signaling pathways underlying these actions.
Aim 2: We explored the neuroprotective effects of forebrain neuron-derived E2
following global cerebral ischemia in both male and female mice, and its roles and
mechanisms in astrocyte activation.

Neuron-derived E2 is critical to maintain normal cognitive functions
Compelling studies from clinical trials have demonstrated that postmenopausal
women, who are subjected to systemic aromatase inhibitor treatment for advanced
breast cancer, tend to suffer from long-term memory loss (Dowsett et al., 1999;
Shilling et al., 2001; Dowsett et al., 2005). Moreover, a recent translational study
reported that inhibition of neuroestradiol synthesis in post-menopausal women by
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letrozole, a potent aromatase inhibitor, specifically impaired hippocampal-dependent
memory and decreased hippocampal activity during encoding (Bayer et al., 2015).
These clinical findings imply that local estrogen synthesized in the brain might be
critical for the maintenance of normal cognitive functions. To determine the specific
role of neuron-derived E2 in synaptic and cognitive function, herein, we genetically
depleted aromatase expression in mouse forebrain excitatory neurons under the
control of the CaMKIIα promoter using cre-lox technology. By performing a battery
of

behavioral

tests,

we

found

consistently

pronounced

deficits

in

hippocampal-dependent cognitive functions in both sexes, including defects in spatial
learning and memory, recognition memory, and contextual fear memory. In addition,
significant depression was developed in ovariectomiized female FBN-ARO-KO-/mice, which however, was not observed in male FBN-ARO-KO-/- mice, indicative of
distinct sex difference in response to local E2 deficiency. Furthermore, the open field
test revealed normal locomotor function and anxiety levels in FBN-ARO-KO-/- mice,
which is consistent with previous experimental studies with chronic letrozole
administration (Kokras et al., 2018). Collectively, our findings suggested that
forebrain neuron-derived E2 is essential for hippocampal-dependent cognitive
function, but has no impact on motor function and anxiety in both sexes.

Neuron-derived E2 regulates forebrain dendritic spine density and functional
synaptic plasticity
Dendritic spine maturation and reactive synaptic formation have been implicated
to underlie functional synaptic plasticity and memory (Moser et al., 1994). Based on
this, defects in dendritic spine and synapse density could explain the behavioral
defects we observed in FBN-ARO-KO mice. Indeed, examination of dendritic spine
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density revealed a significant decrease in spine density in the hippocampal CA1
subregion and cerebral cortex of both male and female FBN-ARO-KO mice. Further
morphological analysis revealed that all three types of spines (thin, stubby and
mushroom) were decreased in the hippocampal CA1 region and cerebral cortex of
FBN-ARO-KO mice, with thin “learning” spines showing the greatest decrease in
male FBN-ARO-KO mice, while mushroom “memory” spines showed the greatest
decrease in female FBN-ARO-KO mice. In agreement with these findings, previous
work by our group showed that exogenous E2 can enhance spine density in the
cerebral cortex of ovx female rats (Khan et al., 2013), and work by McEwen and
coworkers found that exogenous E2 increases mushroom spines in the hippocampus
of ovx female mice, an effect that was associated with enhancement of
hippocampal-dependent spatial memory (Li et al., 2004). Examination of synapse
density using immunohistochemistry for the presynaptic marker, synaptophysin, and
the postsynaptic protein, PSD95, likewise revealed that both male and female
FBN-ARO-KO mice exhibited a significant decrease of synapse density in the
hippocampal CA1 and cerebral cortex. Previous studies with letrozole treatment
reported decreased hippocampal spines and synapse density only in female mice not
males, indicative of a gender-specific role (Zhou et al., 2010; Fester et al., 2012).
However, we speculate that the difference between our findings is due to the letrozole
dosage, since another group which used a 2-fold higher dose of letrozole, did find a
significantly decreased dendritic spines and synapses in the hippocampus of male
mice (Zhao et al., 2018).
LTP has been proposed to be a key process that underlies learning and memory
(Nicoll, 2017). Our studies also found that synaptic transmission and LTP were
significantly impaired in the hippocampal CA1 region of both intact male and
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ovariectomized female FBN-ARO-KO mice. Similar to our results, letrozole has been
shown to impair LTP in male and female hippocampal slices from rats and mice
(Grassi et al., 2011; Vierk et al., 2012; Di Mauro et al., 2015, 2017).

Exogenous E2

treatment of FBN-ARO-KO brain slices rapidly rescued the LTP defect within
minutes. This finding further supports our proposal that neuron-derived E2 can
regulate synaptic plasticity through effects on rapid signaling pathways.

Neuron-Derived E2 regulates rapid kinase and CREB-BDNF signaling
Next, we examined the potential mechanisms underlying these neuronal E2
actions. AKT-ERK signaling has been well demonstrated to mediate synaptic
plasticity and memory (Sweatt, 2001; Giovannini, 2006; Levenga et al., 2017), and E2
is known to facilitate hippocampal AKT-ERK signaling via extranuclear E2
receptor-mediated rapid signaling (Raz et al., 2008). consistent with these studies, we
found that the AKT-ERK rapid kinase signaling is significantly attenuated in
FBN-ARO-KO mice. This finding indicates that rapid kinase signaling pathways are
involved in neuronal E2-mediated actions. This result was further supported by our in
vitro study, in which acute E2 replacement rapidly rescued synaptic transmission and
LTP amplitude in FBN-ARO-KO hippocampal slices, and effect that was abolished
by blocking ERK signaling.
We also found significantly decreased CREB activation and BDNF levels in the
hippocampus and cerebral cortex of FBN-ARO-KO mice. BDNF is a neurotrophin
that is known to regulate synaptic transmission, LTP and memory (Korte et al., 1996;
Lu, 2003; Lu et al., 2008). Its effects on synaptic plasticity and LTP are demonstrated
to act via TrkB receptors which are coupled to activation of the ERK and PI3K-AKT
pathways (Ying et al., 2002; Leal et al., 2014). As a major transcription factor, CREB
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is known to play important roles in learning and memory in the brain (Lonze and
Ginty, 2002). Estrogen can activate CREB via the ERK pathway in neurons (Szego et
al., 2006). The phosphorylated CREB can act in the nucleus to enhance BDNF
transcription (Tao et al., 1998). Our data revealed a pronounced decrease of pCREB
and BDNF expression in the FBN-ARO-KO forebrain, which suggests that E2 may
enhance synaptic plasticity and learning and memory by up-regulating BDNF.

Neuron-derived E2 is important for neuroprotective astrocyte activation after
brain ischemia
Astrocytes are abundant glia cells in the CNS, which are known to participate in
CNS homeostasis, provide trophic support for neurons, promote synapse formation
and remodel synapse functions (Sofroniew and Vinters, 2010; Allaman et al., 2011;
Chung et al., 2013; Clarke and Barres, 2013). Resting astrocytes undergo dramatic
morphological transformation after brain injury, in which they become hypertrophic
and assume a reactive phenotype (Sofroniew, 2009; Hamby and Sofroniew, 2010).
Reactive astrocytes could be detrimental or beneficial, which is believed to be
injury-dependent. Genomic analysis of reactive astrogliosis suggested that although a
core set of genes are upregulated in both astrocyte states, the activated astrocytes in
ischemia displayed a beneficial molecular function, whereas potent inflammatory
cytokines-induced reactive astrocytes exhibited a harmful phenotype (Zamanian et al.,
2012; Liddelow et al., 2017). Increasing evidences also demonstrated that early injury
cues tend to define a protective astrocyte phenotype that supports the neuronal
recovery (Pekny et al., 2014; Shinozaki et al., 2017).
Interestingly, we found dramatically attenuated astrocyte activation and enhanced
neuronal injury in both male and female FBN-ARO-KO mice after GCI. Our
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RNA-sequencing analysis suggested that the activated astrocytes exhibited a
beneficial “A2” phenotype after GCI, which was diminished after neuronal E2
depletion. To our knowledge, this is the first report to date about the novel role of
neuron-derived E2 in regulating GFAP expression, astrocyte activation, and A2
astrocyte induction following ischemic brain injury. In support of our findings, other
studies using exogenous E2 administration found that exogenous E2 increased
activation of astrocytes following GCI and spinal cord injury, an effect associated
with enhanced neuroprotection (Rozovsky et al., 2002; Ritz and Hausmann, 2008; Ma
et al., 2016). Furthermore, other members of the Brann lab found that blocking brain
estrogen production through administration of the aromatase inhibitor, letrozole, in
mice that had undergone GCI, produced a phenotype similar to our FBN-ARO-KO
mice - most notably attenuated GFAP induction and reduced astrocyte activation after
GCI (Wang et al, 2019).

Neuron-derived E2-regulated astrocyte activation involves neuronal FGF2
signaling
It’s known that neuron-astrocyte communication plays a pivotal role in neuronal
recovery in neurological disorders (Ricci et al., 2009). Breakdown of neuron-astrocyte
interaction leads to increased neuronal dysfunction and brain injury (Becerra-Calixto
and Cardona-Gomez, 2017). Intriguingly, FGF2 signaling in neurons has been shown
to exert an inhibitory effect on astrocyte activation by suppressing GFAP expression
in astrocytes (Reilly et al., 1998; Zhang et al., 2017). Furthermore, blocking FGF2
receptor signaling in astrocytes can invoke reactive astrogliosis (Kang et al., 2014;
Zhang et al., 2017), indicating neuronal FGF2 signaling is critical to keep a
nonreactive astrocyte status. Indeed, we showed that FGF2 was potently elevated in
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FBN-ARO-KO hippocampal neurons as compared to FLOX control after GCI.
Interestingly, blocking FGF2 signaling rescued astrocyte activation and beneficial
astrocyte phenotype in FBN-ARO-KO GCI mice, as evidenced by a robust increase in
GFAP expression, STAT3 activation, astrocyte-derived neurotrophin production, and
glutamate transporter expression. These findings indicate that neuron-derived E2
enhances astrocyte activation after GCI, at least in part, through suppression of
neuronal FGF2 signaling.
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V. SUMMARY

1. Neuron-derived E2 regulates synaptic plasticity and hippocampal-dependent
cognitive functions in both male and female mice.
2. Neuron-derived E2 is important for maintaining BDNF levels, as well as activation
of ERK, AKT and CREB in the forebrain of male and female mice.
3. Acute exogenous E2 treatment is able to rapidly and fully rescue the LTP defect in
an ERK-dependent manner, and reinstate synaptic structure and cognitive functions.
4. Neuron-derived E2 is critical for induction of reactive astrocytes and their ability to
produce astrocyte-derived neurotrophic factors, BDNF and IGF-1, and the glutamate
transporter, GLT-1 after ischemic brain damage.
5. The beneficial effects of neuronal-derived E2 in ischemic brain injury appear to be
due, at least in part, to suppression of neuronal FGF2 signaling, which is a known
suppressor of astrocyte activation.
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