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Simple Summary: Recent work has shown that the steroid hormonel7{3-estradiol (E;) is also pro-
duced in the brain in both neurons and astrocytes. The current animal models for depleting Ej,
specifically in astrocytes, are non-inducible, which can provide a developmental confound. It would
be advantageous to have an inducible knockout model where the E; depletion in astrocytes could
be performed in adult animals, so as to avoid this confound. Thus, in the current study, we created
an inducible knockout mouse model to deplete the E; specifically in the astrocytes of adult mice.
The characterization of the inducible knockout mice confirmed that aromatase and E, were depleted
specifically in the astrocytes of the adult mice. The study further revealed that astrocyte-derived E;
had a significant role in protecting the brain from cerebral ischemia (stroke) and regulated both the
astrocyte and microglia activation after a cerebral ischemia.

Abstract: 173-estradiol (E2) is produced in the brain as a neurosteroid, in addition to being an
endocrine signal in the periphery. The current animal models for studying brain-derived E, include
global and conditional non-inducible knockout mouse models. The aim of this study was to develop a
tamoxifen (TMX)-inducible astrocyte-specific aromatase knockout mouse line (GFAP-ARO-iKO mice)
to specifically deplete the E; synthesis enzymes and aromatase in astrocytes after their development in
adult mice. The characterization of the GFAP-ARO-iKO mice revealed a specific and robust depletion
in the aromatase expressions of their astrocytes and a significant decrease in their hippocampal E;
levels after a GCI. The GFAP-ARO-iKO animals were alive and fertile and had a normal general
brain anatomy, with a normal astrocyte shape, intensity, and distribution. In the hippocampus,
after a GCI, the GFAP-ARO-iKO animals showed a major deficiency in their reactive astrogliosis, a
dramatically increased neuronal loss, and increased microglial activation. These findings indicate that
astrocyte-derived E; (ADE;) regulates the ischemic induction of reactive astrogliosis and microglial
activation and is neuroprotective in the ischemic brain. The GFAP-ARO-iKO mouse models thus
provide an important new model to help elucidate the roles and functions of ADE; in the brain.

Keywords: estradiol; neuroestrogen; neurosteroid; aromatase; cerebral ischemia; astrocyte; microglia

1. Introduction

The biosynthetic enzyme aromatase produces estrogens from androgen precursor
steroids [1-3]. 17B-Estradiol (E;) is the most potent estrogen produced in the body and
acts through three major receptors—estrogen receptor-alpha (ER-«x), estrogen receptor-beta
(ER-B), and G-coupled protein estrogen receptor 1 (GPER1) [4-7]. While aromatase is
well known to be highly expressed in the ovaries of females, it has also been shown to
be expressed in the neurons and astrocytes in the brains of both males and females of
many species, and can generate significant levels of E, [8-13]. Interestingly, aromatase
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is constitutively expressed in neurons [13-16], while its expression is inducible in astro-
cytes [17-19]. Stressors such as brain injury and ischemia have been shown to strongly
induce both the expression and activity of this aromatase in astrocytes and to markedly
increase the E; levels in the brain [17-21]. The aromatase expression in rodent neurons
has been found to be highest in the amygdala, hippocampus, hypothalamus, and cortex of
males and females [22]. Similarly, positron emission tomography (PET) imaging has con-
firmed the highest aromatase expression in the human brain to be in the amygdala, preoptic
area, thalamus, hippocampus cerebellum, white matter, and cortex in both males and fe-
males [23]. Additional studies have demonstrated that the aromatase expression in neurons
is localized in axons, dendrites, synapses, and presynaptic terminals [16,24]. Aromatase
activity is regulated both transcriptionally and post-translationally. The rapid regulation of
aromatase activity can occur through calcium-dependent phosphorylation [25]. In addition,
the neurotransmitter glutamate has been shown to regulate the aromatase activity in the
brains of many species [26]. The roles of neuron-derived E, (NDE,) and astrocyte-derived
E; (ADE,) in the brain have been explored using various approaches, including the ad-
ministration of aromatase inhibitors [8,27-32] and antisense oligonucleotides to inhibit
or knockdown the aromatase centrally [12]. Global aromatase knockout mice [33] and
aromatase knockout mouse models that are specific to astrocytes and neurons, respectively,
have been created by our team [21,34]. The available evidence to date indicates that NDE,
regulates neurotransmission, synaptic plasticity, cognitive function, injury-induced reactive
gliosis, neuroinflammation, and neuroprotection [8,32]. With respect to ADE;, recent work
from our group, using a non-inducible GFAP-cre-driven knockout of the aromatase in mice
(GFAP-ARO-KO mice), has implicated a role for ADE; in the regulation of glia activation,
anti-inflammatory effects, and neuroprotection after a global cerebral ischemia (GCI) in
mice [21]. However, in addition to being expressed in astrocytes, GFAP is also expressed in
the progenitor cells that produce non-astrocyte cells during development [35], which could
provide a potential confound. The aim of the current study was to develop a tamoxifen
(TMX)-inducible astrocyte-specific aromatase knockout mouse line (GFAP-ARO-iKO mice)
that allows for the specific depletion of the aromatase in astrocytes after their development
in adult mice, and it phenotypically characterized the mice following a GCI. The results
revealed the successful depletion of the aromatase, specifically in the astrocytes of adult
GFAP-ARO-iKO mice, and a robust phenotype after a GCL

2. Materials and Methods
2.1. Generation of a Mouse Model of Inducible Astrocyte-Specific Aromatase Knockout

We created the Cyp19al Cre/LoxP conditional KO mice with an inducible GFAP
promoter to conditionally inactivate the aromatase in their astrocytes. GFAP-Cre/ERT2
(Jackson lab, Bar Harbor, ME, USA. stock no. 012849) mice were crossed with Cyp19a1
flox/flox animals, which had LoxP sites surrounding exons 10 and 11 of the Cyp19al gene.
Using the methods previously reported, Cyp19al flox/flox (FLOX) mice were produced [34].
We confirmed the genotyping of the animals by a genomic DNA PCR, using the follow-
ing primers: FLOX-forward: 5-GCCATATTCCTGCAACAGTTTATTTGAGG-3'; FLOX-
reverse: 5'-GTAAAACCATTCCTGGAAAATTCATAACAACC-3'; CreERT2-forward: 5'-
GGCCAGGCTGTTCTTCTTAG-3'; CreERT2-reverse: 5'-ATACCGGAGATCATGCAAGC-3/;
Internal positive control forward: 5-CTAGGCCACAGAATTGAAAGATCT-3'; and Internal
positive control reverse: 5-GTAGGTGGAAATTCTAGCATCATCC-3'. The mice with the
genotype of Cyp19aiflox/flox; GEAPCreERT2 were identified as the GFAP-ARO-iKO mice.
All the animal experiments were approved and authorized by the Institutional Animal
Care and Use Committees of Augusta University and UT Health San Antonio.

2.2. Induction of Aromatase Deletion in the GFAP-ARO-iKO Mice

To induce an aromatase deletion in the astrocytes, we administered tamoxifen (TMX,
100 mg/kg) through intraperitoneal injections for 3-5 consecutive days. The 3-day TMX
injections were administered in the initial experiment to confirm the down-regulation of
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the aromatase in the astrocytes after a GCI using purified astrocytes. The animals from
all the other experiments received injections of the TMX for 5 consecutive days. A 3-week
washout period was used in our studies before performing the experiments. We also
included several controls, including GFAPCreERT2 mice, ARO-FLOX mice with TMX
injections, and GFAP-ARO-iKO mice without TMX injections.

2.3. Global Cerebral Ischemia

A two-vessel occlusion global cerebral ischemia (GCI) was performed on male mice
from the different experimental groups after the 3-week TMX wash-out period, as described
previously [21]. Analgesia was given 16 h before and 0-16 h after surgery by providing
carprofen (2 mg Rimadyl, formulated in a 5 g food tablet). The surgeries were performed
on the anesthetized mice by giving 1-4% isoflurane, which was inhaled before and during
the operation. For the GCI, a midline incision of the neck was made and both the common
carotid arteries (CCAs) were exposed and encircled loosely with a 4-0 suture. Then, a GCI
was induced by bilaterally blocking the CCAs for 30 min. The clips were taken off after the
ischemia and a visual examination of the blood flow in the CCAs proved that reperfusion
had occurred. A homoeothermic blanket kept the mice’s core body temperature at 37 °C
before, during, and after the ischemia. The mice were kept in a warm chamber for five
minutes after the reperfusion to keep their body temperatures at about 37°C before the
incisions were closed. The CCAs were exposed without an occlusion for the animals in
the sham groups. The mice that displayed dilated pupils during the surgery and lost the
righting reflex for at least one minute following the wound closure were included in the
subsequent studies. The mice that demonstrated signs of respiratory distress and failed
to return to normal activity within the first 24 h were euthanized and excluded from the
subsequent analysis. The initial number of the animals assigned to the sham groups was 6,
and for the GCI groups, it was 8. In total, 10% of the animals were excluded due to surgery
complications and the criteria described above.

2.4. Tissue Sample Collection and Astrocyte Purification

The mice were sacrificed under deep anesthesia 3 days after the GCI surgery, as
this is a time of robust aromatase induction in astrocytes after a GCI [21]. Ice-cold 0.9%
saline was used to perfuse the mice and their hemispheres were dissected. To verify the
astrocyte-specific deletion of the aromatase in the GFAP-ARO-iKO mice, we purified the as-
trocytes from the mouse brains using magnetic associated cell sorting (MACS) with ACSC2
Microbeads. Using an adult brain dissociation kit, a single-cell solution was prepared
(Miltenyi Biotec, Bergisch Gladbach, Germany; 130-107-677), as previously described [21].
Briefly, the purified astrocytes were generated by dissociating single cells through the
MACS separation columns using ACSC2 Microbeads, as described by the manufacturer
(Miltenyi Biotec, 130-093-634). In a previous study, we demonstrated that this method
generates a highly purified astrocyte population, with >95% cells expressing the ACSC2
astrocyte cell marker [21]. For each isolation, four hemispheres were pooled in the study.
At least 2 isolations were performed for each group.

2.5. Cell Lysates Preparation and Western Blotting

The purified astrocytes from three animals were pooled to prepare the lysates for a
Western blot analysis. A radioimmunoprecipitation assay buffer (150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 1% sodium deoxycholate, 50 mM Tris-HCI at pH 7.4, and 0.1%
SDS), supplemented with protease and phosphatase inhibitors, was used to extract the total
proteins from the dissected mouse brain tissue (ThermoFisher Scientific, Waltham, MA,
USA). A microplate BCA protein assay kit was used to determine the samples’ protein quan-
tities (ThermoFisher Scientific). Sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was used to separate equal amounts of the proteins (20 or 40 g), which were
then transferred to nitrocellulose membranes for a Western blot analysis, as previously de-
scribed. [21]. The antibodies used for the Western blots included aromatase (rabbit, 1:1000;
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ThermoFisher Scientific, PA1-21398), GFAP (goat, 1:2000; Abcam, Waltham, MA, USA,
ab53554), Vimentin (mouse, 1: 1000; Abcam, MA, USA, ab 20346), and GAPDH (mouse,
1:2000; Santa Cruz Biotechnology, Dallas, TX, USA, sc-32233). The blots were visualized
using a LI-COR Odyssey imager after the blots were incubated with a secondary antibody.
The intensity of each band was determined using Image] analysis software (Version 1.49;
NIH, Bethesda, MD, USA). The normalization of band density to the corresponding loading
controls was performed.

2.6. Immunohistochemistry (IHC)

The brain sections were prepared as described previously [21]. Briefly, 3 days af-
ter the GCI surgery, the mice were sacrificed by an anesthetic overdose and perfused
with cold saline, followed by 4% paraformaldehyde. Then, the brains were removed, 4%
paraformaldehyde at 4 °C for 16 h was used for the post-fixation, and cryoprotection was
performed with 30% sucrose. Next, 30 um thick coronal sections were taken between
—0.9 mm and —3.0 mm from the bregma. The brain sections were then blocked for 1 h
at room temperature with 10% normal donkey serum, and then the primary antibodies
were incubated overnight at 4 °C. The primary antibodies used in this study included
aromatase (rabbit, 1:1000; ThermoFisher Scientific, PA1-21398), NeuN (rabbit, 1:1000; Milli-
pore, Burlington, MA, USA, #ABN78), GFAP (goat, 1:2000; Abcam, MA, USA, ab53554),
GFAP (mouse, 1:800; Millipore, MA, USA, MAB360), and Ibal (goat, 1:400; Abcam, MA,
USA, ab5076). Following a wash, the sections were incubated for 1 h at room temperature
with the appropriate Alexa-Fluor-tagged secondary antibodies (ThermoFisher Scientific).
Following that, the sections were stained with DAPI (4',6-diamidino-2-phenylindole) and
mounted in a Vectashield mounting media (Vector Laboratories, Newark, CA, USA). Im-
ages of the hippocampal CA1 region were acquired using a Zeiss 510 confocal microscope
with a 40x Plan-Apochromat objective. The exposure time was kept constant for each
marker in all the sections for the analysis. The intensity of the immunofluorescent stain-
ing in the hippocampal CA1 region was quantified with Image] software. The mean cell
counts were calculated from three random microscopic fields at a 40 x magnification for
the quantifications of the neuron number and aromatase-expressing astrocytes. A total of
5-6 mice/groups were used for each analysis, and at least 3 sections from each animal were
counted for each measurement.

2.7. Statistical Analyses

All of the data were examined using GraphPad Prism 8 Version 2 software (GraphPad,
CA, USA). The data are displayed as means and SEM. A one-way ANOVA was used
to compare the differences between the GFAP-ARO-iKO mice and other control groups,
including the GFAPCreERT2 mice, ARO-FLOX mice with TMX injections, and GFAP-ARO-
iKO mice without TMX injections. Two-way ANOVAs were used to compare the differences
between the different groups in the sham conditions or after the GCI. When the ANOVA
test was found to be significant, a post hoc Tukey’s test was conducted to make pairwise
comparisons between the experimental groups. A value of p < 0.05 was considered to be
statistically significant.

3. Results
Generation and Characterization of GFAP-ARO-iKO Mice

The GFAP-ARO-iKO mice were generated by crossing GEAP-Cre/ERT2 mice with
Cyp19a1 flox/flox (ARO-FLOX) mice, which contain LoxP sites flanking exons 10 and 11 of
the Cyp19al gene (Figure 1A). The mice with the genotype of Cyp19alflox/flox;,GFAPCreERT2
were identified as the GFAP-ARO-iKO mice (Figure 1B).
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Figure 1. Creation and assessment of GFAP-ARO-iKO mice. (A). Breeding strategy represented
in a diagram. (B). Tail DNA PCR confirmation of bitransgenic GFAP-ARO-iKO mice expressing
GFAP-CreER and homozygous loxpCYP19a1. (C,D). Verification of the knockout of aromatase in
astrocytes in the Cyp19a1//oxP; GFAPC"ERT2 mice. Western blot (C) on purified astrocytes lysate
isolated from sham or GCI-R3d mouse hemisphere. Densitometry analysis (D) demonstrates that the
TMX-induced aromatase knockout animals at R3d showed a considerable reduction in aromatase
expression of the astrocytes (D). n = 6-8 animals/groups. # p < 0.05 compared to TMX (—), and
* p < 0.05 compared to cre (—), one-way ANOVA followed by post hoc.

The GFAPCreERT2 mice, ARO-FLOX mice with TMX injections, and GFAP-ARO-iKO
mice without TMX injections served as controls for the study. To examine the efficacy of the
TMX-induced aromatase knockdown in the astrocytes, purified astrocytes were isolated
from the 3-month-old male sham or GCI reperfusion 3-day (R3d) mice, and a Western
blot analysis was conducted using cell lysates from the astrocytes to detect the aromatase
expressions. The results revealed, as expected, that the aromatase expression was low to
undetectable in the astrocytes from the sham WT, FLOX, and GFAP-ARO-iKO animals.
However, aromatase expression was strongly induced at R3d after the GCIs in the WT
and FLOX astrocytes. Importantly, the expression of aromatase was robustly reduced
(a 65-67.5% decrease) in the astrocytes from the TMX-injected GFAP-ARO-iKO mice, as
compared to the FLOX group with TMX injections and the GFAP-ARO-iKO group without
TMX injections, respectively (Figure 1C,D).

We next examined several endpoints in the GFAP-ARO-iKO mice to further charac-
terize the knockout efficiency and specificity. The GFAP-ARO-iKO and FLOX mice were
used, along with the same controls, as described in Figure 1. The animals were examined
at R3d after the GCI, as this is a time of robust induction of astrocyte aromatase and of
hippocampal E; levels after a GCI [21]. The GFAP-ARO-iKO mice were viable and fertile
with normal gross brain structures. Co-immunostaining for the aromatase with GFAP in
the hippocampal sections revealed that aromatase was absent in the astrocytes basally in
the sham male FLOX and KO animals, while a normal aromatase expression was observed
in the neurons (Figure 2A).
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Figure 2. GFAP-ARO-iKO mice show significant diminishment of ischemia-induced aromatase
expression in astrocytes, as well as reduced reactive astrocyte induction and hippocampal E; elevation
after GCI. (A). Representative images for aromatase and GFAP immunostaining in the hippocampal
CALl. (B). Quantification of GFAP immunofluorescent intensity in the sham or R3d hippocampal CA1
regions of male FLOX and iKO mice. (C). Quantification for the number of astrocytes expressing
aromatase in the hippocampal CA1 regions of sham and R3d groups. (D). Hippocampal E2 levels
were measured by ELISA assay on hippocampal tissues from sham and R3d FLOX and iKO mice in

male animals. n = 6-8 animals/group. Scale bars: 20 pum. ** p < 0.01 compared to FLOX, two-way
ANOVA followed by post hoc.

As expected, a GCl increased the aromatase expression in the astrocytes of the male
FLOX mice at R3d, and this effect was strongly attenuated in the GFAP-ARO-iKO mice
(Figure 2A,B). The quantification of the number of cells that co-expressed GFAP and
aromatase also demonstrated significant aromatase-expressing astrocytes at R3d in the
FLOX mice, which was strongly attenuated in the GFAP-ARO-iKO mice at R3d (Figure 2C).
In addition, the measurement of the hippocampal E; levels, using a high-sensitivity ELISA,
demonstrated a robust induction of the hippocampal E; levels at R3d in the FLOX mice,
and this effect was significantly reduced in the GFAP-ARO-iKO mice (Figure 2D). These
in vivo findings further confirm the astrocyte-specific deletion of aromatase in the GFAP-
ARO-iKO mice and show that this effect is associated with the significant diminishment of
ischemia-induced hippocampal E; elevation after a GCI.

The GFAP-ARO-iKO mice exhibited a significant defect in reactive gliosis after the
GCI. We next examined the reactive astrogliosis in the GFAP-ARO-iKO mice and control
mice. Cell lysates taken from the isolated astrocytes at R3d after the GCI were subjected
to a Western blot analysis to measure the expression of the reactive astrocyte markers,
GFAP and vimentin. The results demonstrated a significant attenuation of the GCI-induced
upregulation of GFAP and vimentin in the astrocytes from the GFAP-ARO-iKO mice with
TMX injections, as compared to the GFAP-ARO-iKO non-TMX injected group and the
FLOX+TMX injection group (Figure 3A-C).
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Figure 3. Decreased reactive astrogliosis in GFAP-ARO-iKO mice after GCI. Western blot analyses
(A) on purified astrocytes lysate isolated from sham or GCI-R3d male mouse hemisphere and
densitometry analysis demonstrated significant decrease in GFAP (B) and vimentin (C) expression in
the astrocytes in GFAP-ARO-iKO mice at R3d. n = 6-8 animals/group. # p < 0.05 compared to TMX
(=), and * p < 0.05 compared to cre (—), one-way ANOVA followed by post hoc.

Likewise, an IHC performed on the sham group and R3d hippocampal sections
demonstrated a significant decrease in the GFAP immunoreactive intensity in the GFAP-
ARO-iKO mice at R3d, as compared to the control mice (Figure 2A,B). Additionally, it is
notable that the astrocytes in the GFAP-ARO-iKO mouse hippocampus at R3d appear to
exhibit significantly less hypertrophy and a reduced aromatase expression, as compared to
the control mice (Figure 2A,C). These findings indicate that the GFAP-ARO-iKO mice have
significantly reduced reactive astrogliosis after an ischemic brain injury.

The GFAP-ARO-iKO mice exhibited a significantly enhanced neuronal loss and mi-
croglial activation after the GCL Finally, the co-immunostaining of the neuron marker,
NeuN, with the microglial activation marker, Ibal, demonstrated a significant decrease in
the hippocampal CA1 NeuN+ cells in the GFAP-ARO-iKO mice at R3d, as compared to the
FLOX mice, while in contrast, the Ibal expression was significantly increased (Figure 4A—C).

These findings indicate that the GFAP-ARO-iKO mice have a greater neuronal loss and
increased microglial activation after a GCI, as compared to the control mice. Collectively,
these findings confirm a key role of ADE, in regulating astrocyte and microglial activation
and exerting neuroprotection in the hippocampus following a GCI, and provide a new
inducible mouse model for studying the roles and functions of ADE, in the brain.
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Figure 4. GFAP-ARO-iKO mice exhibit enhanced neuronal loss and microglial activation after GCI.
(A). Representative images of NeuN and Ibal immunostaining in the sham or R3d hippocampus
and CAl regions of male FLOX and GFAP-ARO-iKO mice. (B). Quantification of mean immunofluo-
rescence (IF) intensity of Ibal. (C). Quantification of CA1 neuron number by NeuN staining. Scale

bars: 20 um. n = 6-8 animals/group. ** p < 0.01 compared to FLOX, two-way ANOVA followed by
post hoc.

4. Discussion

In this study, we have successfully created an inducible model for the astrocyte-
specific depletion of aromatase in adult mice, offering the field a crucial new animal
model. Previous knockout models for aromatase have either been global in nature [33]
or astrocyte-specific [21], and were non-inducible. While non-inducible GFAP-ARO-KO
mice have provided important new insights into the various roles of ADE; in the brain [21],
the expression of GFAP in non-astrocytes during development could provide a potential
confound. The development of GFAP-ARO-iKO mice allows for the circumvention of
this potential confound by providing a mechanism for the astrocyte-specific depletion of
aromatase in adult mice.

It should be noted that TMX, which is used to induce the knockout of aromatase in
the astrocytes of GFAP-ARO-iKO mice, is itself an estrogen receptor antagonist. We do not
believe that TMX provided any confound in the current study for the following reasons.
First, previous work has shown that TMX and its metabolites are completely cleared from
the mouse brain and bloodstream within 7 days after the TMX injection [36]. To completely
ensure no confounds from the TMX induction paradigm, we used a 3-week washout period
in our studies. Secondly, other investigators have also successfully used TMX induction
in conditional mouse knockouts to study the estrogen signaling and actions within the
brain [37]. For instance, a TMX induction was successfully used to conditionally ablate
the ER-o neurons in the brain of adult female mice, which helped to shed light on the role
of ER-o in the estrogen negative feedback mechanism, in order to control gonadotropin
secretion [37]. Finally, we also included several key controls in our study (GFAPCreERT2
mice, ARO-FLOX mice with TMX injections, and GFAP-ARO-iKO mice without TMX
injections), which showed no significant effect of the TMX on any of the endpoints assessed
in the control mice. Collectively, these findings indicate that TMX can be used successfully
for knockout induction in estrogen studies, as long as requisite controls are included in the
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studies and there is an appropriate washout period to allow for the clearance of the TMX
before the experiments are performed.

An important finding was that the reactive astrogliosis in the hippocampus following
the GCI was significantly reduced in the GFAP-ARO-iKO mice, although the microglial
activation was increased. In addition, the GFAP-ARO-iKO animals experienced more
neuronal death following the GCI compared to the control mice in the hippocampal CA1
region. These findings agree with the similar regulation of the reactive astrogliosis, mi-
croglial activation, and enhanced neuronal loss that was observed in the non-inducible
GFAP-ARO-KO mice following the GCI [21]. Collectively, the results suggest that ADE,
acts to enhance this reactive astrogliosis while inhibiting the microglial activation following
a GCL

The observed effects on the astrogliosis of the GFAP-ARO-iKO mice may, in part, un-
derlie the neuroprotective effects of ADE; observed in this and our previous study [21]. In
support of this contention, previous work by others has demonstrated that GFAP /vimentin
knockout mice exhibit reduced reactive astrogliosis and significantly enhanced neuronal
damage following a cerebral ischemia [38], suggesting that reactive astrogliosis is neuropro-
tective after a cerebral ischemia. Furthermore, increased microglia activation after a cerebral
ischemia has been shown to be associated with greater ischemic neuronal damage [39],
and the ablation of microglia has been shown to reduce this ischemic damage following
a cerebral ischemia [40]. Based on these findings, it is suggested that the effects of ADE,
in enhancing reactive astrogliosis and restraining microglia activation after a GCI may
contribute to its neuroprotective effects in the brain following an ischemic injury. The direct
protective effects of ADE,; on neurons could also contribute to its neuroprotective actions,
as hippocampal neurons express all three estrogen receptor subtypes [41,42] and the direct
protective effects of E; on neurons in vitro has been demonstrated in many studies [43,44].

A limitation of this work is that we only examined one stressor (GCI) in our studies;
thus, it is not clear whether the results can be extrapolated to other types of stressors,
such as traumatic brain injury (TBI) (both penetrating and non-penetrating), or to focal
cerebral ischemia (FCI). Compared to TBIs and FCIs, GCIs are unique, as they primarily
involve a delayed cell death that occurs days after the injury and is especially noted in
the highly vulnerable hippocampal CA1 region [45,46]. Thus, the pathological processes
and temporal events between these different types of stressors can differ significantly.
Nevertheless, aromatase expression has been shown to be increased in the brain after a
penetrating and traumatic brain injury, as well as after an FCI [8,29,47,48]; thus, the E;
from astrocytes or neurons could contribute to neuroprotection for these other types of
brain injuries/ischemias. Indeed, the administration of aromatase inhibitors suggests
that brain-derived E; is anti-inflammatory and neuroprotective in both penetrating and
traumatic brain injuries [8,29,47,48], and global aromatase knockout mice and aromatase
inhibitor studies following an FCI have shown a similar protective beneficial role for this
brain-derived E; [33]. To further elucidate the specific roles and functions of ADE; and
NDE; in these different types of brain injuries/ischemias, it would be informative in the
future to utilize GFAP-ARO-iKO mice and neuron-specific aromatase KO mice following a
penetrating /traumatic brain injury or FCL

5. Conclusions

In conclusion, the current study provides a new inducible mouse model for the
depletion of aromatase in the astrocytes of the adult brain. It also confirms a key role for
ADE, in regulating gliosis and neuroprotection following a GCI. This new GFAP-ARO-iKO
mouse model should be very useful for the field in studying the various roles, functions,
and mechanisms of ADE; in the injured brain.



Biology 2023, 12, 621 10 of 12

Author Contributions: Conceptualization, R.R.T., RK.V. and D.W.B.; formal analysis, ] W., U.P.P,
Y.L., GRS. and RK.V;; funding acquisition, R K.V. and D.W.B.; investigation, J.W., UPP, Y.L, GRS,
R.K.V. and D.W.B.; methodology, ].W., UPP, Y.L. and G.R.S.; project administration, R.K.V. and
D.W.B,; resources, R.R.T. and RK.V,; supervision, R.K.V. and D.W.B.; writing—original draft, D.W.B.;
writing—review and editing, J W., U.P.P, Y.L, GR.S., RR.T. and D.W.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by a research grant from the National Institute of Neurological
Disorders and Stroke (NS088058), National Institutes of Health.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of Augusta University (Protocol# 2014-0698, approval date: 1 September 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Blakemore, ].; Naftolin, F. Aromatase: Contributions to Physiology and Disease in Women and Men. Physiology 2016, 31, 258-269.
[CrossRef]

2. Simpson, E.R.; Clyne, C.; Rubin, G.; Boon, W.C.; Robertson, K.; Britt, K.; Speed, C.; Jones, M. Aromatase—A brief overview. Annu.
Rev. Physiol. 2002, 64, 93-127. [CrossRef]

3. Brocca, M.E.; Garcia-Segura, L.M. Non-reproductive Functions of Aromatase in the Central Nervous System under Physiological
and Pathological Conditions. Cell. Mol. Neurobiol. 2018, 39, 473—-481. [CrossRef]

4. Revankar, C.M.; Cimino, D.F,; Sklar, L.A.; Arterburn, J.B.; Prossnitz, E.R. A Transmembrane Intracellular Estrogen Receptor
Mediates Rapid Cell Signaling. Science 2005, 307, 1625-1630. [CrossRef]

5. Kumar, A.; Bean, L.A.; Rani, A.; Jackson, T.; Foster, T.C. Contribution of estrogen receptor subtypes, ERalpha, ERbeta, and
GPERT1 in rapid estradiol-mediated enhancement of hippocampal synaptic transmission in mice. Hippocampus 2015, 25, 1556-1566.
[CrossRef]

6.  Spencer-Segal, ].L.; Tsuda, M.C.; Mattei, L.; Waters, E.M.; Romeo, R.D.; Milner, T.A.; McEwen, B.S.; Ogawa, S. Estradiol acts
via estrogen receptors alpha and beta on pathways important for synaptic plasticity in the mouse hippocampal formation.
Neuroscience 2012, 202, 131-146. [CrossRef]

7. Engler-Chiurazzi, E.B.; Brown, C.M.; Povroznik, ]. M.; Simpkins, ].W. Estrogens as neuroprotectants: Estrogenic actions in the
context of cognitive aging and brain injury. Prog. Neurobiol. 2016, 157, 188-211. [CrossRef]

8.  Brann, DW.,; Lu, Y,; Wang, J.; Zhang, Q.; Thakkar, R.; Sareddy, G.R.; Pratap, U.P,; Tekmal, R.R.; Vadlamudi, R K. Brain-derived
estrogen and neural function. Neurosci. Biobehav. Rev. 2021, 132, 793-817. [CrossRef]

9. Naftolin, F.; Ryan, K.J.; Petro, Z. Aromatization of androstenedione by the diencephalon. J. Clin. Endocrinol. Metab. 1971, 33,
368-370. [CrossRef]

10. Callard, G.V,; Petro, Z.; Ryan, K.J. Phylogenetic Distribution of Aromatase and Other Androgen-Converting Enzymes in the
Central Nervous System. Endocrinology 1978, 103, 2283-2290. [CrossRef]

11.  Stoffel-Wagner, B.; Watzka, M.; Schramm, ].; Bidlingmaier, F.; Klingmidiller, D. Expression of CYP19 (aromatase) mRNA in different
areas of the human brain. J. Steroid Biochem. Mol. Biol. 1999, 70, 237-241. [CrossRef] [PubMed]

12.  Zhang, Q.-G.; Wang, R,; Tang, H.; Dong, Y.; Chan, A.; Sareddy, G.R.; Vadlamudi, R K.; Brann, D.W. Brain-derived estrogen
exerts anti-inflammatory and neuroprotective actions in the rat hippocampus. Mol. Cell. Endocrinol. 2014, 389, 84-91. [CrossRef]
[PubMed]

13. Azcoitia, I; Yague, J.G.; Garcia-Segura, L.M. Estradiol synthesis within the human brain. Neuroscience 2011, 191, 139-147.
[CrossRef]

14. Yague, ].G.; Mufoz, A.; de Monasterio-Schrader, P.; DeFelipe, J.; Garcia-Segura, L.M.; Azcoitia, I. Aromatase expression in the
human temporal cortex. Neuroscience 2006, 138, 389—401. [CrossRef]

15.  Yague, ].G.; Azcoitia, L.; DeFelipe, ].; Garcia-Segura, L.M.; Mufioz, A. Aromatase expression in the normal and epileptic human
hippocampus. Brain Res. 2010, 1315, 41-52. [CrossRef]

16. Naftolin, F; Horvath, T.L.; Jakab, R.L.; Leranth, C.; Harada, N.; Balthazart, ]. Aromatase Immunoreactivity in Axon Terminals
of the Vertebrate Brain. An immunocytochemical study on quail, rat, monkey and human tissues. Neuroendocrinology 1996, 63,
149-155. [CrossRef]

17. Garcia-Segura, L.M.; Wozniak, A.; Azcoitia, I.; Rodriguez, ]J.R.; Hutchison, R.E.; Hutchison, J.B. Aromatase expression by
astrocytes after brain injury: Implications for local estrogen formation in brain repair. Neuroscience 1999, 89, 567-578. [CrossRef]

18. Lu, Y, Sareddy, G.R.; Wang, J.; Zhang, Q.; Tang, F.-L.; Pratap, U.P.,; Tekmal, R.R.; Vadlamudi, R K.; Brann, D.W. Neuron-Derived

Estrogen Is Critical for Astrocyte Activation and Neuroprotection of the Ischemic Brain. J. Neurosci. 2020, 40, 7355-7374. [CrossRef]


https://doi.org/10.1152/physiol.00054.2015
https://doi.org/10.1146/annurev.physiol.64.081601.142703
https://doi.org/10.1007/s10571-018-0607-4
https://doi.org/10.1126/science.1106943
https://doi.org/10.1002/hipo.22475
https://doi.org/10.1016/j.neuroscience.2011.11.035
https://doi.org/10.1016/j.pneurobio.2015.12.008
https://doi.org/10.1016/j.neubiorev.2021.11.014
https://doi.org/10.1210/jcem-33-2-368
https://doi.org/10.1210/endo-103-6-2283
https://doi.org/10.1016/S0960-0760(99)00114-4
https://www.ncbi.nlm.nih.gov/pubmed/10622413
https://doi.org/10.1016/j.mce.2013.12.019
https://www.ncbi.nlm.nih.gov/pubmed/24508637
https://doi.org/10.1016/j.neuroscience.2011.02.012
https://doi.org/10.1016/j.neuroscience.2005.11.054
https://doi.org/10.1016/j.brainres.2009.09.111
https://doi.org/10.1159/000126951
https://doi.org/10.1016/S0306-4522(98)00340-6
https://doi.org/10.1523/JNEUROSCI.0115-20.2020

Biology 2023, 12, 621 11 of 12

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

Mehos, C.J.; Nelson, L.H.; Saldanha, C.J. A Quantification of the Injury-Induced Changes in Central Aromatase, Oestrogenic
Milieu and Steroid Receptor Expression in the Zebra Finch. J. Neuroendocr. 2016, 28, 12348. [CrossRef]

Peterson, R.S.; Saldanha, C.J.; Schlinger, B.A. Rapid Upregulation of Aromatase mRNA and Protein Following Neural Injury in
the Zebra Finch (Taeniopygia guttata ). J. Neuroendocr. 2001, 13, 317-323. [CrossRef]

Wang, J.; Sareddy, G.R.; Lu, Y.; Pratap, U.P; Tang, F; Greene, KM.; Meyre, P.L.; Tekmal, R.R.; Vadlamudi, R K.; Brann, D.W.
Astrocyte-Derived Estrogen Regulates Reactive Astrogliosis and is Neuroprotective following Ischemic Brain Injury. J. Neurosci.
2020, 40, 9751-9771. [CrossRef]

Roselli, C.E.; Ellinwood, W.E.; Resko, ]J.A. Regulation of Brain Aromatase Activity in Rats. Endocrinology 1984, 114, 192-200.
[CrossRef]

Biegon, A.; Alexoff, D.L.; Kim, S.W.; Logan, J.; Pareto, D.; Schlyer, D.; Wang, G.J.; Fowler, J.S. Aromatase imaging with
[N-methyl-11C]vorozole PET in healthy men and women. . Nucl. Med. 2015, 56, 580-585. [CrossRef]

Naftolin, F. Brain aromatization of androgens. J. Reprod. Med. 1994, 39, 257-261.

Balthazart, J.; Baillien, M.; Charlier, T.D.; Ball, G.F. Calcium-dependent phosphorylation processes control brain aromatase in
quail. Eur. J. Neurosci. 2003, 17, 1591-1606. [CrossRef]

Balthazart, J.; Baillien, M.; Ball, G.F. Rapid Control of Brain Aromatase Activity by Glutamatergic Inputs. Endocrinology 2006, 147,
359-366. [CrossRef]

Kretz, O.; Fester, L.; Wehrenberg, U.; Zhou, L.; Brauckmann, S.; Zhao, S.; Prange-Kiel, J.; Naumann, T.; Jarry, H.; Frotscher, M.;
et al. Hippocampal Synapses Depend on Hippocampal Estrogen Synthesis. . Neurosci. 2004, 24, 5913-5921. [CrossRef]

Grassi, S.; Tozzi, A.; Costa, C.; Tantucci, M.; Colcelli, E.; Scarduzio, M.; Calabresi, P.; Pettorossi, V.E. Neural 17beta-estradiol
facilitates long-term potentiation in the hippocampal CA1 region. Neuroscience 2011, 192, 67-73. [CrossRef]

Azcoitia, I; Sierra, A.; Veiga, S.; Honda, S.-I.; Harada, N.; Garcia-Segura, L.M. Brain aromatase is neuroprotective. |. Neurobiol.
2001, 47, 318-329. [CrossRef]

Wynne, R.D.; Saldanha, C.J. Glial Aromatization Decreases Neural Injury in the Zebra Finch (Taeniopygia guttata): Influence on
Apoptosis. |. Neuroendocr. 2004, 16, 676-683. [CrossRef]

Wynne, R.D.; Walters, B.].; Bailey, D.J.; Saldanha, C.J. Inhibition of injury-induced glial aromatase reveals a wave of secondary
degeneration in the songbird brain. Glia 2007, 56, 97-105. [CrossRef] [PubMed]

Brann, D.W.; Lu, Y.; Wang, J.; Sareddy, G.R; Pratap, U.P,; Zhang, Q.; Tekmal, R.R.; Vadlamudi, R.K. Neuron-Derived Estrogen—A
Key Neuromodulator in Synaptic Function and Memory. Int. . Mol. Sci. 2021, 22, 13242. [CrossRef] [PubMed]

McCullough, L.D.; Blizzard, K.; Simpson, E.R ; Oz, O.K,; Hurn, PD. Aromatase Cytochrome P450 and Extragonadal Estrogen
Play a Role in Ischemic Neuroprotection. J. Neurosci. 2003, 23, 8701-8705. [CrossRef] [PubMed]

Lu, Y; Sareddy, G.R.; Wang, ].; Wang, R.; Li, Y,; Dong, Y.; Zhang, Q.; Liu, J.; O’Connor, ].C.; Xu, J.; et al. Neuron-Derived Estrogen
Regulates Synaptic Plasticity and Memory. J. Neurosci. Off. ]. Soc. Neurosci. 2019, 39, 2792-2809. [CrossRef]

Casper, K.B.; McCarthy, K.D. GFAP-positive progenitor cells produce neurons and oligodendrocytes throughout the CNS. Mol.
Cell. Neurosci. 2006, 31, 676—684. [CrossRef]

Jahn, HM.; Kasakow, C.V.; Helfer, A.; Michely, J.; Verkhratsky, A.; Maurer, H.H.; Scheller, A.; Kirchhoff, F. Refined protocols of
tamoxifen injection for inducible DNA recombination in mouse astroglia. Sci. Rep. 2018, 8, 1-11. [CrossRef]

Cheong, R.Y.; Porteous, R.; Chambon, P.; Abraham, I.; Herbison, A.E. Effects of neuron-specific estrogen receptor (ER) alpha and
ERbeta deletion on the acute estrogen negative feedback mechanism in adult female mice. Endocrinology 2014, 155, 1418-1427.
[CrossRef]

de Pablo, Y.; Nilsson, M.; Pekna, M.; Pekny, M. Intermediate filaments are important for astrocyte response to oxidative stress
induced by oxygen—glucose deprivation and reperfusion. Histochemistry 2013, 140, 81-91. [CrossRef]

Zhao, S.-C.; Ma, L.-S.; Chu, Z.-H.; Xu, H.; Wu, W.-Q.; Liu, F. Regulation of microglial activation in stroke. Acta Pharmacol. Sin.
2017, 38, 445-458. [CrossRef]

Li, T.; Zhao, ].; Xie, W.; Yuan, W.; Guo, J.; Pang, S.; Gan, W.-B.; Gémez-Nicola, D.; Zhang, S. Specific depletion of resident microglia
in the early stage of stroke reduces cerebral ischemic damage. |. Neuroinflammation 2021, 18, 1-15. [CrossRef]

McEwen, B.; Akama, K.; Alves, S.; Brake, W.G.; Bulloch, K;; Lee, S.; Li, C.; Yuen, G.; Milner, T.A. Tracking the estrogen receptor
in neurons: Implications for estrogen-induced synapse formation. Proc. Natl. Acad. Sci. USA 2001, 98, 7093-7100. [CrossRef]
[PubMed]

Waters, E.M.; Thompson, L.I; Patel, P.; Gonzales, A.D.; Ye, H.; Filardo, E.J.; Clegg, D.J.; Gorecka, J.; Akama, K.T.; McEwen,
B.S.; et al. G-Protein-Coupled Estrogen Receptor 1 Is Anatomically Positioned to Modulate Synaptic Plasticity in the Mouse
Hippocampus. J. Neurosci. 2015, 35, 2384-2397. [CrossRef] [PubMed]

Engler-Chiurazzi, E.B.; Singh, M.; Simpkins, ].W. Reprint of: From the 90’s to now: A brief historical perspective on more than
two decades of estrogen neuroprotection. Brain Res. 2016, 1645, 79-82. [CrossRef] [PubMed]

Zhao, T-Z.; Shi, F; Hu, J.; He, S.-M,; Ding, Q.; Ma, L.-T. GPER1 mediates estrogen-induced neuroprotection against oxygen-glucose
deprivation in the primary hippocampal neurons. Neuroscience 2016, 328, 117-126. [CrossRef]

Traystman, R.J. Animal Models of Focal and Global Cerebral Ischemia. ILAR ]. 2003, 44, 85-95. [CrossRef]

McGinn, M.J.; Povlishock, J.T. Pathophysiology of Traumatic Brain Injury. Neurosurg. Clin. N. Am. 2016, 27, 397-407. [CrossRef]


https://doi.org/10.1111/jne.12348
https://doi.org/10.1046/j.1365-2826.2001.00647.x
https://doi.org/10.1523/JNEUROSCI.0888-20.2020
https://doi.org/10.1210/endo-114-1-192
https://doi.org/10.2967/jnumed.114.150383
https://doi.org/10.1046/j.1460-9568.2003.02598.x
https://doi.org/10.1210/en.2005-0845
https://doi.org/10.1523/JNEUROSCI.5186-03.2004
https://doi.org/10.1016/j.neuroscience.2011.06.078
https://doi.org/10.1002/neu.1038
https://doi.org/10.1111/j.1365-2826.2004.01217.x
https://doi.org/10.1002/glia.20594
https://www.ncbi.nlm.nih.gov/pubmed/17955551
https://doi.org/10.3390/ijms222413242
https://www.ncbi.nlm.nih.gov/pubmed/34948039
https://doi.org/10.1523/JNEUROSCI.23-25-08701.2003
https://www.ncbi.nlm.nih.gov/pubmed/14507969
https://doi.org/10.1523/JNEUROSCI.1970-18.2019
https://doi.org/10.1016/j.mcn.2005.12.006
https://doi.org/10.1038/s41598-018-24085-9
https://doi.org/10.1210/en.2013-1943
https://doi.org/10.1007/s00418-013-1110-0
https://doi.org/10.1038/aps.2016.162
https://doi.org/10.1186/s12974-020-02040-8
https://doi.org/10.1073/pnas.121146898
https://www.ncbi.nlm.nih.gov/pubmed/11416193
https://doi.org/10.1523/JNEUROSCI.1298-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25673833
https://doi.org/10.1016/j.brainres.2016.06.016
https://www.ncbi.nlm.nih.gov/pubmed/27317847
https://doi.org/10.1016/j.neuroscience.2016.04.026
https://doi.org/10.1093/ilar.44.2.85
https://doi.org/10.1016/j.nec.2016.06.002

Biology 2023, 12, 621 12 0of 12

47. Arevalo, M.-A.; Azcoitia, I.; Garcia-Segura, L.M. The neuroprotective actions of oestradiol and oestrogen receptors. Nat. Rev.
Neurosci. 2014, 16, 17-29. [CrossRef]

48. Duncan, K.A,; Saldanha, C.J. Central aromatization: A dramatic and responsive defense against threat and trauma to the
vertebrate brain. Front. Neuroendocr. 2020, 56, 100816. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/nrn3856
https://doi.org/10.1016/j.yfrne.2019.100816

	Introduction 
	Materials and Methods 
	Generation of a Mouse Model of Inducible Astrocyte-Specific Aromatase Knockout 
	Induction of Aromatase Deletion in the GFAP-ARO-iKO Mice 
	Global Cerebral Ischemia 
	Tissue Sample Collection and Astrocyte Purification 
	Cell Lysates Preparation and Western Blotting 
	Immunohistochemistry (IHC) 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

