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Abstract

Background: Tibolone is a synthetic steroid used in clinical practice for the treatment of climacteric symptoms and
osteoporosis. Active metabolites of tibolone, generated in target tissues, have an affinity for estrogen and androgen
receptors. Astrocytes are direct targets for estrogenic compounds and previous studies have shown that tibolone protects
brain cortical neurons in association with a reduction in reactive astrogliosis in a mouse model of traumatic brain injury.
Since phagocytosis is a crucial component of the neuroprotective function exerted by astrocytes, in the present study, we
have assessed whether tibolone regulates phagocytosis in primary astrocytes incubated with brain-derived cellular debris.

Methods: Male and female astrocyte cell cultures were obtained from newbormn (P0-P2) female and male Wistar rats.
Astrocytic phagocytosis was first characterized using carboxylate beads, Escherichia coli particles, or brain-derived cellular
debris. Then, the effect of tibolone on the phagocytosis of Cy3-conjugated cellular debris was quantified by measuring the
intensity of Cy3 dye-emitted fluorescence in a given GFAP immunoreactive area. Before the phagocytosis assays, astrocytes
were incubated with tibolone in the presence or absence of estrogen or androgen receptor antagonists or an inhibitor of
the enzyme that synthesizes estradiol. The effect of tibolone on phagocytosis was analyzed under basal conditions and after
inflammatory stimulation with lipopolysaccharide.

Results: Tibolone stimulated phagocytosis of brain-derived cellular debris by male and female astrocytes, with the effect
being more pronounced in females. The effect of tibolone in female astrocytes was blocked by a selective estrogen receptor
B antagonist and by an androgen receptor antagonist. None of these antagonists affected tibolone-induced phagocytosis in
male astrocytes. In addition, the inhibition of estradiol synthesis in the cultures enhanced the stimulatory effect of tibolone
on phagocytosis in male astrocytes but blocked the effect of the steroid in female cells under basal conditions. However,
after inflammatory stimulation, the inhibition of estradiol synthesis highly potentiated the stimulation of phagocytosis by
tibolone, particularly in female astrocytes.

Conclusions: Tibolone exerts sex-specific regulation of phagocytosis in astrocytes of both sexes, both under basal
conditions and after inflammatory stimulation.
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Background

Tibolone is a synthetic steroid that is currently used in
clinical practice for the treatment of climacteric symp-
toms and to prevent osteoporosis in postmenopausal
women [1, 2]. In addition to some reports suggesting
that tibolone may improve semantic memory and cogni-
tion in postmenopausal women [3-6], neuroprotective
actions of the steroid have been reported in different
animal and cellular models. Thus, tibolone improves
cognition deficits and decreases CAl dendritic spine
pruning caused by ovariectomy in female rats [7, 8] and
in male rats exposed to ozone improves memory and
protects the hippocampus from oxidative stress and cho-
linergic alterations [9, 10].

In vitro studies have shown that tibolone exerts protect-
ive actions on glial cell lines. Thus, the steroid reduces in-
flammation and prevents oxidative damage in BV-2
microglia exposed to palmitic acid [11] and protects T98G
cells from glucose deprivation and palmitic acid toxicity
[12-14], reducing oxidative stress and preserving mito-
chondrial membrane potential [14, 15]. Furthermore, tibo-
lone decreases in vivo the reactive response of microglia
and astrocytes after a stab wound lesion of the cerebral
cortex in ovariectomized female mice [16].

Tibolone is metabolized in the liver and other tissues, in-
cluding the brain, in three active steroids: 3a- and 3f-
hydroxytibolone and A4-tibolone. 3a- and 3f-hydroxytibolone
have an affinity for estrogen receptors (ERs), while A4-
tibolone binds to androgen and progesterone receptors [17,
18]. Previous studies have shown that tibolone 3-hydroxy me-
tabolites activate ERs in human primary astrocytes [19] and
that ERs, mainly ERf, mediate different actions of tibolone on
T98G astrocyte-like cells [14, 15]. The direct actions of tibo-
lone on astrocytes and astrocyte-like cells through ERs, to-
gether with the decreased neuronal loss in association with a
reduction of reactive astrogliosis in the injured cortex of
tibolone-treated mice [16], suggest that astrocytes may be in-
volved in the neuroprotective actions of the steroid. Indeed, it
is known that astrocytes mediate the neuroprotective actions
of estradiol and other ER ligands in different CNS (central
nervous system) pathologies [20, 21].

Phagocytosis is a crucial component of the control
exerted by astrocytes to maintain CNS homeostasis. It
contributes to physiological neuronal and synaptic prun-
ing during development and adulthood [22-27] and to
the remodeling of myelin and the clearance of cellular
debris under pathological conditions [23, 26, 28, 29].
Phagocytosis is, in fact, essential for the homeostatic
function of astrocytes and a decreased phagocytic activ-
ity is one of the characteristics of those reactive astro-
cytes that lose their neuroprotective function [30].

Regulation of microglia phagocytosis is known to con-
tribute to neuroprotective estrogenic actions [31-33].
However, it is unknown if astrocyte phagocytosis is also
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regulated by estrogenic compounds. Thus, in the present
study, we have assessed whether tibolone regulates phago-
cytosis in astrocytes, using primary mouse astroglia cul-
tures incubated with cellular debris derived from
hippocampus. Since astrocytes show different molecular
and morphological sex differences [34—40], our study was
conducted on cultures obtained separately from male and
female animals. The findings indicate that tibolone en-
hances phagocytosis in primary astrocytes under resting
and inflammatory conditions. The effect of tibolone on
phagocytosis involves different molecular mechanisms in
male and female astrocytes and it is modulated by the en-
dogenous balance of testosterone and estradiol.

Methods

Animals

Wistar rats from the Institute Cajal colony were used for
this study. Animals were housed under controlled
temperature (22 +2°C) and light (12-h light/dark cycle)
conditions and with food and water available ad libitum.
Animals procedures followed the European Parliament
and Council Directive (2010/63/EU) and the Spanish
regulation (R.D. 53/2013 and Ley 6/2013, 11th June) on
the protection of animals for experimental use and were
approved by our institutional animal use and care com-
mittee (Comité de Etica de Experimentacién Animal del
Instituto Cajal) and by the Consejeria del Medio Ambiente
y Territorio (Comunidad de Madrid, PROEX 134/17).

Astrocyte and microglia cultures

Primary cultures of forebrain astrocytes were obtained
from newborn (P0) to 2-day-old (P2) male and female
pups. Animals were sexed via measurement of anogeni-
tal distance, the brain was extracted, meninges were re-
moved and the cerebral cortex was isolated under a
dissected microscope. Dissociated cortical cells from male
or female pups were plated separately in 75-cm? flasks,
coated with 10 ug/ml poly-L-lysine and grown at 37°C
and 5% CO, in Dulbecco’s Modified Eagle’s Medium
(DMEM, ThermoFisher Scientific, Madrid) supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 10%
heat-inactivated horse serum, and antibiotic-antimycotic
(DMEM 10:10:1) [41]. After reaching confluence, cells
were shaken at 280 rpm for 16 h at 37 °C. The supernatant
was collected for preparation of microglia cultures and
cells that remained attached to the flask were kept in the
incubator for the later isolation of astrocytes. For micro-
glia cultures, the supernatant was centrifuged for 10 min
at 280 g. Purified microglia were plated at a density of 25,
000 cells/cm® on poly-L-lysine (10 pg/ml)-coated glass
coverslips and maintained at 37 °C and 5% CO, in phenol
red-free and antibiotic-free RPMI medium (GIBCO, Ther-
moFisher Scientific), supplemented with 1% heat-
inactivated FBS. For astrocyte cultures, cells that remained
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attached to the flask were treated for 20 min at 37 °C with
10% trypsin-EDTA. Then, detached cells were centrifuged
for 10 min at 280 g. Purified astrocytes were plated at a
density of 10,000 cells/cm® on poly-L-lysine (10 pg/ml)-
coated glass coverslips and maintained at 37 °C and 5%
CO, in phenol red-free and antibiotic-free DMEM
medium (GIBCO), supplemented with 1% heat-
inactivated FBS, sodium pyruvate (1 mM, GIBCO), and L-
glutamine (10 mM, GIBCO).

Pharmacological treatments

Astrocytes were incubated for 6h in DMEM with 10%
FBS and then 15 h with the following test compounds, ei-
ther alone or in combination in DMEM 0.1% FBS: tibo-
lone (100 nM; Sigma-Aldrich); ERa antagonist 1,3-Bis(4-
hydroxyphenyl)-4-methyl-5-[4-(2-piperidyletoxy) phenol]-
1H-pyrazole (MPP, 100 nM; Sigma-Aldrich); the ERB an-
tagonist 4-[2-phenyl-5,7-bis (trifluoromethyl) pyrazolo [1,
5-a] pyrimidin-3-yl] phenol (PHTPP, 100 nM; Tocris, Bris-
tol); the G-protein-coupled ER (GPER) antagonist (3aS,4R,
9bR)-4-(6-bromo-1,3-benzodioxol-5-yl)-3,4,5,9B-tetrahy-
dro-3H-cyclopenta[c]quinolone (G15, 100nM; Tocris);
the androgen receptor antagonist flutamide (100nM;
Tocris); or the aromatase inhibitor letrozole (100 nM;
Tocris). Twenty-four hours before phagocytosis assay as-
trocytes were incubated with DMEM serum-free medium
with the previous compounds plus lipopolysaccharide
(LPS) isotype 0O26:B6 (1pg/ml; Sigma-Aldrich, Tres
Cantos, Madrid). The concentrations used for the test
compounds were chosen on the basis of previous studies
[11, 42]. After the incubation with the test compounds,
phagocytosis activity was assessed as indicated below.

Preparation of Cy3 conjugated brain-derived cellular
debris

Cellular debris was obtained from male and female mouse
embryonic day 17 hippocampi. The hippocampi were dis-
sected out and dissociated to single cells after digestion
for 15 min with 0.5% of trypsin (Worthington Biochemi-
cals, Freehold, NJ) and DNase I (Sigma-Aldrich). Cells
were then centrifuged at 280 g rpm for 5 min and the pel-
let was resuspended in 1ml of Neurobasal culture
medium (Invitrogen, ThermoFisher Scientific). The cell
suspension was sonicated at 20 kHz for 2 s and the cellular
debris were labeled using Cy™3 (Mono-Reactive Dye Pack;
Amersham Biosciences, VWR, Radnor, PA) according to
the manufacturer’s instructions. Cy3 conjugated cellular
debris was stored at 4 °C until their use.

Phagocytosis assays

The phagocytosis activity of primary astrocytes or
microglia was assessed using carboxylate beads, Escheri-
chia coli (E. coli) particles or brain-derived cellular deb-
ris to mimic unspecific phagocytosis, phagocytosis
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activated by bacterial pathogens or phagocytosis acti-
vated by neural cell signals, respectively. Thus, primary
astrocyte or microglia cultures were incubated for 1h at
37 °C with either 1 pl/ml Fluoresbrite® yellow green (YG)
Carboxylate Microspheres (1.00 um; Polysciences, Inc.,
Warminster, PA), pH-sensitive pHrodo™ Green E. coli
BioParticles™ Conjugate (2pul/ml; Fisher Scientific) or
mouse Cy3-conjugated brain-derived cellular debris
(10 pl/ml). In the latter case, male and female astrocyte or
microglia cultures were incubated with cellular debris ob-
tained from male and female hippocampi, respectively.
For the negative control group, astrocyte culture was
placed on ice and then the pre-cooled cell debris was
added and incubated on ice for 1 h. Cell cultures were ob-
served in a Leica DMI6000 fluorescent microscope
equipped with a Leica DFC350 FX digital camera and with
a Leica TCS SP5 direct confocal microscope. Astrocytes
and microglial cellular profiles were recognized by phase-
contrast microscopy. In addition, astrocytes for quantita-
tive image analysis were recognized by anti-glial fibrillary
acidic protein (GFAP) labeling (see next sections).

Immunocytochemistry

After the incubation with fluorescent beads, E. coli parti-
cles or brain-derived cellular debris, astrocyte cultures
were washed twice with phosphate-buffered saline (PBS)
and fixed for 20 min at room temperature with 4% para-
formaldehyde in PBS. After several washes with PBS-
gelatin and permeabilized with PBS-triton x-100, astrocyte
cultures were incubated with rabbit GFAP protein anti-
body (diluted 1:1000; DAKO, Agilent, Santa Clara, CA),
followed by incubation with a goat anti-rabbit Alexa488-
conjugated secondary antibody (1:1000; Jackson Immuno-
Research Europe Ltd., Ely, Cambridgeshire). After washing
with PBS, glass coverslips were mounted on slides with
Vectashield antifade mounting medium containing DAPI
(Vector Laboratories, Burlingame, CA).

Image analysis

Internalization of fluorescent beads, E. coli particles and
cellular debris within the cytoplasm of GFAP immunore-
active cells was confirmed by assessing yellow green,
pHrodo™ Green and Cy3 dye-emitted fluorescence, re-
spectively, in Z-stack images that were visualized and
photographed on a Leica TCS-SP5 confocal system.
Then, image analysis of the astrocyte cultures was per-
formed on microphotographs obtained on a Leica
DMI6000 fluorescent microscope using a x 20 objective
and a Leica DFC350 FX digital camera. All microphoto-
graphs for quantitative analysis were taken with the
same intensity and exposure. Fluorescence intensity was
assessed using the Fiji imaging processing package (Ima-
ge] 1.52n, National Institutes of Health, USA). The
amount of cellular internalization of Cy3-conjugated
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cellular debris was quantified by measuring the intensity
of Cy3 dye-emitted fluorescence in a given GFAP immu-
noreactive area. Cell images were obtained from at least
4 independent cultures for each experimental group.
Ten random images were obtained for each culture and
experimental condition and between 150 and 1000 cells
were analyzed per experimental group.

Statistical analysis

Data are presented as median + ranges, since the values
obtained in the phagocytosis assays did not follow a nor-
mal distribution. The ranges included the highest and
lowest values of intensity, including both phagocytic and
non-phagocytic cells in the analysis. Statistical analyses
were performed using GraphPad Prism software version
5.0 for Windows. Differences between two experimental
groups were analyzed by Mann-Whitney U test. To
compare three or more groups, the Kruskal-Wallis test,
followed by the post hoc Dunn’s test, was used. Differ-
ences were considered statistically significant at p < 0.05.
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The n for statistical analysis was the number of cells
(n=150-1000 cells per experimental group). Differences
between proportion of phagocytic and non-phagocytic
cells were studied using Fisher’s exact test.

Results
Characterization of the phagocytic activity of primary
astrocytes
Astrocyte cultures were incubated for 1h with fluores-
cent beads, E. coli particles or brain-derived cellular deb-
ris to evaluate its phagocytic activity. Microglial cell
cultures, incubated under the same conditions, were
used as positive controls. Figure 1 a shows a representa-
tive Z-stack image of the phagocytosis of fluorescent
beads by an astrocyte. As shown in the figure, the num-
ber of beads engulfed by astrocytes was almost zero. In
contrast, numerous internalized fluorescent beads were
observed in microglia (Fig. 1b).

Figure 1 ¢ and d show representative examples of the
phagocytosis of E. coli particles by astrocytes in a

Fig. 1 Phagocytosis of fluorescent beads and E. coli particles. a Fluorescence microscopic image of an astrocyte marked with anti-GFAP antibody
(red) after incubation with fluorescent beads (green). b Fluorescence microscopic image of a cell of microglia marked with anti-lbal antibody
(red) after incubation with fluorescent beads (green). ¢ Confocal projection image of an astrocyte after £. coli (green) phagocytosis. d Z-stack
image of the same astrocyte. The dotted line delineates the limits of the cell cytosol. Cell nuclei were stained with DAPI. Scale bar 25 um
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Fig. 2 Phagocytosis of brain-derived cellular debris. a Confocal projection image of a GFAP (green) immunostained astrocyte after the
phagocytosis of cellular debris (red). b Z-stack image of the same astrocyte. ¢ Confocal image in xy, xz, and yz planes of an astrocyte after the
phagocytosis of cellular debris. d Negative control of astrocytic phagocytosis of cellular debris at 4 °C marked with anti-GFAP antibody (green),
Cy3 (red), and DAPI (blue). e Negative control of astrocytic phagocytosis of cellular debris at 4 °C marked with Cy3 (red) and DAPI (blue). Scale
bar 25 um
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Fig. 3 Tibolone stimulates phagocytosis of brain-derived cellular debris in male and female astrocytes. Representative confocal images of male
and female astrocyte cultures treated for 39 h with tibolone or control medium and then incubated for 1 h with Cy3-conjugated brain-derived
cellular debris (red) and immunostained for GFAP (green). Cell nuclei were stained with DAPI. Scale bar 50 um

J

projection and in a Z-stack image, respectively. In con-
trast to the low phagocytosis of fluorescent beads, numer-
ous bacterial particles were phagocyted by astrocytes.
Astrocytes were also able to efficiently phagocyte brain-
derived cellular debris, as illustrated by Fig. 2 a (projection
image), b (Z-stack image), and c (image in xy, xz, and yz
planes). Microglial cells were also able to phagocytose nu-
merous bacterial particles and cellular debris (not shown).
Astrocytic phagocytosis was performed in a specific man-
ner due to negative control was not able to phagocytose
cellular debris at 4 °C (Fig. 24, e).

From these experiments, we may conclude that, at least
under our culture conditions, primary astrocytes were able
to internalize E. coli particles and cellular debris, but they

did not internalize carboxylated beads as efficiently as pri-
mary microglia. After the confirmation that astrocyte
phagocytic activity can be studied in monolayer cultures,
only the phagocytosis of brain-derived cellular debris was
assessed in the following experiments.

Tibolone stimulates the phagocytosis of brain-derived
cellular debris by male and female astrocytes

Figure 3 shows representative images of the internaliza-
tion of Cy3-conjugated cellular debris by male and fe-
male astrocytes under control conditions and after the
treatment for 39 h with tibolone. As shown in the figure,
intracellular Cy3 labeling (red fluorescence signal) was
similar in male and female astrocytes under basal
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Fig. 4 Quantitative analysis of the effect of tibolone on the
phagocytosis of brain-derived cellular debris. Cy3 fluorescence
intensity per cell in male and female astrocytes treated for 39 h with
tibolone or control medium and then incubated for 1 h with Cy3-
conjugated brain-derived cellular debris. Data are presented as
median =+ ranges. Significant differences: ***p < 0.001 versus the
control groups, “p < 0.001 versus the male group treated
with tibolone

conditions and was more intense in the astrocytes
treated with tibolone than in control astrocytes.

The results of the quantitative analysis of the effect of
tibolone on the internalization of cellular debris by astro-
cytes are shown in Fig. 4. The amount of Cy3 internaliza-
tion was similar in male and female astrocytes under basal
conditions. Only a small proportion of cells showed no cel-
lular debris internalization and this proportion of non-
phagocytic cells was similar in male and female cultures
(4.91% and 2.87%, respectively; p = 0.68). Tibolone exerted
a significant stimulatory effect on the internalization of Cy3
labeling in both male and female astrocytes, with the effect
being significantly higher in female than in male astrocytes
(Fig. 4). The stimulatory effect of tibolone on astrocyte
phagocytosis was not due to a difference in the proportion
of non-phagocytic cells, which was not significantly affected
by the steroid (1.17% and 3.68% of tibolone-treated male
and female cells, respectively; p = 0.62).

Role of estrogen and androgen receptors in the
regulation of phagocytosis by tibolone

Tibolone could exert its effects through different steroid
receptors, including ERs and androgen receptor [17, 43].
To determine whether ERs or androgen receptor was in-
volved in the regulation of phagocytosis by tibolone
under basal conditions, astrocyte cultures were treated
with selective receptor antagonists for 1 h and then with
tibolone or control medium for additional 39 h. The fol-
lowing receptor antagonists were tested: the ERa antag-
onist MPP (100 nM), the ERP antagonist PHTPP (100
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nM), the GPER antagonist G15 (100 nM), and the an-
drogen receptor antagonist flutamide (100 nM).

As shown in Fig. 5 a, none of the tested receptor an-
tagonists was able to significantly modify the effect of
tibolone on Cy3 internalization by male astrocytes. In
contrast, both the ERB antagonist PHTPP and the an-
drogen receptor antagonist flutamide blocked the effect
of tibolone on the phagocytosis of cellular debris by fe-
male astrocytes (Fig. 5b). These findings indicate that
the effect of tibolone on the phagocytosis of cellular deb-
ris by primary astrocytes is not a simple estrogenic effect
and it involves different mechanisms in male and female
cells. Furthermore, both the ERa antagonist MPP and
flutamide exerted, per se, a significant inhibitory effect
on the phagocytosis of cellular debris by female astro-
cytes, suggesting that the activation of steroid receptors
by endogenous signals is involved in the regulation of
phagocytosis in these cells.

Aromatase inhibition has opposite outcomes on the
regulation of phagocytosis by tibolone in male and
female astrocytes

Astrocytes have the machinery to synthesize steroids, in-
cluding testosterone and its metabolite estradiol, from
cholesterol [44, 45]. The production of estradiol from
testosterone is mediated by the enzyme aromatase,
whose activity has been reported to be higher in female
astrocytes [46]. The observed effects of the antagonists
of ERa and androgen receptor on the basal internaliza-
tion of Cy3-conjugated cellular debris suggest that the
endogenous ligands of these receptors may be involved
in the regulation of phagocytosis. To explore this possi-
bility, astrocytes were incubated for 40 h with control
medium or letrozole, an aromatase inhibitor, in the pres-
ence or absence of tibolone.

The incubation of the cultures with letrozole resulted
in a significant increase in the internalization of Cy3 in
both male and female astrocytes (Fig. 6), with the effect
being more pronounced in female cells. The increased
internalization of Cy3 in the astrocytes incubated with
letrozole suggests that endogenous estradiol reduces
phagocytosis, or, alternatively, it may be interpreted as
the result of the stimulation of phagocytosis by endogen-
ous testosterone accumulated in the cultures as a conse-
quence of the inhibition of aromatase [47]. In addition,
letrozole enhanced the stimulatory effect of tibolone on
Cy3 labeling of male astrocytes (Fig. 6a) but blocked the
effect of tibolone in female astrocytes (Fig. 6b), reducing
significantly the proportion on non-phagocytic female
cells (from 3.69% in tibolone-treated cells to 15.32% in
cells treated with tibolone and letrozole; p =0.0052).
This suggests that the balance in the endogenous levels
of testosterone and estradiol had different outcomes for
the effects of tibolone on male and female cells.
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Sex differences in the effect of tibolone on phagocytosis
in astrocytes stimulated with LPS
In the next experiment, we assessed the effect of
tibolone on astrocyte phagocytosis under an immune
challenge. Thus, astrocytes were treated with tibo-
lone for 15h and then with LPS for an additional
24h. A significant sex difference was observed in
Cy3 internalization of astrocytes after LPS stimula-
tion. Thus, LPS significantly stimulated Cy3 labeling
in male astrocytes, compared to basal conditions
(Figs. 7 and 8a). In contrast, LPS exerted a signifi-
cant inhibitory effect on Cy3 labeling of female as-
trocytes (Figs. 7 and 8b), increasing the proportion
of non-phagocytic female cells from 2.87% in basal
conditions to 10.24% after LPS treatment (p = 0.033).
Compared to control cells, tibolone stimulated
phagocytosis in male and female astrocytes, both
under basal conditions and after LPS stimulation.

However, tibolone modulated the effect of LPS in
both male (Fig. 8a) and female (Fig. 8b) cells, redu-
cing phagocytosis in LPS-stimulated male astrocytes
and increasing phagocytosis in LPS-stimulated female
cells to the levels observed after the treatment with
tibolone alone.

Aromatase inhibition enhances the stimulatory effect of
tibolone on phagocytosis in LPS-stimulated astrocytes of
both sexes

In the following experiment, we studied the effects of
LPS and tibolone in the presence of letrozole (Fig. 9).
In male astrocytes, the incubation with letrozole sig-
nificantly decreased the stimulatory effect of LPS on
Cy3 internalization to a level that, however, was still
higher than in control cultures. In contrast, letrozole
significantly increased Cy3 labeling in LPS-treated fe-
male astrocytes over the control values and over the
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Fig. 6 Quantitative analysis of the effect of tibolone and the
aromatase inhibitor letrozole on the phagocytosis of brain-derived
cellular debris. Cy3 fluorescence intensity per cell in male (a) and
female (b) astrocytes treated for 39 h with tibolone, tibolone and/or
letrozole, or control medium. Cells were then incubated for 1 h with
Cy3-conjugated brain-derived cellular debris. Data are presented as
median =+ ranges. Significant differences: ***p < 0.001 versus the
control group of the same sex, **°p < 0,001, **p <001, °p < 0.05
versus the tibolone group of the same sex, ®®®p < 0.001 versus the
letrozole group of the same sex, “*p < 0,001, #p < 0.01 versus the
same experimental group of the other sex, being annotated in the
group with higher median

values of the cultures treated with LPS alone (Fig. 9).
Under these conditions, the addition of tibolone re-
sulted in a striking increase in Cy3 labeling in both
sexes (Fig. 9). Thus, Cy3 labeling in the cultures
treated with letrozole, LPS, and tibolone reached
significantly higher values than in the cultures
treated with LPS alone, LPS and tibolone, LPS and
letrozole, or control medium (Fig. 9). In addition,
Cy3 labeling was significantly higher in female than
in male astrocytes after the treatment with letro-
zole, LPS, and tibolone (Fig. 9).
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Discussion

Recent evidence indicates that the phagocytic activity of
astrocytes is involved in CNS remodeling under physio-
logical and pathological conditions [24, 27, 28, 30, 48].
In the present study, we have confirmed the results of
previous reports showing that astrocyte phagocytic activ-
ity can be assessed in monolayer cultures [49-51]. In
addition, we show that tibolone stimulates the phagocyt-
osis of brain-derived cellular debris by male and female
astrocytes, both under basal conditions and after stimu-
lation with LPS.

Our findings indicate that astrocytes have a similar
basal phagocytic activity in both sexes, in contrast to
what it has been reported for microglia and peripheral
immune cells, where females have higher phagocytosis
levels compared to males [52-54]. Tibolone stimulated
phagocytosis in male and female astrocytes, with a sig-
nificantly higher effect in female cells. The bigger effect
of tibolone on female astrocytes may be due to sex dif-
ferences in tibolone signaling. It is important to mention
that previous studies on the effects of tibolone in the
CNS have been mostly conducted in women or in fe-
male animals [2]. Thus, the mechanisms of tibolone ac-
tion in male neural cells remain unexplored.

Previous studies have shown that tibolone exerts dif-
ferent actions in astrocyte cell lines by the activation of
ERs, mainly through ERP [14, 15]. In agreement with
these previous reports, we observed that PHTPP, an ERB
antagonist, blocked the action of tibolone on phagocyt-
osis in female astrocytes. In contrast, none of the tested
ER antagonists were able to modify the effect of tibolone
on phagocytosis in male astrocytes, suggesting that the
action of the steroid in the cells of this sex either re-
quires the combined activation of several ERs or is medi-
ated by other receptors. Therefore, we also studied the
effect of flutamide, an antagonist of the androgen recep-
tor. In female astrocytes, flutamide blocked the effect of
tibolone on phagocytosis, indicating that in astrocytes of
this sex, tibolone requires both the ERP and the andro-
gen receptor to regulate phagocytosis. However, fluta-
mide failed to block the effect of tibolone on male
astrocytes. This indicates that the mechanism of ac-
tion of tibolone to regulate phagocytosis is different
in male and female astrocytes. Further investigation is
therefore needed to determine the receptors involved
in the regulation by tibolone of male astrocyte phago-
cytosis. Possible candidates are progesterone recep-
tors, which may be activated by tibolone metabolites
and they are also expressed in astrocytes [55]. Poten-
tial sex differences in progesterone receptor expres-
sion in astrocytes [56] could also affect estrogenic
signaling in these cells, since progesterone modulates
estrogen receptor activity [57]. However, the analysis
of these receptors is problematic, given their variety
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Control

Males

Control

Females

Fig. 7 Effect of LPS on the phagocytosis of brain-derived cellular debris. Representative confocal images of male and female astrocyte cultures
treated for 24 h with LPS or control medium and then incubated for 1 h with Cy3-conjugated brain-derived cellular debris (red) and
immunostained for GFAP (green). Cell nuclei were stained with DAPI. Scale bar 50 um

of molecular structures and pharmacological charac-
teristics [58, 59].

In addition to sex differences in tibolone signaling in
astrocytes, another factor that may affect the outcome of
tibolone treatment in male and female cells is the pos-
sible interference of the endogenous sex steroids with
the effects of tibolone. Interestingly, aromatase inhibition
with letrozole under basal conditions stimulated the

effect of tibolone on phagocytosis in male astrocytes but
inhibited the effect of tibolone in female cells to control
levels. The different effects of aromatase inhibition in
the phagocytic response of male and female astrocytes to
tibolone suggests that endogenous steroids produced by
glial cells may contribute to the generation of sex differ-
ences in the regulation of phagocytosis by this synthetic
steroid under basal conditions. This is probably also the
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case under inflammatory conditions, since aromatase in-
hibition also affected phagocytosis in the cultures treated
with LPS, as discussed below.

LPS induces an inflammatory response in glial cells [60]
and previous studies have shown that it increases phagocyt-
osis in astrocytes derived from the forebrain of unsexed new-
born rats [49]. Our results indicate that the effect of LPS on
phagocytosis is different in male and female cells. Thus, the
phagocytosis of brain-derived cellular debris was stimulated
in male astrocytes but inhibited in female cells. This sexually
differentiated response is in agreement with the induction by
LPS of sex differences in the gene expression of astrocytes
[34, 39]. In addition, sex differences in morphology and gene
expression have been detected in astrocytes under physio-
logical conditions and in response to different pathological

insults [35, 38]. Previous studies have shown that sex differ-
ences in astrocytes depend on organizational and activational
actions of testosterone [37, 61]. Our study extends these pre-
vious observations of sex differences in gene expression to a
functional activity, such as phagocytosis, that is activated in
astrocytes in response to brain damage [28—-30]. This differ-
ence in the phagocytic activity of male and female astrocytes
after stimulation by an inflammatory challenge may contrib-
ute to the sex differences observed in the pathological mani-
festation of neurodegenerative diseases [62—67].

Our findings indicate that an inflammatory change
may also alter the phagocytic response of male and fe-
male astrocytes to tibolone. It is important to consider
that steroid signaling in astrocytes is upregulated under
inflammatory conditions [68]. Therefore, under these
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circumstances, the response of astrocytes to tibolone
may be altered. Indeed, compared to control conditions,
tibolone increased phagocytosis after LPS stimulation in
male and female cells. However, tibolone exerted a sex-

d’ specific modulation of the effect of LPS, decreasing
Basal Q Basal phagocytosis in males and increasing phagocytosis in fe-
males, compared to the effect of LPS alone. Since tibo-
] Tibolone lone is known to trigger a variety of cellular protective
responses in astrocytes [12—14, 16], the different effects
of this steroid after LPS stimulation may represent a
o LPS sex-specific homeostatic regulation of phagocytosis, in-
. creasing or decreasing this process to counteract the ef-
fect of the pro-inflammatory stimulus.

Tibolone

Tibolone

+ ¥ As observed for basal conditions, astrocyte phagocytosis
LES LPS after an inflammatory stimulus was also affected by the in-

. . hibition of aromatase activity with letrozole. Thus, letrozole
le(llone le(llone prevented the sexually differentiated response of astrocytes
Letrozole Letrozole to LPS and aromatase inhibition strongly enhanced phago-
Fig. 10 Summary of the effect of tibolone in male and female cytosis in the cultures stimulated with LPS and treated with
astrocytes. Under basal conditions, both male and female astrocytes tibolone. These treatments result in a higher phagocytosis
have a similar phagocytic activity. Tibolone increases phagocytosis in in female astrocytes compared to male cells. It is known

astrocytes of both sexes, with a higher effect in females. In female
astrocytes, the effect of tibolone was blocked with the inhibition of
local estradiol synthesis using letrozole. In contrast, in male

that aromatase expression is upregulated in astrocytes
under inflammatory conditions [69, 70], but with significant

astrocytes, the action of tibolone is increased by the inhibition of differences in males and females [71]. Therefore sex-
local estradiol synthesis. Under an inflammatory challenge (LPS), specific modifications in the metabolism of endogenous tes-
phagocytosis is increased in male astrocytes and decreased in tosterone to estradiol under these circumstances may cause

female cells. Under these conditions, tibolone restores phagocytosis

i ) different effects of letrozole in males and females and con-
to basal tibolone levels in both sexes

tribute to the observed changes in phagocytosis. In




Crespo-Castrillo et al. Journal of Neuroinflammation (2020) 17:37

summary, our findings suggest that the balance of endogen-
ous androgens and estrogens influence the action of tibo-
lone on phagocytosis of male and female astrocytes, both
under basal conditions and upon inflammatory stimulation.

Conclusions

The findings of the present study outlined in Fig. 10 indi-
cate that tibolone enhances phagocytosis of brain-derived
cellular debris by primary astrocytes of both sexes, having
a bigger effect in female cells. This effect of tibolone in-
volves different molecular mechanisms in male and female
astrocytes, with ERP and androgen receptor being in-
volved in the effect of the steroid in female cells. In
addition, tibolone regulates in a sex-specific manner the
phagocytosis of cellular debris by astrocytes after an in-
flammatory challenge but stimulates phagocytosis in male
and female cells under inflammatory conditions when the
activity of aromatase is inhibited, indicating that the re-
sponse of astrocytes to the synthetic steroid is modulated
by the endogenous balance of testosterone and estradiol.
Since phagocytosis in astrocytes is activated under patho-
logical conditions [28-30], the control of astrocyte phago-
cytosis by tibolone may have relevant implications for the
neuroprotective actions of this synthetic steroid.

Abbreviations
CNS: Central nervous system; ERs: Estrogen receptors; Flut: Flutamide;
GFAP: Anti-glial fibrillary acidic protein; LPS: Lipopolysaccharide

Acknowledgements

We thank Ms. Elisa Baides Rosell for her excellent technical assistance. We
also acknowledge support of the publication fee by the CSIC Open Access
Publication Support Initiative through its Unit of Information Resources for
Research (URICI).

Authors’ contributions

ACC conceived and designed the study, analyzed and interpreted the data,
and conducted the experimental procedures. LMGS and MAA advised on
the experimental design and contributed materials and animals. ACC, LMGS,
and MAA wrote the manuscript. All authors revised the manuscript and
approved the final version.

Funding

This study is supported by a grant from Agencia Estatal de Investigacion
(AEI), co-funded by Fondo Europeo de Desarrollo Regional (FEDER):
BFU2017-82754-R, and by CIBERFES: CB16/10/00383.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article (and its supplementary information files).

Ethics approval and consent to participate

Animal procedures followed the European Parliament and Council Directive
(2010/63/EU) and the Spanish regulation (R.D. 53/2013 and Ley 6/2013, 11th
June) on the protection of animals for experimental use and were approved
by our institutional animal use and care committee (Comité de Ftica de
Experimentacion Animal del Instituto Cajal) and by the Consejeria del Medio
Ambiente y Territorio (Comunidad de Madrid, PROEX 134/17).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Page 13 of 14

Received: 10 September 2019 Accepted: 19 January 2020
Published online: 28 January 2020

References

1. Modelska K, Cummings S. Tibolone for postmenopausal women: systematic
review of randomized trials. J Clin Endocrinol Metab. 2002,87(1):16-23.

2. Pinto-Almazan R, Segura-Uribe JJ, Farfan-Garcia ED, Guerra-Araiza C. Effects
of tibolone on the central nervous system: clinical and experimental
approaches. Biomed Res Int. 2017;2017:8630764.

3. Albertazzi P, Natale V, Barbolini C, Teglio L, Di Micco R. The effect of tibolone versus
continuous combined norethisterone acetate and oestradiol on memory, libido and
mood of postmenopausal women: a pilot study. Maturitas. 2000;36(3):223-9.

4. Fluck E, File SE, Rymer J. Cognitive effects of 10 years of hormone-replacement
therapy with tibolone. J Clin Psychopharmacol. 2002;,22(1):62-7.

5. Genazzani AR, Pluchino N, Bernardi F, Centofanti M, Luisi M. Beneficial effect
of tibolone on mood, cognition, well-being, and sexuality in menopausal
women. Neuropsychiatr Dis Treat. 2006;2(3):299-307.

6. Palomba S, Orio F Jr, Falbo A, Oppedisano R, Tolino A, Zullo F. Tibolone
reverses the cognitive effects caused by leuprolide acetate administration,
improving mood and quality of life in patients with symptomatic uterine
leiomyomas. Fertil Steril. 2008;90(1):165-73.

7. Espinosa-Raya J, Neri-Gomez T, Orozco-Suarez S, Campos MG, Guerra-Araiza C.
Chronic administration of tibolone modulates anxiety-like behavior and enhances
cognitive performance in ovariectomized rats. Horm Behav. 2012,61(1).76-83.

8. Beltran-Campos V, Diaz-Ruiz A, Padilla-Gomez E, Aguilar Zavala H, Rios C,
Diaz CS. Effect of tibolone on dendritic spine density in the rat
hippocampus. Neurologia. 2015;30(7):401-6.

9.  Farfan-Garcia ED, Castillo-Hernandez MC, Pinto-Almazan R, Rivas-Arancibia S,
Gallardo JM, Guerra-Araiza C. Tibolone prevents oxidation and ameliorates
cholinergic deficit induced by ozone exposure in the male rat
hippocampus. Neurochem Res. 2014;39(9):1776-86.

10.  Pinto-Almazan R, Rivas-Arancibia S, Farfan-Garcia ED, Rodriguez-Martinez E,
Guerra-Araiza C. Neuroprotective effects of tibolone against oxidative stress
induced by ozone exposure. Rev Neurol. 2014;58(10):441-8.

11.  Hidalgo-Lanussa O, Avila-Rodriguez M, Baez-Jurado E, Zamudio J, Echeverria V,
Garcia-Segura LM, et al. Tibolone reduces oxidative damage and inflalmmation
in microglia stimulated with palmitic acid through mechanisms involving
estrogen receptor beta. Mol Neurobiol. 2018;55(7):5462-77.

12. Avila Rodriguez M, Garcia-Segura LM, Cabezas R, Torrente D, Capani F,
Gonzalez J, et al. Tibolone protects T98G cells from glucose deprivation. J
Steroid Biochem Mol Biol. 2014;144 Pt B:294-303.

13.  Gonzalez-Giraldo Y, Garcia-Segura LM, Echeverria V, Barreto GE. Tibolone
preserves mitochondrial functionality and cell morphology in astrocytic cells
treated with palmitic acid. Mol Neurobiol. 2018;55(5):4453-62.

14.  Gonzalez-Giraldo Y, Forero DA, Echeverria V, Garcia-Segura LM, Barreto GE.
Tibolone attenuates inflammatory response by palmitic acid and preserves
mitochondrial membrane potential in astrocytic cells through estrogen
receptor beta. Mol Cell Endocrinol. 2019;486:65-78.

15.  Avila-Rodriguez M, Garcia-Segura LM, Hidalgo-Lanussa O, Baez E, Gonzalez J,
Barreto GE. Tibolone protects astrocytic cells from glucose deprivation through
a mechanism involving estrogen receptor beta and the upregulation of
neuroglobin expression. Mol Cell Endocrinol. 2016;433:35-46.

16. Crespo-Castrillo A, Yanguas-Casas N, Arevalo MA, Azcoitia |, Barreto GE,
Garcia-Segura LM. The synthetic steroid tibolone decreases reactive gliosis
and neuronal death in the cerebral cortex of female mice after a stab
wound injury. Mol Neurobiol. 2018;55(11):8651-67.

17.  Kloosterboer HJ. Tissue-selectivity: the mechanism of action of tibolone.
Maturitas. 2004;48(Suppl 1):530-40.

18. Verheul HA, Kloosterboer HJ. Metabolism of exogenous sex steroids and
effect on brain functions with a focus on tibolone. J Steroid Biochem Mol
Biol. 2006;102(1-5):195-204.

19. Guzman CB, Zhao C, Deighton-Collins S, Kleerekoper M, Benjamins JA,
Skafar DF. Agonist activity of the 3-hydroxy metabolites of tibolone through
the oestrogen receptor in the mouse N20.1 oligodendrocyte cell line and
normal human astrocytes. J Neuroendocrinol. 2007;19(12):958-65.

20. Spence RD, Hamby ME, Umeda E, Itoh N, Du S, Wisdom AJ, et al.
Neuroprotection mediated through estrogen receptor-alpha in astrocytes.
Proc Natl Acad Sci U S A. 2011;108(21):8867-72.

21, Martin-Jimenez C, Gaitan-Vaca DM, Areiza N, Echeverria V, Ashraf GM, Gonzalez J,
et al. Astrocytes mediate protective actions of estrogenic compounds after
traumatic brain injury. Neuroendocrinology. 2019;108(2):142-60.



Crespo-Castrillo et al. Journal of Neuroinflammation

22.
23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

(2020) 17:37

Berbel P, Innocenti GM. The development of the corpus callosum in cats: a
light- and electron-microscopic study. J Comp Neurol. 1988;276(1):132-56.
Jung YJ, Chung WS. Phagocytic roles of glial cells in healthy and diseased
brains. Biomol Ther (Seoul). 2018:26(4):350-7.

Chung WS, Clarke LE, Wang GX, Stafford BK, Sher A, Chakraborty C, et al.
Astrocytes mediate synapse elimination through MEGF10 and MERTK
pathways. Nature. 2013;504(7480):394-400.

Chung WS, Verghese PB, Chakraborty C, Joung J, Hyman BT, Ulrich JD, et al.
Novel allele-dependent role for APOE in controlling the rate of synapse
pruning by astrocytes. Proc Natl Acad Sci U S A. 2016;113(36):10186-91.
Nguyen JV, Soto |, Kim KY, Bushong EA, Oglesby E, Valiente-Soriano FJ, et al.
Myelination transition zone astrocytes are constitutively phagocytic and
have synuclein dependent reactivity in glaucoma. Proc Natl Acad Sci U S A.
2011;108(3):1176-81.

Bellesi M, de Vivo L, Chini M, Gilli F, Tononi G, Cirelli C. Sleep loss promotes
astrocytic phagocytosis and microglial activation in mouse cerebral cortex. J
Neurosci. 2017;37(21):5263-73.

Ponath G, Ramanan S, Mubarak M, Housley W, Lee S, Sahinkaya FR, et al.
Myelin phagocytosis by astrocytes after myelin damage promotes lesion
pathology. Brain. 2017;140(2):399-413.

Morizawa YM, Hirayama Y, Ohno N, Shibata S, Shigetomi E, Sui Y, et al.
Reactive astrocytes function as phagocytes after brain ischemia via ABCAT-
mediated pathway. Nat Commun. 2017;8(1):28.

Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L,
et al. Neurotoxic reactive astrocytes are induced by activated microglia.
Nature. 2017;541(7638):481-7.

Villa A, Rizzi N, Vegeto E, Ciana P, Maggi A. Estrogen accelerates the
resolution of inflammation in macrophagic cells. Sci Rep. 2015;5:15224.
Loiola RA, Wickstead ES, Solito E, McArthur S. Estrogen promotes pro-
resolving microglial behavior and phagocytic cell clearance through the
actions of annexin A1. Front Endocrinol (Lausanne). 2019;10:420.

Li R, Shen Y, Yang LB, Lue LF, Finch C, Rogers J. Estrogen enhances uptake
of amyloid beta-protein by microglia derived from the human cortex. J
Neurochem. 2000:75(4):1447-54.

Santos-Galindo M, Acaz-Fonseca E, Bellini MJ, Garcia-Segura LM. Sex
differences in the inflammatory response of primary astrocytes to
lipopolysaccharide. Biol Sex Differ. 2011;2:7.

Morrison HW, Filosa JA. Sex differences in astrocyte and microglia responses
immediately following middle cerebral artery occlusion in adult mice.
Neuroscience. 2016;339:85-99.

Acaz-Fonseca E, Duran JC, Carrero P, Garcia-Segura LM, Arevalo MA. Sex
differences in glia reactivity after cortical brain injury. Glia. 2015,63(11):1966-81.
Acaz-Fonseca E, Avila-Rodriguez M, Garcia-Segura LM, Barreto GE.
Regulation of astroglia by gonadal steroid hormones under physiological
and pathological conditions. Prog Neurobiol. 2016;144:5-26.

Chisholm NC, Sohrabji F. Astrocytic response to cerebral ischemia is
influenced by sex differences and impaired by aging. Neurobiol Dis. 2016;
85:245-53.

Chistyakov DV, Azbukina NV, Astakhova AA, Goriainov SV, Chistyakov W,
Sergeeva MG. Sex-mediated differences in LPS Induced alterations of
TNFalpha, IL-10 expression, and prostaglandin synthesis in primary
astrocytes. Int J Mol Sci. 2018;19(9):2793.

Jaber SM, Bordt EA, Bhatt NM, Lewis DM, Gerecht S, Fiskum G, et al. Sex
differences in the mitochondrial bioenergetics of astrocytes but not
microglia at a physiologically relevant brain oxygen tension. Neurochem Int.
2018;117:82-90.

Mecha M, Ifigo PM, Mestre L, Hernangdmez M, Borrell J, Guaza C. An easy
and fast way to obtain a high number of glial cells from rat cerebral tissue:
A beginners approach. Protoc Exchange. 2011,218.

Grassi D, Bellini MJ, Acaz-Fonseca E, Panzica G, Garcia-Segura LM. Estradiol
and testosterone regulate arginine-vasopressin expression in SH-SY5Y
human female neuroblastoma cells through estrogen receptors-alpha and
-beta. Endocrinology. 2013;154(6):2092-100.

Kloosterboer HJ. Tibolone: a steroid with a tissue-specific mode of action. J
Steroid Biochem Mol Biol. 2001;76(1-5):231-8.

Zwain IH, Yen SS. Neurosteroidogenesis in astrocytes, oligodendrocytes, and
neurons of cerebral cortex of rat brain. Endocrinology. 1999;140(8):3843-52.
Emanuelsson I, Almokhtar M, Wikvall K, Gronbladh A, Nylander E, Svensson
AL, et al. Expression and regulation of CYP17A1 and 3beta-hydroxysteroid
dehydrogenase in cells of the nervous system: potential effects of vitamin D
on brain steroidogenesis. Neurochem Int. 2018;113:46-55.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 14 of 14

Liu M, Hurn PD, Roselli CE, Alkayed NJ. Role of P450 aromatase in sex-
specific astrocytic cell death. J Cereb Blood Flow Metab. 2007;27(1):135-41.
Raven G, de Jong FH, Kaufman JM, de Ronde W. In men, peripheral estradiol
levels directly reflect the action of estrogens at the hypothalamo-pituitary level
to inhibit gonadotropin secretion. J Clin Endocrinol Metab. 2006,91(9):3324-8.
Gomez-Arboledas A, Davila JC, Sanchez-Mejias E, Navarro V, Nunez-Diaz C,
Sanchez-Varo R, et al. Phagocytic clearance of presynaptic dystrophies by
reactive astrocytes in Alzheimer's disease. Glia. 2018,66(3):637-53.

Kalmar B, Kittel A, Lemmens R, Kornyei Z, Madarasz E. Cultured astrocytes
react to LPS with increased cyclooxygenase activity and phagocytosis.
Neurochem Int. 2001;38(5):453-61.

Jones RS, Minogue AM, Connor TJ, Lynch MA. Amyloid-beta-induced
astrocytic phagocytosis is mediated by CD36, CD47 and RAGE. J
Neurolmmune Pharmacol. 2013:8(1):301-11.

Couturier J, Stancu IC, Schakman O, Pierrot N, Huaux F, Kienlen-Campard P,
et al. Activation of phagocytic activity in astrocytes by reduced expression
of the inflammasome component ASC and its implication in a mouse
model of Alzheimer disease. J Neuroinflammation. 2016;13:20.
Yanguas-Casas N, Crespo-Castrillo A, de Ceballos ML, Chowen JA, Azcoitia |,
Arevalo MA, et al. Sex differences in the phagocytic and migratory activity
of microglia and their impairment by palmitic acid. Glia. 2018;66(3):522-37.
Nelson LH, Warden S, Lenz KM. Sex differences in microglial phagocytosis in
the neonatal hippocampus. Brain Behav Immun. 2017,64:11-22.

Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev
Immunol. 2016;16(10):626-38.

Jung-Testas |, Renoir M, Bugnard H, Greene GL, Baulieu EE. Demonstration
of steroid hormone receptors and steroid action in primary cultures of rat
glial cells. J Steroid Biochem Mol Biol. 1992;41(3-8):621-31.

Quadros PS, Pfau JL, Goldstein AY, De Vries GJ, Wagner CK. Sex differences
in progesterone receptor expression: a potential mechanism for estradiol-
mediated sexual differentiation. Endocrinology. 2002;143(10):3727-39.
Mohammed H, Russell IA, Stark R, Rueda OM, Hickey TE, Tarulli GA, et al. Progesterone
receptor modulates ERalpha action in breast cancer. Nature. 2015,523(7560)313-7.
Rainbow TC, Parsons B, McEwen BS. Sex differences in rat brain oestrogen
and progestin receptors. Nature. 1982;300(5893):648-9.

Rowan BG, O'Malley BW. Progesterone receptor coactivators. Steroids. 2000;
65(10-11):545-9.

Gorina R, Font-Nieves M, Marquez-Kisinousky L, Santalucia T, Planas AM.
Astrocyte TLR4 activation induces a proinflammatory environment through
the interplay between MyD88-dependent NFkappaB signaling, MAPK, and
Jak1/Stat1 pathways. Glia. 2011;59(2):242-55.

Chowen JA, Argente-Arizon P, Freire-Regatillo A, Argente J. Sex differences
in the neuroendocrine control of metabolism and the implication of
astrocytes. Front Neuroendocrinol. 2018;48:3-12.

Ciesielska A, Joniec |, Kurkowska-Jastrzebska I, Cudna A, Przybylkowski A,
Czlonkowska A, et al. The impact of age and gender on the striatal
astrocytes activation in murine model of Parkinson’s disease. Inflamm Res.
2009;58(11):747-53.

Azad NA, Al Bugami M, Loy-English I. Gender differences in dementia risk
factors. Gend Med. 2007;4(2):120-9.

Figueira ML, Ouakinin S. Gender-related endocrinological dysfunction and
mental disorders. Curr Opin Psychiatry. 2010;23(4):369-72.

Jobin C, Larochelle C, Parpal H, Coyle PK, Duquette P. Gender issues in
multiple sclerosis: an update. Womens Health (Lond). 2010;6(6):797-820.
Voskuhl R. Sex differences in autoimmune diseases. Biol Sex Differ. 2011,2(1):1.
Kim S, Kim MJ, Kim S, Kang HS, Lim SW, Myung W, et al. Gender differences
in risk factors for transition from mild cognitive impairment to Alzheimer's
disease: a CREDOS study. Compr Psychiatry. 2015;62:114-22.

Acaz-Fonseca E, Sanchez-Gonzalez R, Azcoitia |, Arevalo MA, Garcia-Segura LM.
Role of astrocytes in the neuroprotective actions of 17beta-estradiol and selective
estrogen receptor modulators. Mol Cell Endocrinol. 2014;389(1-2):48-57.
Duncan KA, Saldanha CJ. Neuroinflammation induces glial aromatase
expression in the uninjured songbird brain. J Neuroinflammation. 2011,8:81.
Duncan KA, Moon J, Vartosis D, Zee |. Injury-induced expression of glial androgen
receptor in the zebra finch brain. J Neurotrauma. 2013;30(22):1919-24.

Saldanha CJ, Burstein SR, Duncan KA. Induced synthesis of oestrogens by
glia in the songbird brain. J Neuroendocrinol. 2013;25(11):1032-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals
	Astrocyte and microglia cultures
	Pharmacological treatments
	Preparation of Cy3 conjugated brain-derived cellular debris
	Phagocytosis assays
	Immunocytochemistry
	Image analysis
	Statistical analysis

	Results
	Characterization of the phagocytic activity of primary astrocytes
	Tibolone stimulates the phagocytosis of brain-derived cellular debris by male and female astrocytes
	Role of estrogen and androgen receptors in the regulation of phagocytosis by tibolone
	Aromatase inhibition has opposite outcomes on the regulation of phagocytosis by tibolone in male and female astrocytes
	Sex differences in the effect of tibolone on phagocytosis in astrocytes stimulated with LPS
	Aromatase inhibition enhances the stimulatory effect of tibolone on phagocytosis in LPS-stimulated astrocytes of both sexes

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

