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Abstract | Toxoplasma gondii is an opportunistic parasite that invade microglia, astrocytes, and neurons. In guinea
pigs infected with Zoxoplasma, brain cysts increased significantly in males subjected to gonadectomy and treated with
hexoestrol, compared with control. The effect of 17B-estradiol and progesterone on astrocytes infected with Zoxoplas-
ma is unknown. The objective of the study was to evaluate the effect of 17B-estradiol and progesterone on Toxoplasma
infection in astrocytes in wvitro. Astrocytes were pre-treated with 17B-estradiol or progesterone at concentrations of
10, 20, 40, 80, or 160 nM for 48 hours and infected with Toxoplasma tachyzoites. The percentage of infected astrocytes
was evaluated by immunocytochemistry and parasite replication by MTT. ANOVA and a Dunnett’s T3 post-hoc test
were used. Pretreatment with 17B-estradiol and 17f-estradiol + tamoxifen (1uM) resulted in a significant reduction
in parasite replication at 48 hours post-infection. Infected astrocytes were gradually reduced whit 17B-estradiol plus
tamoxifen. Progesterone reduced the parasite replication at 48 hours, and this effect was reversed by mifepristone. The
percentage of infected astrocytes at 24 hours was reduced with progesterone at all doses. 17B-estradiol plus progester-
one had a synergistic eftect, increasing Toxoplasma infection in astrocytes at 24 hours however, at 48 hours the infection
was reduced. The 17B-estradiol + progesterone at 160 nlV, as well as PPT and DPN, reduced 7oxgplasma replication
and percentage of infected astrocytes. Toxoplasma infection in astrocytes was reduced by the effect of 17B-estradiol and
its agonist PPT as well as progesterone. These results suggest that ERa and PRs activation diminishes 7oxoplasma-in-
fection in astrocytes.
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INTRODUCTION

by paracellular transmigration as a free parasite (Barragan
and Sibley, 2002) and enters circulating cells, such as mac-

oxoplasma gondii is the causal agent of toxoplasmosis,

which infects more than a billion people worldwide
(E1-On, 2003). Most morbidity takes the form of mortal
encephalitis in immunocompromised patients, as well as
serious neurological complications or death in congenitally
transmitted toxoplasmosis (Speroff et al., 1999; Carruthers
and Suzuki, 2007).

ASTROCYTES AND 7. gondii INFECTION
T gondii traverses the intestinal or placental epithelium

rophages or dendritic cells (Da-Gama et al., 2004; Courret
et al., 2006; Lambert et al., 2006). The parasites appear to
use such cells as “Trojan Horses” to gain access to privi-
leged sites, such as the brain. In vifro studies using mouse
brain cells have demonstrated that tachyzoites invade mi-
croglia (Chao et al., 1996; Fischer et al., 1997), astrocytes
(Halonen et al., 1996) and neurons (Jones et al., 1996;
Lambert et al., 2006). 1" gondii forms cysts within these
cells (Da-Gama et al., 2004; Lambert et al.,, 2006). The

astrocytes act as host and as activators of a protective im-
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mune response in the central nervous system (Appel et al.,
2001). However, more studies on the 7. gondii mechanism
of invasion and replication process in astrocytes are neces-
sary. 7. gondii infection in astrocytes significantly increases
monocyte chemotactic protein- (MCP-1) secretion. This
protein may contribute to the cell clustering seen during
human cerebral reactivation of 7. gondii (Brenier-Pinchart
et al., 2004). Pro-inflammatory protein expression differs
between type I and II strains and among different human
nervous system cells. For example, the parasite burden de-
clines in microglial cells and neurons over the course of
infection, but remains high in endothelial cells (Mammari
et al., 2014). This differential effect on early parasite mul-
tiplication may be correlated with a higher production of
immune mediators by neurons and microglial cells com-
pared with endothelial cells, and suggests that the different
protein expression profiles depend on the parasitic strain
and on the human nervous cell type (Contreras-Ochoa et

al., 2013; Brenier-Pinchart et al., 2004).

17B-ESTRADIOL, PROGESTERONE, AND ASTROCYTES
Estradiol regulates several functions in astrocytes, such as
intracellular Ca++ levels (Micevych et al., 2010), that may
influence the communication between astrocytes and neu-
rons as well as other glial cells (Perea and Araque, 2010).
Furthermore, estradiol also regulates the expression of as-
trocyte proteins that participate in neuro-inflammation,
control of extracellular glutamate levels, and neuronal ho-
meostasis (Garcia-Segura and Melcangi, 2006). Estradiol
has direct effects on astrocytes through a variety of recep-
tors. These include estrogen receptor o (ERa) and estrogen
receptor £ (ERR) (Azcoitia et al., 1999; Garcia-Segura et
al., 1999; Cardona-Gomez et al., 2000; Garcia-Ovejero et
al., 2005; Pawlak et al., 2005; Quesada et al, 2007), which
have been shown to be not only localized in the nucle-
us but also associated with the plasma membrane (Mice-
vych et al., 2010; Pawlak et al., 2005; Johann and Beyer.,
2013). Furthermore, G protein-coupled estrogen receptor
(GPER, formerly known as GPR30) and Gog-coupled
membrane-associated receptor (Goag-mER), which is ac-
tivated by Novel Estrogen Membrane Receptor Agonist
(STX), are also involved in the actions of estradiol on as-
trocytes (Kuo et al., 2010; Lee et al., 2013). Conditioned
media from estradiol-treated astrocytes promote the sur-
vival of cortical neurons exposed to different neurodegen-
erative stimuli such as camptothecin, glutamate, hypox-
ia—ischemia, or -amyloid (Dhandapani and Bran, 2003;
Sortino et al., 2004; Carbonaro et al., 2009). The functions
of 17B-estradiol (E2) in the nervous system are cell differ-
entiation, growth, maturation, survival, and neuroprotec-
tion (Duenas et al., 1996; Arevalo et al., 2010). Increasing
levels of estradiol have been associated with toxoplasmosis
during pregnancy (Mauro et al., 2014; Spence and Vosku-
hl, 2012).

Two specific estrogen receptor agonists have been used:
2, 3-bis (4-hydroxyphenyl)-propionitrile (DPN) for ERB,
and 4, 4,4”-(4-propyl-(1H)-pyrazole-1,3,5 triyl) trisphe-
nol (PPT) for ERa (Garrido-Gracia et al., 2007; Arevalo
et al., 2013). Astrocytes are also a target of progesterone
(P4), which reduces reactive astrogliosis and neuro-inflam-
mation (Arevalo et al., 2013). The actions of progesterone
are mediated by both progesterone receptor A (PRA) and
progesterone receptor B (PRB), as well as GABAA recep-
tors (Melcangi et al., 2014). Recent studies have shown
that hypothalamic astrocytes synthesize progesterone in
response to estradiol (Micevych and Sinchak, 2008; Mice-
vych et al., 2008). The synthesis of progesterone by hypo-
thalamic astrocytes has been linked to hormonal control
of reproduction. In the presence of progesterone, mifepris-
tone acts as a competitive antagonist of PRA (Mauro et al,,
2014; Gay-Andrieu et al., 2002; Jones et al., 2008).

Tamoxifen, a derivative of triphenylethylene, is a selective
estrogen receptor modulator (SERM). Tamoxifen has been
used as an antagonist for ERP in the nervous system. This
drug competes with estrogens for binding to estrogen re-
ceptors (ERs) at high affinity, ranging from 100 to 1000
times that of estrogen. Mice treated with tamoxifen citrate
and 17B-estradiol, at a dose of 1.2 pumole, decreases the
number of 7. gondii cysts compared with E2 alone (Pung
and Luster, 1986).

In guinea pigs infected with the Beverley Strain of 7 gon-
dii, the number of brain cysts of 7. gondii increased signif-
icantly (p<0.001) in males that were castrated and treated
with hexoestrol, as well as in females, compared with con-
trol guinea pigs (Kittas and Henry, 1979). In other exper-
iment performed on mice, the number of 7 gondii brain
cysts increased significantly in infected mice treated with
hexoestrol (Kittas and Henry, 1980).

In infected female mice treated with pharmacological dos-
es (0.1-10 pmoles) of 17B-estradiol, the number of 7. gon-
dii cysts (T'45 strain) increased in a dose-dependent way;
however, the administration of progesterone did not aftect
cyst formation (Pung and Luster, 1986).

'The role of E2 and progesterone receptors in toxoplasmosis
is currently unknown. The objective of the present study
was to evaluate the effect of 17B-estradiol and progester-
one on 1. gondii infection in astrocytes in vitro.

MATERIALS AND METHODS

PARASITES

Six-week-old male and female Swiss mice weighing 20—
25 g were intraperitoneally injected with 1 x 10° 7. gondii
tachyzoites (strain RH) and sacrificed at 7 days; the in-
fection was maintained by injecting new mice every three
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days. The mice were sacrificed in order to harvest the 7.
y
gondii used to infect the astrocytes.

ETHICAL ASPECTS

'This study was carried out in strict accordance with the rec-
ommendations in the Guide for the Care and Use of Lab-
oratory Animals of the National Institutes of Health. The
project was approved by our Institutional Research, Ethics,
and Biosecurity Committee of the University Centre of
Health Sciences, University of Guadalajara, and record-
ed under registration number CI 053-2013. The care and
use of experimental animals were performed in accordance
with the Official Mexican Norm NOM-062-700-1999.

All efforts were made to minimize suffering.

Mixep CorticaL CELLS

Cortical cell isolation for astrocyte culture can be per-
tormed using 1 to 3 newborn rats, not more than 4 days old.
'Three newborn Wistar rats were sacrificed by decapitation.
Brain tissue was obtained by craniotomy and mechanically
dissociated in OPTI-MEM 51985 medium (Invitrogen,
Carlsbad, CA) supplemented with 10% horse serum (HS)
and a 1% solution of penicillin streptomycin. Cells were
counted using a 0.3% trypan blue solution for determining
survival percentage. The cells were plated (50,000) on 0.1%
poly-L-lysine pre-treated cover slips placed in 24-well
plates and maintained at 37°C in a 95% air and 5% CO2
atmosphere. The medium was changed every two days un-
til 90% confluence was obtained.

ASTROCYTE SEPARATION

After 7 or 8 days of culture, 90% confluent cells were shak-
en at 180 rpm for 30 min on an orbital shaker to remove
microglia. The supernatant containing the microglia was
discarded. The plate was shaken again at 240 rpm for 6 hr
to eliminate oligodendrocyte precursor cells (OPC). The
resulting astrocytes were obtained with 95% purity.

EXPERIMENTAL TREATMENTS IN ASTROCYTES IN VITRO
On the fifteenth day of culture, the astrocytes (90% con-
fluence) were hormonally pre-treated for 48 hours with 10,
20, 40, 80, or 160 nM/mL of E2 or P4, or the combination
of E2 and P4 at a concentration of 160 nM/mL. Tamox-
ifen was used at a concentration of 1 pM/mL plus E2 10,
20, 40, 80, or 160 nM/mL. PPT or DPN was added to the
cultured astrocytes at a concentration of 1 nM/mL, mife-
pristone at a dose of 1 pM/mL plus P4 at doses of 10,
20, 40, 80, and 160 nM/mL.; then, tachyzoites of 7" gondii
were added (4 x 10° parasites per well) and allowed to in-
fect the astrocytes for a period of 24 and 48 hours.

Each hormone dose was evaluated independently in three
replicates, repeating the experiment three times. For the
immunocytochemical experiment, infected and uninfected

cells were fixed with 3.7% paraformaldehyde for 5 minutes

at room temperature and stored at 4°C.

IMMUNOCYTOCHEMICAL METHOD

T gondii infection in cultured astrocytes was detected by
the immunocytochemical method, in consecutive order,
as follows. To identify astrocytes, cells were washed twice
with phosphate buffer solution (0.1 M PBS) for 5 min-
utes and permeabilized with 0.2% Triton X-100 in PBS
(TPBS) for 1 hour. Cells were incubated with 10% goat
serum in PBS containing 0.01% sodium azide (blocking
solution) for 2 hours at 4°C. After washing, the astrocytes
were incubated overnight in mouse anti-glial fibrillary
acidic protein (GFAP) antibody (1:500, Dako Corpora-
tion, Carpinteria, CA) and rabbit anti-7oxgplasma anti-
body (1:1500, Gen Way Biotech, San Diego, CA) diluted
in a blocking solution and incubated at 4°C for 16 hours in
a humidity chamber. After washing with TPBS, the cells
were incubated in 10% pre-immune goat serum in a PBS
buffer for 1 hour at room temperature and then were incu-
bated with Alexa Fluor 594 antibody-labelled anti-mouse
IgG (1:1000, Abcam 150116) and Alexa Flour 488 an-
tibody-labelled anti-rabbit IgG (1:1000, Abcam 150073)
for 1 hour at room temperature in darkness in a humidity
chamber.

Finally, the cells were washed two times with PBS and in-
cubated 5 minutes with Nucleic Acid Stain (DAPI, Invit-
rogen), diluted 1:3000 in PBS.

MICROSCOPIC ANALYSIS

Astrocytes were evaluated a total of nine times for each
hormone dose as well as for their agonists and antagonists.
One hundred cells were analysed for each dose: The num-
ber of infected astrocytes was determined using digital
images from an Olympus IX71 microscope (40x magnifi-
cation), using Image Pro-Plus software 6.0 of Media Cy-
bernetics 2.6 to merge the images.

T: gondii REPLICATION

The MTT assay is based on the presence of the enzyme
mitochondrial succinate dehydrogenase in live cells. Only
viable and early apoptotic cells are capable of reducing the
tetrazolium salt MTT (yellow), resulting in the forma-
tion of water-insoluble formazan crystals (purple); dead
cells will therefore retain the yellow colour of the medium
(Mossman, 1983).

T: gondii replication in infected and treated astrocytes was
evaluated by the MTT assay. Using the method described
above, 96-well plates were used to culture astrocytes (5 x
10*cells/1.7 cm?). To began the assay, 40 pL of MT'T solu-
tion (5 mg/ml, Sigma) was added for 2 h and incubated at
37°C, in 5% CO2 and 95% air for 2 h. Subsequently, 100
pL of 50% dimethyl formamide and 20% sodium dodecyl
sulfate (SDS) was added for dissolving the formazan crys
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Figure 1: Representative photographs of Toxoplasma gondii infection in cultured astrocytes detected by immunocytochemistry.
A) Uninfected astrocytes, morphologically preserved; B) Untreated astrocytes infected with tachyzoites of 7" gondii Rh strain
(control) at 24 hours; C) Hormone treated astrocytes were morphologically preserved at 24 hours post-infection; D) Hormone

treated astrocytes at 48 hours post-infection. The astrocytes have been destroyed by Toxoplasma infection, with clear membrane

rupture photomicrographs were taken at 40X.

als, and the solution was incubated overnight. Absorb-
ance was measured at 570 nm in an ELISA plate reader
(Biolab-System, USA). The percentage of viability was
calculated from the optical density (OD) of each well, as
follows: [(mean OD of treated, infected astrocytes in well
with drug) / (mean OD of non-treated and infected astro-
cytes)] x 100. Results were given as mean viability + SEM.

CyroToxiCITY AssAy

To evaluate the cytotoxicity on astrocytes, the MTT as-
say was used. Progesterone and 17B-estradiol, along with
their antagonists or agonists, were added to the astrocytes
in wvitro. In one assay, cells were treated with E2 or P4, at
doses of 10, 20, 40, 80, and 160 nM/mL. In another assay,
the astrocytes were treated with E2 plus P4 both at 160
nM/mL or E2 at 10, 20, 40, 80, and 160 nM/mL plus 1
pM/mL tamoxifen. To test the action of progesterone, this
hormone was added at doses of 10, 20, 40, 80, and 160
nM/mL plus mifepristone at a concentration of 1 pM/mL.
PPT or DPN were added to the cells at a dose of 1 nM/
mL. All assays were conducted at 24 and 48 hours.

STATISTICAL ANALYSIS
Quantitative variables were expressed as mean + SEM.

Analysis of experimental groups was made by ANOVA
and a Dunnett’s T3 post-hoc test.

'The control group consisted of uninfected cells that were
100% viable. Data of cytotoxicity of E2, P4, tamoxifen,
mifepristone, DPN and PPT on astrocytes was deter-
mined using ANOVA and a Dunnett’s T3 post-hoc test.

RESULT'S

Representative 7! gondii uninfected astrocytes are shown
in Figure 1A. Figure 1B (control; 7 gondii-infected as-
trocytes without hormones) shows the presence of 77 gon-
dii tachyzoites, which had replicated approximately four
times at this point. Figure 1C (7" gondii-infected astro-
cytes treated with E2 at 160 nM) shows clear morpholog-
ical preservation at 24 hours. At 48 hours post-infection,
however, the astrocytes were entirely destroyed, with clear-
ly ruptured membranes (Figure 1D).

'The addition of 17B-estradiol at 160 nM significantly in-
creased 7. gondii replication at 24 hours post-infection in
astrocytes in vifro compared with the untreated control

(p<0.05, Figure 2A). However, at 48 hours post-infection,
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Figure 2: T gondii replication in astrocytes, as evaluated by MTT

Replication is expressed as percent of the control value. Untreated astrocytes (control), astrocytes pretreated with 17X-estradiol (E2)
(blue line), and astrocytes treated with E2+tamoxifen (orange line), were measured for 7. gondii replication and infected astrocytes at
24 and 48 hours. A) T gondii replication increased significantly in astrocytes treated with 160 nM E2, compared with all other E2
doses and the control (p<0.05; ANOVA and post-hoc Dunnett’s T3); B) At 48 hours, 7. gondii replication decreased significantly
after treatment with E2 (blue line) and E2 + tamoxifen (orange line) (*p<0.001), compared with the untreated control (green line);
C) At 24 hours post-infection, the percentage of infected astrocytes treated with E2 was significantly reduced at doses 10, 40, 80, and
160 nM with respect to the control; the combination of E2 + tamoxifen (orange line) also significantly reduced infection, at all doses,
compared with the control; D) However, at 48 hours post-infection, the percentage of infected astrocytes was significantly increased
at doses of 80 nM E2, and combined E2 + tamoxifen at 80 and 160 nM showed a pattern similar to the control.

the pre-treatment with E2 and E2 + tamoxifen resulted in
a significant reduction in parasite replication at all doses,

compared with the untreated control (p<0.001, Figure 2B).

The percentage of infected astrocytes treated with E2 was
reduced compared with the control at all doses from 20 to
160 nM (p<0.001, Figure 2C). This effect was reversed by
the action of tamoxifen, mainly at 10, 20, 40, and 160 nM
doses at 24 hours post-infection (Figure 2C). The percent-
age of infected astrocytes was also reduced when they were
treated with E2 at doses from 10 to 40 nM for 48 hours.
However, an 80 nM dose resulted in a significant increase
in the number of infected astrocytes (p<0.001, Figure 2D).
In contrast, the combination of E2 + tamoxifen reversed
these effects, resulting in a significant reduction in the per-
centage of infected astrocytes at 10, 40, and 80 nM dos-
es (p>0.05), but an increase at 20 nM, compared with E2
alone (Figure 2D).

Progesterone did not aftect 7. gondii replication at 24 hours
at any experimental concentration (Figure 3A). However,
at 48 hours, P4 significantly reduced parasite replication
compared with untreated controls (p< 0.001), and this ef-
fect was reversed by mifepristone at 20 and 80 nM (Figure
3B).

The percentage of infected astrocytes 24 hours after treat-
ment with P4 was significantly reduced, compared with un-
treated controls (p<0.001), at all doses (Figure 3C). Mife-
pristone exerted an antagonistic effect on progesterone at
doses from 20 to 160 nlV, resulting in significantly fewer
infected astrocytes (p<0.001) compared with the control
(Figure 3C). A significant reduction in infected astrocytes
treated with P4 was observed at doses of 10, 20, 80, and
160 nM, compared with untreated controls p<0.001), at 48
hours (Figure 3D). Mifepristone exhibited an antagonis-
tic effect on P4, significantly increasing the percentage of
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Figure 3: 7. gondii replication in astrocytes, as evaluated by M'T'T. Replication is expressed as percent of the control value
Untreated astrocytes (control), astrocytes pretreated with P4 (purple line), and astrocytes treated with P4+mifeprestone (red line),
were measured for 7 gondii replication and percentage of infected astrocytes at 24 and 48 hours. At 24 hours (A) the percentage of
T gondii replication treated with all doses of progesterone (P4) (purple line) and P4 + mifepristone (red line), exhibited no statistical
differences compared with the control (green line); (B) Percentage of 7 gondii replication was significantly reduced in all doses of
P4 and P4 + mifepristone (p<0.05). The percentage of infected astrocytes was reduced by P4 and P4 + mifepristone at all doses,
compared with the control, at 24 hours (C) and 48 hours (D), with the exception of P4-40nM and P4+Mif-10nM, post-infection
(p<0.001). Mifepristone reversed the effect of P4 at 20 and 40 nM, at 24 hours p.i.

infected cells (p<0.001) at doses of 10, 80, and 160 nM at
48 hours p.i.

At 24 hours, 7" gondii replication in astrocytes was not
affected by PPT or DPN, nor was there any difference
between combined E2+P4 and controls (Figure 4A and
5A). However, at 48 hours, the replication of 7. gondii was
significantly reduced by PPT and DPN compared with
untreated controls p<0.001 (Figure 4B). The percentage of
infected astrocytes was reduced by the effect of PPT and
DPN with a significant difference (p<0.001) versus con-
trols at 24 hours (Figure 4C). However, at 48 hours, DPN
induced a moderate reduction of infected astrocytes com-
pared with the control (Figure 4D).

At 48 hours, combined E2 + P4 significantly reduced
T.gondii replication (p<0.001) compared with controls
(Figure 5A). The percentage of infected astrocytes was also
significantly increased with E2+P4 treatment (p<0.001)

vs. control, at both 24 and 48 hours post-infection (Figure
5B).

DISCUSSION

In vitro studies using mouse brain cells have demonstrat-
ed that tachyzoites invade microglia (Gay-Andrieu et al.,
2002; Fischer, 1997), astrocytes (Halonen, 1998; Jones,
1996), and neurons (Barragan and Sybley, 2002; Courret
et al., 2006). In studies using a primary culture from hu-
man fetal brain, 7 gondii tachyzoites replicated in human
astrocytes, and these cells support more replication of 7
gondii than neurons in vitro (Contreras-Ochoa et al., 2013;
Halonen et al., 1996).

Intracellular tachyzoites are also known to manipulate a
variety of signal transduction pathways related to apop-
tosis, antimicrobial effector mechanisms, and immune cell
maturation (Fagard et al., 1999; Li et al., 2010). In the
present study, most astrocytes died at 48 hours post-infec-
tion, possibly as a result of high Toxoplasma replication or
a low number of E2 or P4 receptors. However, the number
of parasites in the remaining infected astrocytes increased.
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percentage of replication of 7. gondii in astrocytes decreased significantly in both the PPT and the DPN groups, compared with
the control (p<0.001); C) At 24 hours, the percentage of infected astrocytes treated with PPT and DPN was significantly reduced,
compared with the control (p<0.001); D) At 48 hours, the percentage of infected astrocytes in the group treated with PPT was
similar to the control. In contrast, in the DPN-treated group, infection was significantly reduced compared with the control (p<0.05).
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Figure 5: T gondii replication (expressed as % of control) after treatment with E2 combined with progesterone (E2+P4) (purple and
blue bar) at 24 hours and 48 hours (A) and percentage of infected astrocytes (B)

A) The replication of 7. gondii in astrocytes decreased with E2 + P4, compared with the control, at 48 hours post-infection (p<0.001);
B) The percentage of infected astrocytes treated with E2+P4 increased compared with the control at 24 hours (p<0.001) and at 48
hours (p<0.05).

T gondii may control the apoptotic machinery in the astro-
cytes, through inhibition of caspases 3/7 or PUMA gene
expression at the beginning of the infection, to promote

replication (Appel et al., 2001).

Li et al. (2010) observed that tachyzoites of the 7. gon-

dii RH strain had entered astrocytes at 1 h post-infection,
and that autophagosomes, which appeared at 4 h, were
pronouncedly increased. However, after 12 h, their num-
ber was considerably decreased and damage to the cells
occurred 48 h later; autophagosomes disappeared and
more astrocytes were destroyed. In our study, the astrocytes
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were almost totally destroyed at 48 hours, when 7. gon-
dii had replicated eight times. This might be due to the
disappearance of the astrocyte autophagosomes; however,
turther studies would be required to test this hypothesis
(Li et al., 2010).

Astrocytes are cells of the central nervous system that are
sensitive to steroid hormones because they have receptors
tor 17B-estradiol and progesterone, among others. In the
present study, pre-treatment of astrocytes with 17B-estra-
diol reduced T gondii replication at 48 hours; however, this
pattern changed with high doses. E2 may exert a protective
action against 7. gondii infection, because a reduction in
the percentage of infected astrocytes was observed at 24
hours post-infection. E2 can regulate immune mediators
(cytokines) in the infection process (Halonen et al., 1996;
Fagard et al., 1999; Mammari et al., 2014).

Pung and Luster have shown that tamoxifen inhibits 7
gondii infection susceptibility in mice (Pung and Luster,
1986). We confirmed in our results that tamoxifen reversed
the effect of E2 on the susceptibility to infection at 48
hours, possibly because E2 receptors are antagonized by
tamoxifen in infected astrocytes.

Progesterone at 48 hours p.i., combined with mifepristone,
reduced the replication of the parasite. Mifepristone may
be a progesterone receptor antagonist in infected astro-
cytes (Khan et al., 2013; Bouchard et al., 2011; Farina et
al., 2005; Melcangi et al., 2014), possibly affected by dose
used or time of exposure to mifepristone. Since the com-
bination of P4 with mifepristone further reduced the per-
centage of infected astrocytes at 24 hours post-infection,
this result suggests that they act at low doses modulating
the infection.

'The percentage of infected astrocytes treated with E2 plus
P4 reduced T gondii replication at 48 hours p.i., but not at
24 hours. This result is probably due to a synergistic effect,
with both hormones activating the same cellular signaling
pathway (De Marinis et al., 2013). However, more studies
are necessary to confirm this.

T. gondii replication was reduced by PPT and DPN at 48
hours p.i. These results suggest that an activation of o and
estradiol receptors in astrocytes is induced. PPT and DPN
reduced the number of infected astrocytes at 24 hours.
Paradoxically, at 48 hours, PPT produced an increase in
infected astrocytes. This effect could be due to a reduction

in estradiol receptor o response; however, this must be con-
firmed.

DPN produced a moderate reduction in the percentage of
infected astrocytes, compared with controls, at 24 hours
and 48 hours p.i. These results suggest that ERB partici-

pated less in the control of the infection process than ERa.

In the present study, the RH (Type I) 7" gondii strain was
used. This is the most virulent strain, but it has been shown
that virulence depends on target cell type; specific types
of cells can be more or less sensitive to infection (Contre-
ras-Ochoa et al., 2013).

CONCLUSIONS

Toxoplasma infection in astrocytes is reduced through the
effect of 17B-estradiol. The 17f-estradiol agonists DPN
and PPT also decrease 7 gondii infection. The combina-
tion of 17B-estradiol plus progesterone had a synergistic
effect on 7 gondii infection that was dependent on expo-
sure time. Mifepristone reversed the effect of progesterone
on the 7 gondii infection process.

CONFLICT OF INTEREST

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

AUTHOR’S CONTRIBUTION

GRML and GMAF contributed in equal form to this ar-
ticle as a first author. GRML and DJJM conceived and de-
signed the experiments; GMAF and RPLR performed the
experiments; TSR, GMAF, GRML, and DJJM analyzed
the data; GRML and DJJM contributed reagents, mate-
rials, and/or analysis tools; and GRML and DJJM wrote
the manuscript. All co-authors approved the final draft of
the manuscript.

ACKNOWLEDGMENT

This project was partially supported by the improvement
program for members of researcher’s national system
(11482) and doctoral program in pharmacology 2015,
University of Guadalajara.

REFERENCES

*Arevalo MA, Santos-Galindo M, Acaz-Fonseca E, Azcoitia
I, Garcia-Segura LM (2013a). Gonadal hormones and the
control of reactive gliosis. Horm. Behav. 63 :216-21. http://
dx.doi.org/10.1016/j.yhbeh.2012.02.021

*Arevalo MA, Santos-Galindo M, Bellini M]J, Azcoitia I,
Garcia-Segura LM (2010b). Actions of estrogens on glial
cells: Implications for neuroprotection. Biochem. Biophys.
Acta. 1800(10): 1106-12. http://dx.doi.org/10.1016/}.
bbagen.2009.10.002

*Appel E, Kazimirsky G, Ashkenazi E, Kim SG, Jacobson KA,
Brodie C ( 2001). Roles of BCL-2 and caspase 3 in the
adenosine A3 receptor-induced apoptosis. J. Mol. Neurosci.

January 2016 | Volume 3 | Issue 1 | Page 29

s


http://dx.doi.org/10.1016/j.yhbeh.2012.02.021
http://dx.doi.org/10.1016/j.yhbeh.2012.02.021
http://dx.doi.org/10.1016/j.bbagen.2009.10.002
http://dx.doi.org/10.1016/j.bbagen.2009.10.002

OPENaACCESS

The Journal of Advances in Parasitology

17(3):285-92. http://dx.doi.org/10.1385/JMN:17:3:285

*Azcoitia I, Sierra A, Garcia-Segura LM (1999). Neuroprotective
effects of estradiol in the adult rat hippocampus: interaction
with insulin-like growth factor-I signalling. J. Neurosci.
Res. 58(6):815-22. http://dx.doi.org/10.1002/(SICI)1097-
4547(19991215)58:6<815::AID-JNR8>3.0.CO;2-R

*Barragan A, Sibley LD (2002). Transepithelial migration of
Toxoplasma gondii is linked to parasite motility and virulence.
J. Exp. Med. 195(12):1625-33. http://dx.doi.org/10.1084/
jem.20020258

*Bouchard P, Chabbert-Buffet N, Fauser BC (2011). Selective
progesterone  receptor modulators in  reproductive
medicine: pharmacology, clinical efficacy and safety.
Fertil. Steril. 96(5):1175-89. http://dx.doi.org/10.1016/j.
fertnstert.2011.08.021

*Brenier-Pinchart MP, Blanc-Gonnet E, Marche PN, Berger F,
Durand F, Ambroise-Thomas P, Pelloux H (2004). Infection
of human astrocytes and glioblastoma cells with Toxoplasma
gondii: monocyte chemotactic protein-1 secretion and
chemokine expression in witro. Acta Neuropathol.
107(3):245-9. http://dx.doi.org/10.1007/500401-003-
0804-0

*Cabrera-Mufioz E, Escobedo G, Guzmin C, Camacho-
Arroyo I (2010). Role of progesterone in HIV and parasitic
infections. Open Neuroendocrinol. J. (3) 137-142.

*Carbonaro V, Caraci F, Giuffrida ML, Merlo S, Canonico
PL, Drago F, Copani A, Sortino MA (2009). Enhanced
expression of ERalpha in astrocytes modifies the response
of cortical neurons to beta-amyloid toxicity. Neurobiol. Dis.
33(3):415-21. http://dx.doi.org/10.1016/j.nbd.2008.11.017

*Cardona-Gémez GP, DonCarlos L, Garcia-Segura LM (2000).
Insulin-like growth factor I receptors and estrogen receptors
colocalize in female rat brain. Neuroscience. 99(4):751-60.
http://dx.doi.org/10.1016/S0306-4522(00)00228-1

*Carruthers VB, Suzuki Y. Eftects of Toxoplasma gondii infection
on the brain (2007). Schizophr. Bull. 33(3):745-51. http://
dx.doi.org/10.1093/schbul/sbm008

*Contreras-Ochoa CO, Lagunas-Martinez A, Belkind-Gerson J,
Diaz-Chavez J, Correa D (2013). Toxoplasma gondii invasion
and replication within neonate mouse astrocytes and changes
in apoptosis related molecules. Exp Parasitol. 134(2):256-65.
http://dx.doi.org/10.1016/j.exppara.2013.03.010

*Courret N, Darche S, Sonigo P, Milon G, Buzoni-Gatel D,
Tardieux I (2006). CD11c- and CD11b-expressing mouse
leukocytes transport single Toxoplasma gondii tachyzoites to
the brain. Blood. 107(1):309-16. http://dx.doi.org/10.1182/
blood-2005-02-0666

*Chao CC, Hu S, Peterson PK (1996). Glia: the not so innocent
bystanders. J. Neurovirol. 2(4): 234-9. http://dx.doi.
0rg/10.1002/(SICI)1098-1136(199603)16:3<276::AID-
GLIA10>3.0.CO;2-X

*Da-Gama LM, Ribeiro-Gomes FL, Guimaries UJr, Arnholdt
AC (2004). Reduction in adhesiveness to extracellular
matrix components, modulation of adhesion molecules and
in vivo migration of murine macrophages infected with
Toxoplasma gondii. Microbes Infect. 6(14):1287-96. http://
dx.doi.org/10.1016/j.micinf.2004.07.008

*De Marinis E, Acaz-Fonseca E, Arevalo MA, Ascenzi
P, Fiocchetti M, Marino M, Garcia-Segura LM
(2013).17B-Oestradiol anti-inflammatory effects in primary
astrocytes require estrogen receptor B-mediated neuroglobin
up-regulation. J. Neuroendocrinol. 25(3):260-70. http://
dx.doi.org/10.1111/jne.12007

*Dhandapani KM, Brann DW (2003). Transforming growth
factor-beta: a neuroprotective factor in cerebral ischemia.
Cell Biochem. Biophys. 39(1): 13-22. http://dx.doi.
org/10.1385/CBB:39:1:13

*Duenas M, Torres-Aleman I, Naftolin F, Garcia-Segura LM
(1996). Interaction of insulin-like growth factor-I and
estradiol signaling pathways on hypothalamic neuronal
differentiation. Neuroscience. 74:(2): 531-539. http://dx.doi.
0rg/10.1016/0306-4522(96)00142-X

*El-On J, Peiser ] (2003). Toxoplasma and toxoplasmosis.
Harefuah. 142:48-55.

*Fagard R, Van Tan H, Creuzet C, Pelloux H (1999). Differential
development of Toxoplasma gondii in neural cells. Parasitol.
Today. 15(12):504-7. http://dx.doi.org/10.1016/50169-
4758(99)01568-9

*Farina C, Krumbholz M, Giese T, Hartmann G, Aloisi F, Meinl
E (2005). Preferential expression and function of Toll-like
receptor 3 in human astrocytes. J. Neuroimmunol. 159(1-
2):12-9. http://dx.doi.org/10.1016/.jneuroim.2004.09.009

*Fischer HG, Nitzgen B, Reichmann G, Gross U, Hadding
U (1997). Host cells of Toxoplasma gondii encystation in
infected primary culture from mouse brain. Parasitol. Res.
83(7):637-41. http://dx.doi.org/10.1007/s004360050311

*Garcia-Ovejero D, Azcoitia I, Doncarlos LL, Melcangi RC,
Garcia-Segura LM (2005). Glia-neuron crosstalk in the
neuroprotective mechanisms of sex steroid hormones.
Brain Res. Brain Res. Rev. 48(2):273-86. http://dx.doi.
org/10.1016/j.brainresrev.2004.12.018

*Garcia-Segura LM, Melcangi RC (2006). Steroids and glial
cell function. Glia. 54(6):485-98. http://dx.doi.org/10.1002/
glia.20404

*Garcia-Segura LM, Naftolin F, Hutchison JB, Azcoitia I,
Chowen JA (1999). Role of astroglia in estrogen regulation
of synaptic plasticity and brain repair. J. Neurobiol.
40(4):574-84. http://dx.doi.org/10.1002/(SICI)1097-
4695(19990915)40:4<574::AID-NEU12>3.0.CO;2-8

*Garrido-Gracia JC, Gordon A, Bellido C, Aguilar R, Barranco
I, Millin Y, de Las Mulas JM, Sinchez-Criado JE (2007).
The integrated action of estrogen receptor isoforms and
sites with progesterone receptor in the gonadotrope
modulates LH secretion: evidence from tamoxifen-treated
ovariectomized rats. J. Endocrinol. 193(1):107-19. http://
dx.doi.org/10.1677/JOE-06-0214

*Gay-Andrieu F1, Cozon GJ, Ferrandiz ], Peyron F (2002).
Progesterone fails to modulate Toxoplasma gondii replication
in the RAW 264.7 murine macrophage cell line. Parasite
Immunol. 24(4):173-8. http://dx.doi.org/10.1046/j.1365-
3024.2002.00451.x

*Halonen SK, Weiss LM, Chiu FC (1998). Association of host
cell intermediate filaments with Zoxoplasma gondii cysts in
murine astrocytes in vitro. Int. J. Parasitol. 28(5):815-23.
http://dx.doi.org/10.1016/50020-7519(98)00035-6

*Halonen SK, Lyman WD, Chiu FC (1996). Growth and
development of Toxoplasma gondii in human neurons and
astrocytes. J. Neuropathol. Exp. Neurol. 55(11):1150-6.
http://dx.doi.org/10.1097/00005072-199611000-00006

*Johann S, Beyer C (2013). Neuroprotection by gonadal steroid
hormones in acute brain damage requires cooperation with
astroglia and microglia. J. Steroid. Biochem. Mol. Biol.
(137):71-81.http://dx.doi.org/10.1016/j.jsbmb.2012.11.006

*Jones TC, Bienz KA, Erb P (1996). In witro cultivation of
Toxoplasma gondii cysts in astrocytes in the presence of
gamma interferon. Infect. Immun. 51(1):147-56.

January 2016 | Volume 3 | Issue 1 | Page 30


http://dx.doi.org/10.1385/JMN:17:3:285
http://dx.doi.org/10.1002/(SICI)1097-4547(19991215)58:6%3C815::AID-JNR8%3E3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1097-4547(19991215)58:6%3C815::AID-JNR8%3E3.0.CO;2-R
http://dx.doi.org/10.1084/jem.20020258
http://dx.doi.org/10.1084/jem.20020258
http://dx.doi.org/10.1016/j.fertnstert.2011.08.021
http://dx.doi.org/10.1016/j.fertnstert.2011.08.021
http://dx.doi.org/10.1007/s00401-003-0804-0
http://dx.doi.org/10.1007/s00401-003-0804-0
http://dx.doi.org/10.1016/j.nbd.2008.11.017
http://dx.doi.org/10.1016/S0306-4522(00)00228-1
http://dx.doi.org/10.1093/schbul/sbm008
http://dx.doi.org/10.1093/schbul/sbm008
http://dx.doi.org/10.1016/j.exppara.2013.03.010
http://dx.doi.org/10.1182/blood-2005-02-0666
http://dx.doi.org/10.1182/blood-2005-02-0666
http://dx.doi.org/10.1002/(SICI)1098-1136(199603)16:3%3C276::AID-GLIA10%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1098-1136(199603)16:3%3C276::AID-GLIA10%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1098-1136(199603)16:3%3C276::AID-GLIA10%3E3.0.CO;2-X
http://dx.doi.org/10.1016/j.micinf.2004.07.008
http://dx.doi.org/10.1016/j.micinf.2004.07.008
http://dx.doi.org/10.1111/jne.12007
http://dx.doi.org/10.1111/jne.12007
http://dx.doi.org/10.1385/CBB:39:1:13
http://dx.doi.org/10.1385/CBB:39:1:13
http://dx.doi.org/10.1016/0306-4522(96)00142-X
http://dx.doi.org/10.1016/0306-4522(96)00142-X
http://dx.doi.org/10.1016/S0169-4758(99)01568-9
http://dx.doi.org/10.1016/S0169-4758(99)01568-9
http://dx.doi.org/10.1016/j.jneuroim.2004.09.009
http://dx.doi.org/10.1007/s004360050311
http://dx.doi.org/10.1016/j.brainresrev.2004.12.018
http://dx.doi.org/10.1016/j.brainresrev.2004.12.018
http://dx.doi.org/10.1002/glia.20404
http://dx.doi.org/10.1002/glia.20404
http://dx.doi.org/10.1002/(SICI)1097-4695(19990915)40:4%3C574::AID-NEU12%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1097-4695(19990915)40:4%3C574::AID-NEU12%3E3.0.CO;2-8
http://dx.doi.org/10.1677/JOE-06-0214
http://dx.doi.org/10.1677/JOE-06-0214
http://dx.doi.org/10.1046/j.1365-3024.2002.00451.x
http://dx.doi.org/10.1046/j.1365-3024.2002.00451.x
http://dx.doi.org/10.1016/S0020-7519(98)00035-6
http://dx.doi.org/10.1097/00005072-199611000-00006
http://dx.doi.org/10.1016/j.jsbmb.2012.11.006

OPENaACCESS

The Journal of Advances in Parasitology

*Jones LA, Anthony JP, Henriquez FL, Lyons RE, Nickdel MB,
Carter KC, Alexander J, Roberts CW (2008). Toll-like
receptor-4-mediated macrophage activation is differentially
regulated by progesterone via the glucocorticoid and
progesterone receptors. Immunology. 125(1):59-69. http://
dx.doi.org/10.1111/j.1365-2567.2008.02820.x

*Khan JA, Tikad A, Fay M, Hamze A, Fagart J, Chabbert-Buffet
N, Meduri G, Amazit L, Brion JD, Alami M, Lombes M,
Loosfelt H, Rafestin-Oblin ME (2013). A new strategy
for selective targeting of progesterone receptor with passive
antagonists. Mol. Endocrinol. 27(6):909-24. http://dx.doi.
org/10.1210/me.2012-1328

Kittas C, Henry L (1979). Effect of sex hormones on the
immune system of guinea-pigs and on the development
of toxoplasmic lesions in non-lymphoid organs. Clin. Exp.
Immunol. 36:16-23.

Kittas C, Henry L (1980). Effect of sex hormones on the
response of mice to infection with Toxoplasma gondii. Br. ].
Exp. Pathol. 61(6):590-600.

*Kuo J, Hamid N, Bondar G, Prossnitz ER, Micevych P (2010).
Membrane estrogen receptors stimulate intracellular
calcium release and progesterone synthesis in hypothalamic
astrocytes. J. Neurosci. 30(39):12950-7. http://dx.doi.
org/10.1523/J]NEUROSCI.1158-10.2010

*Lambert H, Hitziger N, Dellacasa I, Svensson M, Barragan A (
2006).Induction of dendritic cell migration upon Toxoplasma
gondii infection potentiates parasite dissemination. Cell
Microbiol.  8(10):1611-23.  http://dx.doi.org/10.1111/
j.1462-5822.2006.00735 x

*Lee E, Sidoryk-Wegrzynowicz M, Farina M, Rocha ]B,
Aschner M (2013). Estrogen attenuates manganese-induced
glutamate transporter impairment in rat primary astrocytes.
Neurotox. Res. 23(2):124-30. http://dx.doi.org/10.1007/
s12640-012-9347-2

*Li DN, Liang YS, Zhou YH, Zhang HX, Sheng HY, Luo
W, Gong W, Zhuge HX ( 2010). In vitro co-cultivation
of Toxoplasma gondii tachyzoites with rat brain astrocytes.
Zhongguo Ji Sheng Chong Xue Yu Ji Sheng Chong Bing
Za Zhi.28(4):318- 51.

*Mammari N, Vignoles P, Halabi MA, Darde ML, Courtioux
B (2014). In wvitro infection of human nervous cells by
two strains of Toxoplasma gondii: a kinetic analysis of
immune mediators and parasite multiplication. PLoS One.
9:6:¢98491.

*Mauro A, Martelli A, Berardinelli P, Russo V, Bernabo N,
Di Giacinto O, Mattioli M, Barboni B (2014). Effect of
antiprogesterone RU486 on VEGF expression and blood
vessel remodeling on ovarian follicles before ovulation.
PLoS One. 9(4):¢95910. http://dx.doi.org/10.1371/journal.
pone.0095910

*Melcangi RC, Giatti S, Calabrese D, Pesaresi M, Cermenati G,
Mitro N, Viviani B, Garcia-Segura LM, Caruso D (2014).
Levels and actions of progesterone and its metabolites in
the nervous system during physiological and pathological
conditions. Prog. Neurobiol. 113:56-69. http://dx.doi.
org/10.1016/j.pneurobio.2013.07.006

*Micevych P, Sinchak K (20082). Estradiol regulation
of progesterone synthesis in the brain Mol Cell
Endocrinol. 290(1-2):44-50. http://dx.doi.org/10.1016/j.
mce.2008.04.016

*Micevych P, Soma KK, Sinchak K (2008b). Neuroprogesterone:
key to estrogen positive feedback? Brain Res. Rev. 57(2):470-
80. http://dx.doi.org/10.1016/j.brainresrev.2007.06.009

*Micevych P, Bondar G, Kuo J (2010). Estrogen actions on
neuroendocrine glia. Neuroendocrinology. 91(3):211-22.
http://dx.doi.org/10.1159/000289568

*Mosmann T (1983). Rapid colorimetric assay for cellular growth
and survival: application to proliferation and cytotoxicity
assays. J. Immunol. Methods. 65(1-2):55-3. http://dx.do.
org/10.1016/0022-1759(83)90303-4

*Pawlak ], Brito V, Kuppers E, Beyer C (2005). Regulation of
glutamate transporter GLAST and GLT-1 expression
in astrocytes by estrogen. Brain Res. Mol. Brain Res. 29:
138(1):1-7.

*Perea G, Araque A (2010). GLIA modulates synaptic
transmission. Brain Res. Rev. 63(1-2):93-102. http://dx.doi.
org/10.1016/j.brainresrev.2009.10.005

*Pung OJ, Luster MI (1986). Toxoplasma gondii: decreased
resistance to infection in mice due to estrogen. Exp.
Parasitol.  61(1):48-56.  http://dx.doi.org/10.1016/0014-
4894(86)90134-7

*Quesada A, Romeo HE, Micevych P (2007). Distribution and
localization patterns of estrogen receptor-beta and insulin-
like growth factor-1 receptors in neurons and glial cells of
the female rat substantia nigra: localization of ERX and
IGF-1R in substantia nigra. J. Comp. Neurol. 503(1):198-
208. http://dx.doi.org/10.1002/cne.21358

*Sortino MA, Chisari M, Merlo S, Vancheri C, Caruso M,
Nicoletti F, Canonico PL, Copani A (2004). Glia mediates
the neuroprotective action of estradiol on beta-amyloid-
induced neuronal death. Endocrinology. 145(11):5080-6.
http://dx.doi.org/10.1210/en.2004-0973

*Spence RD, Voskuhl RR (2012). Neuroprotective effects
of estrogens and androgens in CNS inflammation and
neurodegeneration. Front. Neuroendocrinol. 33(1):105-15.
http://dx.doi.org/10.1016/j.yfrne.2011.12.001

* Speroff L, Glass RH, Kase NG (1999). Clinical Ginecologic
endocrinology and infertility. In 6th ed. Philadelphia:
Lippincott Willians &Wilkins. http://dx.doi.org/10.1210/
jeem.84.6.5754-2

January 2016 | Volume 3 | Issue 1 | Page 31


http://dx.doi.org/10.1111/j.1365-2567.2008.02820.x
http://dx.doi.org/10.1111/j.1365-2567.2008.02820.x
http://dx.doi.org/10.1210/me.2012-1328
http://dx.doi.org/10.1210/me.2012-1328
http://dx.doi.org/10.1523/JNEUROSCI.1158-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.1158-10.2010
http://dx.doi.org/10.1111/j.1462-5822.2006.00735.x
http://dx.doi.org/10.1111/j.1462-5822.2006.00735.x
http://dx.doi.org/10.1007/s12640-012-9347-2
http://dx.doi.org/10.1007/s12640-012-9347-2
http://dx.doi.org/10.1371/journal.pone.0095910
http://dx.doi.org/10.1371/journal.pone.0095910
http://dx.doi.org/10.1016/j.pneurobio.2013.07.006
http://dx.doi.org/10.1016/j.pneurobio.2013.07.006
http://dx.doi.org/10.1016/j.mce.2008.04.016
http://dx.doi.org/10.1016/j.mce.2008.04.016
http://dx.doi.org/10.1016/j.brainresrev.2007.06.009
http://dx.doi.org/10.1159/000289568
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://dx.doi.org/10.1016/j.brainresrev.2009.10.005
http://dx.doi.org/10.1016/j.brainresrev.2009.10.005
http://dx.doi.org/10.1016/0014-4894(86)90134-7
http://dx.doi.org/10.1016/0014-4894(86)90134-7
http://dx.doi.org/10.1002/cne.21358
http://dx.doi.org/10.1210/en.2004-0973
http://dx.doi.org/10.1016/j.yfrne.2011.12.001
http://dx.doi.org/10.1210/jcem.84.6.5754-2
http://dx.doi.org/10.1210/jcem.84.6.5754-2

