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Abstract
The intracellular protozoan Toxoplasma gondiimay cause congenital toxoplasmosis and serious brain damage in fetus. However,
the underlying mechanism of neuropathogenesis in brain toxoplasmosis remains unclear. For this study, neural progenitor cells
(NPCs) were obtained from embryo telencephalons (embryonic day 13) and induced to proliferation in the presence of growth
factors (GFs). For gathering insights into the biological effects of resveratrol (RSV) on neurogenesis, this study aimed to
investigate effects of RSV concentrations (0.1 to 100 μM) on proliferation, migration and differentiation of NPCs infected by
T. gondii. T. gondii infection increased the presence of cells in Sub G1 phase, reducing the global frequency of undifferentiated
cells in S and G2/M phases of cell cycle and reduced cell viability/mithochondrial activity of infected NPCs. Moreover T. gondii
stimulated neural migration and gliogenesis during neutral differentation. However, the treatment with RSV stimulated cell
proliferation, restored cellular viability of infected NPCs and exerted an inhibitory effect on gliogenesis of infected NPCs
favorecing neuronal maturation during toxoplasmosis infection. Thus, we have successfully to demonstrated that RSV is prom-
ising as therapeutic for congenital toxoplasmosis.
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Introduction

Toxoplasma gondii is a neurotropic intracellular parasite that
infects any warm-blooded animals, capable of causing toxo-
plasmosis [1]. Congenital toxoplasmosis is regarded as the

most serious outcome of T. gondii infection in worldwide
and has still a high incidence in live births [2].

There is a close relationship between congenital toxoplas-
mosis and the appearance of neurodegenerative disorders that
can lead to irreversible injuries of the fetus brain [3].
Congenitally infected children usually show clinical signs,
such a of hydrocephalus and frequently low intelligence quo-
tients [4, 5]. In pregnant women, T. gondii infection can cause
abortion, stillbirth or brain abnormalities with detrimental
consequences for the fetus [6].

Experimental evidence exists that in vitro inoculation with
T. gondii induces apoptosis of neural stem cells (NSCs) reduc-
ing proliferation rates during cellular differentiation [7], and
that the parasite is capable of infecting and encysting in both
astrocytes and neurons, the major central nervous system
(CNS) cell types implicated during a chronic infection [8].

Neurons, astrocytes andmicroglial cells in the CNS are highly
sensitive to T. gondii infection, especially in toxoplasmic enceph-
alitis [9], and during brain development. One of the most impor-
tant steps during brain development is the generation of cellular
diversity and the neural fate decision to form neurons or glial
cells. In this study, we suggest novel functions for resveratrol
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(RSV), a natural compound with health benefits, promoting
neurogenesis during toxoplasmosis infection.

Resveratrol (3,4′,5trihydroxystilbene) is a polyphenolic
phytoalexin abundant in grapes, peanuts, mulberries and red
wine [10]. This compound has protective effects against oxi-
dative stress, immune response and celular damage [11, 12].
Furthermore, RSV protected neurons against degeneration in
experimental models of ischemic stroke, Alzheimer, and
Parkinson disease [13, 14]. RSV has been investigated for
treatment of toxoplasmosis in mice experimentally infected
with T. gondii revealing significant results such as decreases
in brain damage and cyst numbers [15]. In view of the cited
recent results, the present study is expected to provide inter-
esting insights into the effect of RSV in cell fate determination
during the process of neural differentiation [16].

Thus, to further elucidate the mechanisms of RSV on
neuropathogenesis of congenital toxoplasmosis, this study
aimed to investigate cellular and molecular mechanisms me-
diated by RSVon NPCs from embryos infected with T. gondii
as restorative therapy recovering from the loss of NPCs and
neurogenesis.

Experimental Procedures

Animals and Infection

For this study, ten Swiss female mice with a mean age of
60 days weighing 25 ± 5 g were kept in boxes containing five
animals each, under a 12 h light/dark cycle with controlled
temperature and humidity (25 °C, 70% respectively). All an-
imal procedures were approved by the Ethics Committee on
Animal of Federal University of Santa Maria (UFSM, proto-
col number 95090109/15). The animals went through an ad-
aptation period of 10 days and were fed with commercial feed
and water ad libitum. The animals were infected orally with T.
gondii tachyzoites of the VEG strain (type III) orally. Twenty
days post infection the female mice were mating with male
mice.

Resveratrol

Resveratrol (C14H12O3; molecular weight 228.25 g/mol; pu-
rity >98, Sigma Aldrich, St. Louis, MO) was diluted in
phosphate-buffered saline (PBS) and added to NPC cultures
at concentrations from 0.1 to 100 μM prior to induction of
differentiation.

Isolation and Culture of Neural Progenitor Cells
(NPCs)

NPCs were isolated from the embryonic day13 (E13) telen-
cephalons of embryonic mice according to the methodology

described by Hutton and Pevny [17]. Embryonic telencepha-
lons were dissected and incubated with 0.1% trypsin for 5 min
at 37 °C an equal volume of fetal bovine serum (FBS) was
added for the inactivation of trypsin [18]. The cells were fur-
ther mechanically dissociated. The cells were plated at a den-
sity of 2 × 105 cells/mL in Dulbecco’s Modified Eagle’s me-
dium (DMEM)/Ham’s F-12 culture medium supplemented
with 2% of B-27 (Life Technologies, Carlsbad, CA), 20 ng/
ml of epidermal growth factor (EGF) and fibroblast growth
factor (FGF)-2 (both reagents from Sigma-Aldrich) and anti-
biotics (100 units/mL penicillin and 100 μg/mL streptomycin)
and cultured at 37 °C in a water-saturated atmosphere and 5%
of CO2 during 5 days. Growth and sizes of neurosphere were
measured using ImageJ software, and the results expressed as
numbers and sizes of neurosphere, respectively.

Cell Cycle and Cellular Viability of NPCs

Proliferation of uninfected and infected undifferentiated
NPCs treated with resveratrol (0.1 to 10 μM) were eval-
uated by cell cycle measurements using propidium io-
dide (PI) as described previously [18]. After a 24-h
treatment, cells were resuspended in PBS, fixed with
70% ethanol, labeled with PI (0.05 mg/ml), incubated
at room temperature in the dark for 30 min, and filtered
through 41-μm spectra/mesh nylon filters (Spectrum,
Rancho Dominguez, CA). DNA content was then ana-
lyzed using flow cytometer (BD FACSCalibur; BD bio-
sciences). Obtained data were analyzed using the
FlowJo V10 software (Ashland, OR) and expressed as
counted cells (% of control).

After the indicated treatments, cellular viability of NPCs
was analyzed by the 3–4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT) method [19].
NPCs were incubated with 5 mg/mL of MTT for additional
2 h at 37 °C under 5% CO2 and 95% air. Dimethylsulfoxide
was used to extract MTT formazan, and absorbances of each
well at 490 nm were read in an automatic microplate reader.
Results were expressed as percentages of control groups.

Neurosphere Differentiation

For neural differentiation, neurospheres were plated into ad-
herent poly-L-lysine- and laminin coated cell culture dishes
and cultured without growth factors (EGF and FGF2) in the
absence or presence of RSV (0.1 to 10 μM). Migration rates
were determined on the seventh days of differentiation as the
distance migration of the foremost cells to the neurosphere
analyzed by differential interference contrast microscopy
[20, 21]. The radial migration was mensured using ImageJ
software, and data were reported as percentage of migration
compared to untreated controls.
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Immunocytochemistry

For immunocytochemistry analysis neurospheres were fixed
in 4% of paraformaldehyde (PFA) for 20 min at 37 °C, and
and permeabilized for 20 min with PBS plus 3% FBS and
0.1% Triton X-100 [22]. After 2 h of incubation with rabbit
anti-glial fibrillary acidic protein (GFAP) antibodies (1:500;
DAKOSystems, Carpinteria, CA), andmouse anti-β3-tubulin
antibodies (1:500; Sigma-Aldrich, St. Louis, MO) and coun-
terstained with 40,6-diamidino-2-phenylindole, dilactate
(DAPI) solution (0.3 μg/mL; Sigma- Aldrich). In the same
solution, NPCs were washed with PBS and incubated for
1 h at room temperature (RT) with secondary Alexa Fluor
488 or 555 (1:1000; Life Technologies) antibodies.
Coverslips were mounted, and slides were analyzed under a
fluorescence microscope (Axiovert 200, Zeiss, Jena,
Germany).

Flow Cytometry Analysis

Flow cytometry experiments were performed as described
previously by researchers [21, 23]. Differentiated cells were
dissociated and fixed for 20 min in ice-cold 4% PFA in PBS,
washed with PBS supplemented with 2% FBS, and incubated
for 30 min with primary anti-Nestin (1:500; Sigma-Aldrich),
anti-GFAP (1:500; DAKO Systems, Carpinteria, CA),
anti-β3-tubulin (1:500; Sigma- Aldrich), or rabbit anti-
microtubule associated protein-2 (MAPs2, 1:500; Sigma-
Aldrich) antibodies. Following a washing step with PBS, cells
were incubated with Alexa Fluor 488- or 555-conjugated sec-
ondary antibodies (1:500) (Life Technologies) and analyzed
by flow cytometer (BD Accuri). Thirty-thousand events were
acquired per samples. Forward and side light-scatter signals
were used to exclude dead cells and debris. Data were ana-
lyzed using theFlowJo V10 software (FlowJo, Ashland, OR).

DNA Extraction and Reaction of Polymerase Chain
(PCR) Detection

Adult brain and telencephalon of embryos from infected mice
samples frozen at −80 °C were processed following the pro-
tocol described by Sambrook et al. [24] with modifications.
The tissue was incubated with 20 μL of proteinase K (20 mg/
mL), overnight at 37 °C. After this period, 500 μL of phenol-
chloroform (1:1) was added and mixed, followed by centrifu-
gation at 12.000 g for 10 min. The aqueous phase was trans-
ferred to the same volume of absolute isopropanol. The mix-
ture was precipitated overnight, and centrifuged at 12.000 g
for 30 min. The pellet was resuspended in 1 mL of cold eth-
anol 70%, followed by centrifugation at 12.000 g for 10 min.
And then resuspended in 30 μL de TE (10 mMTris-HCl
pH 8.0; 1 mM EDTA pH 8.0) and incubated at 56 °C for

10 min, followed by a further centrifugation for final storage
at −20 °C.

PCR reactions were carried out in order to determine the
presence of T. gondii DNA using the gene target B1, the for-
ward primer: 5’AGCGTCTCTCTTCAAGCAGCGTA-3′ and
reverse primer: 5’TCCGCAGCGACTTCTATCTCTGT-3’for
amplification of a 300 bp fragment as described [25]. The
reaction were performed at a final volume of 25μL containing
50 ng of DNA template, 6 μM of each primers, 100 μM of
dNTPs (Life Technologies), 2 mM MgCl2, 2.5 U Taq DNA
polymerase (Life Technologies) and 2.5 μL of enzyme buffer.
PCR products were subjected to electrophoresis and visual-
ized by staining with 2% ethidium bromide.

Statistical Analysis

Results are expressed as mean values ± standard errors of
mean (SEM) representative for at least three independent ex-
periments. Statistical analysis was assessed by two-way anal-
ysis of variance (ANOVA) followed by the Tukey post-test
using GraphPad Prism (Version 5.0) software. Values of p
< 0.05 were considered as statistically significant.

Results

Congenital Transmission of T. gondii

Qualitative DNA analysis was performed in brain of adult
mice (n = 5) and telencephalon of embryos from infected mice
(n = 5) in order to confirm congenital transmission of T. gondii
by polymerase chain reaction (PCR). A specific band (300 bp)
was observed in adult brain and embryos indicating congenital
transmission, as confirmed with a positive control (cistogenic
strain VEG) (Fig. 1).

Stimulatory Effects of Resveratrol
during Neurosphere Growing

NPCs isolated from telencephalon embryonic day-13 (ED-13)
gave clonal expansion to neurospheres in serum free
neurobasal medium supplemented with growth factors. We
first studied RSV concentration dependence effects modifies
the growing of neurospheres of uninfected and infected NPC
cultures (Fig. 2A). Lower concentrations of RSV (1 μM and
10 μM) led to an increase in the number of neurospheres
formed by uninfected NPCs after 5 days of exposure, whereas
higher doses (100 μM) inhibited neurosphere growth (Fig.
2B).

To confirm the effects of RSVand parasite influence during
neurosphere formation, sizes of neurospheres were analyzed
with ImageJ software (Fig. 2C). RSV (10 μM) significantly
increased sizes of uninfected neurospheres when compared to
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controls (Fig. 2D). Surprisingly, T. gondii infection also in-
creased sizes of neurospheres when compared to control
(p < 0.05). RSVat 1 μM and 10 μM concentration enhanced
proliferation in a dose-dependent manner (Fig. 2D).

Resveratrol Increased Proliferation and Cellular
Viability of Infected NPCs

Cell cycle measurements were conducted for further studying
effects on proliferation (Fig. 3A). After 5 days of culture, T.
gondii increased Sub G1 phase and reduced S and G2/M
phases of the cell cycle in comparison to control (p < 0.05)
(Fig. 3A). The treatment with RSV increased S and G2 phases
of cell cycle in infected NPCs when compared to infect NPCs.

NPC viability/mithochondrial activity is shown in Fig. 3B. T.
gondii decrease NPC viability of neurospheres when compared to
uninfected (p < 0.05). Treatment with RSVat 1 and 10 μM con-
centration significantly prevented cellular death of uninfected.

Resveratrol Promoted Migration of Infected NPCs
during Brain Development

NPCs present a radial migration pattern. Figure 4 shows rep-
resentative images of uninfected and infected differentiated
neurospheres, cultured in the presence or absence of resvera-
trol (0.1-10 μM). The region enclosed between the dotted
lines comprises 95% of migrating cells. T. gondii stimulated
migration of infected NPCs after 7 days of differentiation
when compared to control experiments (Fig. 4A). Treatment

with RSV restored radial migration in infected NPCs similar
to that observed with control cells (p < 0.05) (Fig. 4B).

T. gondii Infection Stimulated Gliogenesis in Infected
NPC

For assaying the progress of neural differentation, marker ex-
pression for NPCs, glial cells and neurons were studied by im-
munocytochemistry (Fig. 5). The images indicate an increase in
GFAP-immunostaining of infected NPCs compared to control
cells (Fig. 5A). Sample immunostaining for β3-tubulin demon-
strated that neuronal differentation was not affected by T. gondii
infection or RSV treatment; in other words, there were not any
effects on neurogenesis (Fig. 5B). However, during T. gondii
infection, frequencies of GFAP+ cells were augmented when
compared to uninfected control cells (p < 0.05).

Resveratrol Enhanced Neural Maturation of Infected
NPC

Analysis by flow cytometry confirmed the differences in
the frequency of nestin (NPCs marker), anti-GFAP (glial
marker), cells expressions anti- β3-tubulin (immature neu-
rons marker) and MAP2 (mature neurons marker) (Fig. 6).
An increase of NPC positive cells was observed in infected
NPCs when compared to controls (Fig. 6A). RSV (0.1 to
10 μM) increased the percentage of nestin+cells. While
RSV (1 and 10 μM) increased the number of infected cells
expressing nestin NPCs stimulated proliferation of NPCs
during T. gondii infection.

GFAP marker analyzed the percentage of glial cells. The T.
gondii increase GFAP+ cells when compared to control (p <
0.05) (Fig. 6B). The exposition of RSV (0.1 to 10 μM) sig-
nificantly increase GFAP+ cells in per se effect when com-
pared to control. However, 1 μM RSV was able to restore
glial expression in infected NPCs (Fig. 6B). No significant
differences were observed on regarding expression of the neu-
ral marker β3-tubulin between groups (p > 0.05) (Fig. 6C). In
addition, immunocytochemistry analysis suggested an in-
crease in gliogenesis (GFAP+ cells) over neurogenesis (β3-
tubulin− cells).

As T. gondii and RSV have not any influence on neuronal
fate determination, neuronal maturation was further investi-
gated by anti-MAP-2 immunostaining.. The results showed
a decrease in the number of MAP2+ cells following T. gondii
infection when compared to control (Fig. 6D). The lower
doses of RSV (0.1 μM and1μM) increased the percentage of
MAP2+ cells. The treatment with RSV (0.1 to 10 μM) stimu-
lated neuronal maturation in infected NPCs. These results in-
dicate that the concentration used in this study promotes neu-
ral maturation during T. gondii infection of NPCs.

Fig. 1 Maternal-fetal transmission of T. gondii consistent with
congenital toxoplasmosis. 1: Specific band (± 300 bp, indicated by the
arrow) of T. gondii DNA detected by qualitative PCR in the brain of
infected female mice. 2: T. gondii DNA in telencephalon of embryos
(E13). 3: Negative control. Agarose gel (1.5%) stained with ethidium
bromide showing specific ampliconsM: molecular weight marker 1000 bp
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Discussion

CNS plays a central role in the lifelong persistence of T.
gondii as well as in the pathogenesis of congenital toxo-
plasmosis. This study investigated the effects of resvera-
trol on modulation of neurogliogenesis in infected NPCs.
Our first experimental strategy was to mimic an infection
of the female aiming T. gondii vertical transmission
through ingestion of cysts of the VEG cistogenic strain.
The PCR analysis showed presence of T. gondii DNA in

brain of female adult mice and telencephalon of infected
embryos confirming vertical transmission (Fig. 1). These
data support the severity of toxoplasmosis infection and
are in accordance with previous results [26], which indi-
cated a high congenital transmission rate (90%) in the
mouse model.

T. gondii is capable of invading almost any nucleated cells
[27]. Thus, NPCs are presumably one of these, and are crucial
for the process of brain development and postnatal and adult
neurogenesis. Considering that NPCs originate in the CNS, we

Fig. 2 Effects of resveratrol on numbers and size of neurospheres. A:
Uninfected and infected NPCs proliferate as neurospheres after 5 days of
growing in presence or absence of RSV (0.1 to 100 μM). Scale bar:
100 μm. B: RSV treatment increased the numbers of neurosphere in
uninfected NPCs. Neurosphere counts were performed using flow
cytometry. C: Sizes of uninfected and infected neurosphere after

treatment with RSV (1 and 10 μM). The sizes were determined with
the ImageJ software. Data are expressed as mean values ± SEM using
Two-Way ANOVAwith post-hoc Tukey tests within the GraphPad Prism
software; significant differences p < 0.05. (*Uninfected vs experimental
group) (# Infected vs experimental groups)
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hypothesize that T. gondii on the NPCs may play an important
role in the determination of cell fate in the process of neural
differentiation. Congenital toxoplasmosis, especially in the first
trimester of pregnancy, may result in severe brain changes in the
newborn. The first evidence observed in this study was a high
spontaneus abortion rate in infected female mice. Three of eight
infected animals underwent spontaneous abortion or decreases
in embryo size and numbers (data not showed).

The parasite may promote or inhibit the cell apoptotic ma-
chinery, depending on the host cell type, infection stage as well
as on its virulence and parasite load [28]. Our results suggest
that T. gondii caused an expansion of neurosphere growth, but

not an increase in neurosphere number. Our hypothesis is that
the major host tissue cells could act as the bystanders in chronic
infection, and cell aggregation may favor the secretion of cyto-
kines by parasite-infected cells [29, 30].

Resveratrol has protective effects against many dis-
eases, including toxoplasmosis [15]. In the present study,
we evaluated the effects of RSV on growing, proliferation
and survival of NPCs from uninfected and infected
neurospheres. Among the tested concentrations, 1 and
10 μM of RSV were the most effective in stimulating
NPC growth (Fig. 2A and 2B). On the other hand, the
RSV inhibits neurosphere growing when administered in
high dose (100 μM) in the culture (Fig. 2A and 2B); this
clearly indicates that RSV at a high dose/concentration has
a strong pro–apoptotic effect. According to literature, the
RSV exerts biphasic effects on NPCs [31]; low concentra-
tions (<10 μM) stimulated cell proliferation, whereas high
concentrations (>20 μM) exhibited inhibitory effects. Our
findings are consistent with evidence that RSV can in-
crease numbers and sizes of neurospheres; consistent with

Fig. 4 Resveratrol-induced decrease in radial migration of infected
NPCs. A: Phase contrast images representing radial migration pattern
after 7 days of neural differentiation in the presence or absence of RSV
in uninfected and infected NPCs. The region comprised by the dotted
lines corresponds to approximately 95% of migrating cells. B:

Quantification of migration of uninfected and infected NPCs treated
with RSV (0.1 to 10 μM). The quantification was done using ImageJ
software and expressed as percentage. Significant results p < 0.05, using
Two-Way ANOVAwith the post-hoc Tukey test. (*Uninfected vs exper-
imental group) (# Infected vs experimental groups)

Fig. 3 Resveratrol-induced increases on proliferation and viability of
infected NPCs. A: Flow cytometry analysis of cells in SubG1, G0/G1, S,
G2/M phases of cell cycle of uninfected and infected treated with RSV (1
and 10 μM). B: Percentages of cellular viability/mithochondrial activity
in relation to control cells in the absence and presence of RSV (1 and
10 μM). Data represent mean values ± SEM of three independent exper-
iments using Two-Way ANOVAwith the post-hoc Tukey test. *p < 0.05
(* Control vs infected groups) (#Infected vs experimental group)

R
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the possibility that RSV crosses the blood-brain barrier and
acts directly on proliferation of cells [16].

To confirm the effect of RSVon infected NPCs, cell cycle
phases were analyzed. T. gondii decreased S and G2/M phases
of cycle (Fig. 3A). During neurogenesis a heterogeneous pop-
ulation of NPCs, neuroblasts and glial cells are proliferating
and dividing. Thus, when there are change during embryonic
development and/or neural tube formation, the cell cycle ex-
tends. The treatment with RSV changes in cell cycle distribu-
tion of uninfected neurospheres and resulting in symetric pro-
liferative division with a rapid expansion NPCs. On the other
hand, infected NPCs arrested in G0/G1 phase shows that
neurogenesis may be influenced by the treatment (Fig. 3A).
RSVoperated as stimulus for infected NPCs during S and G2/
M phases, probably improving DNA sinthesis and acting on

the checkpoint in the final step of G2, to cease the cycle if the
DNA is damaged or if DNA replication has been incomplete.
Previous results have reported that RSV arrests the cell divi-
sion cycle at S/G2 phase transition [32] as observed here.

The cellular viability of undifferentiated NPCs are
strongly affected by T. gondii (Fig. 3B). The data shows
an appoptotic effect of parasite in infected NPCs. Our re-
sults are in accordance with other studies [33], which
showed that the proliferation level was lower in infection
groups than the controls, as determined by the MTT meth-
od. Accordingly, T. gondii induced apoptosis of NSCs
through the ERS signal pathway via activation of CHOP,
caspase-12 and JNK [7], which may constitute a potential
molecular mechanism responsible for the cognitive distur-
bance in neurological disorders caused by T. gondii. The

Fig. 5 Neural progenitor
differentiation induced by T.
gondii. A: GFAP expression in
differentiated neurospheres from
uninfected and infected NPCs
treated with RSV (0.1 to 10 μM).
B: β3-tubulin expression by in
uninfected and infected NPCs
treated with RSV (0.1 to 10 μM).
C: Typical immunofluorescence
merged images of neurospheres
on day 7 of differentiation, show-
ing glial GFAP) and neuronal β3-
tubulin expression
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treatment with RSV restored cellular viability of infected
NPCs. This was probably due to reducing the production
of prostaglandins and the formation of ROS evidenced in
lipopolysaccharide (LPS)-activated microglial cells [12].
Moreover, RSV was reported to suppress the activity of T
and B-cells and macrophages [34].

The transition from neuroepithelial cells to the radial glands
during embryonic development is being associated with the
cell cycle. To gain insights into the biological effects of RSV
on neurogenesis, we examined its influence on neural migra-
tion. Our data reveal that RSV (0.1 to 10μM) enhanced neural
migration of uninfected NPCs (Fig. 4A). However, T. gondii
infection seems to led to aberrant neural migration (Fig. 4B).
These results suggest that alteration of migration may also
influence neurogenesis and gliogenesis networks.

In T. gondii infection, NPCs migrate from the base during
the G1 phase of the cell cycle, reach the apex during the S
phase (low extension phase) and return to the base of the
neural tube during the G2 phase of mitosis (low extension).
However, the treatment with RSV (0.1–10 μM) decreased
neural migration in infected NPCs, playing a key role in the
neural differentiation of cells. Specifically, a reduction in ac-
curacy of spindle positioning relative to the apical-basal axis
of neuroepithelial cells may be sufficient to result in cleavages
other than the symmetric pattern. These interkinetic motions
and symmetric divisions characterize the early stages of

central nervous system expansion, increasing the number of
cells [35], as observed here.

The progress of neural differentiation is closely related to
cell migration and neuron-glia interactions [36]. Progresses in
neural and glial differentiation of NPCs were evaluated using
anti-GFAP (Fig. 5A) and anti-β3-tubulin (Fig. 5B) antibodies
in immunofluorescence studies. The results revealed that T.
gondii favored gliogenesis over neurogenesis in
neurotoxoplasmosis.

Quantification of nestin (NPC+), GFAP+ cells and β3-
tubulin+cells by flow cytometry showed that T. gondii signif-
icantly increased the frequencies of nestin+ and GFAP+ cells
when compared to controls assay (Fig. 6A, B). These results
indicate, for the first time, an important role of e T. gondii in
indirectly increasing NPC proliferation and glial fate
determination.

Neurospheres were exposed to different concentrations of
RSV (0.1 - 100 μ M), the results indicate that intermediary
concentrations in the number of RSV (1 and 10 μM) exposure
resulted in an increase of NPC compared to uninfected NPCs.
The results are consistent with literature [16], which show
differential actions of RSVon proliferation of neural progen-
itor cells and hippocampal neurogenesis.

In the range of tested concentrations, 1 μMRSV seemed to
be most effective in reducing glial cell production induced by
T. gondii. Astrocytes may contribute to neuroinflammation,

Fig. 6 Resveratrol restored neurogliogenesis during T. gondii
infection. Flow cytometry analysis using specific antibodies conjugated
with Alexa Fluor (AF) 488 or AF 555 fluorophores in uninfected and
infected NPCs treated with different concentrations of RSV (1 and
10 μM). Percentages of A: NPCs (Nestin marker). B: Glial cell

(GFAP+ cells). C: immature neurons (β3-tubulin+ cells). D:
Percentages of mature neurons (MAP2). The data represents mean values
±SEM of three independent experiments. Significant results *p < 0.05,
usingANOVA-twoway byGraphPad Prism. (*Uninfected vs experimen-
tal group) (# Infected vs experimental groups)
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such us microgrial cells which are considered immune cells of
the CNS. When stimulated, these cells react and produce in-
flammatory mediators. These molecules contribute to the dys-
function of the neural network in the CNS. Evidence
supporting the involvement of inflammatory mediators in
neurodegenerationis well documented with microglia playing
a key role [28, 30]. Thus, the development of compounds
modulating microglial activation has been suggested as one
of the potential strategies for the treatment or prevention of
neurodegenerative diseases.

T. gondii displayed a differential invasive and developmen-
tal preference in neurogliogenesis during the course of infec-
tion [8]. Several studies have highlighted the ability of the
parasite to infect a large number of glia cells during the acute
phase, in contrast to the low numbers of infected neurons [37,
38]. However, studies showed that T. gondii infects and en-
cysts in both astrocytes and neurons [39, 40].

In addition, we also carried out immunostaining studies to
investigate the frequency of β3-tubulin+ cells in neurospheres
following the exposure to RSV. Quantitative analysis of
anti-β3-tubulin expression by flow cytometry did not reveal
any differences of expression in uninfected and infected NPCs
exposed to RSV (Fig. 6C).

While here no significant differences were observed in
percentages of immature neurons (β3-tubulin+ cells), a re-
duction in the frequency of MAP2+cells (mature neurons)
occurred in differentiated cultures of infected NPCs (Fig.
5D). MAP-2 is a neuron-specific cytoskeletal protein that
is used as a marker of neuronal phenotypes. Expression is
weak in neuronal precursors, but becomes pronounced lat-
er (approximately one day after expression of neuron-
specific tubulin isoform β3) [41]. Our findings are in ac-
cordance with the work of Creuzet et al. [37], in which
quantitative in vitro analyses with a RH strain of T. gondii
revealed that approximately 10% of neurons and astrocytes
were infected, while 30% of the microglial cells harbored
intracellular parasites [42]. One possibility is that both as-
trocytes and neurons are infected in vivo, but only infected
astrocytes or parasites kill less mature neurons suffer in
their viability from parasite infection.

Neural replication occurs only in distinct regions of the
brain and in limited amounts [43]. While microglia and infil-
trating macrophages are essential for controlling T. gondii in-
fection in the brain, neurons and astrocytes are the parenchy-
mal cells that have been most implicated in playing a role in
CNS toxoplasmosis. Consequently, for the correct adjustment
of cells and cell differentiation in the embryonic stage of the
CNS, sufficient number of cells predominate in the early
stages. this implies that there is a greater probability in gener-
ating differentiated cells that will favor the production of as-
trocytes or neurons. On the other hand, RSV contributed to
neural differentiation of NPCs, favoring their proliferation,
migration, gliogenesis and neural maturation.

Our study provides some initial clues regarding the poten-
tial effects of RSV during neurogliogenesis in infected NPCs.
Our data suggest that the RSV-induced effects on infected
NPCs is mediated by a decrease glial differentiation during
chronic infection by T. gondii. Neural proliferation was se-
verely affected by the parasite during brain development,
resulting in decreased NPC proliferation and neural matura-
tion. NPCs proliferation and neural maturation. On the other
hand, the RSV promoted an increase in infected NPCs and
restored neural determination during infection. Thus, we sug-
gest the potential of RSVas a restorative therapy against toxo-
plasmosis brain disorders. Future studies of these striking
form of effects on NPC plasticity will not only contribute to
our understanding of the mechanisms and functional signifi-
cance of neurogenesis in infected embryonic mammalian
brain, but may also lead to novel strategies for therapy of
neurological disease induced by T. gondii.
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