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A B S T R A C T

Congenital toxoplasmosis is a parasitic disease that occurs due vertical transmission of the protozoan Toxoplasma
gondii (T. gondii) during pregnancy. The parasite crosses the placental barrier and reaches the developing brain,
infecting progenitor, glial, neuronal and vascular cell types. Although the role of Radial glia (RG) neural stem
cells in the development of the brain vasculature has been recently investigated, the impact of T. gondii infection
in these events is not yet understood. Herein, we studied the role of T. gondii infection on RG cell function and its
interaction with endothelial cells. By infecting isolated RG cultures with T. gondii tachyzoites, we observed a
cytotoxic effect with reduced numbers of RG populations together with decrease neuronal and oligodendrocyte
progenitor populations. Conditioned medium (CM) from RG control cultures increased ZO-1 protein levels and
organization on endothelial bEnd.3 cells membranes, which was impaired by CM from infected RG, accompanied
by decreased trans-endothelial electrical resistance (TEER). ELISA assays revealed reduced levels of anti-in-
flammatory cytokine TGF-β1 in CM from T. gondii-infected RG cells. Treatment with recombinant TGF-β1
concomitantly with CM from infected RG cultures led to restoration of ZO-1 staining in bEnd.3 cells. Congenital
infection in Swiss Webster mice led to abnormalities in the cortical microvasculature in comparison to unin-
fected embryos. Our results suggest that infection of RG cells by T. gondii negatively modulates cytokine se-
cretion, which might contribute to endothelial loss of barrier properties, thus leading to impairment of neuro-
vascular interaction establishment.

1. Introduction

Toxoplasmosis is a parasitic disease that affects all warm-blooded
animals, including humans. The disease is caused by a protozoan
parasite, T. gondii and has a high global seroprevalence, estimated in
approximately 1/3 of the world's population (Dubey, 2010). Trans-
mission occurs by ingestion of uncooked meat from infected animals,
that contains tissue cysts, or by ingestion or inhalation of sporulated
oocysts, shed with feces of infected felids. The cysts are digested by
proteolytic enzymes present in the stomach and small intestine, which
then release infective parasites that rapidly invade epithelial cells of the

small intestine and differentiate into fast-replicating tachyzoite forms.
After intense intracellular proliferation, parasites promote host cell lysis
and can disseminate throughout the entire organism (reviewed in (Hill
and Dubey, 2016)). During the acute phase, patients may present
lymphadenopathy, which may be associated with fever, fatigue, muscle
pain, sore throat and headaches (Montoya and Liesenfeld, 2004).

T. gondii can also be vertically transmitted during gestation, leading
to Congenital Toxoplasmosis (CT), established by the capacity of the
parasite to cross the placental barrier and reach the developing brain
tissue, where both tachyzoites and tissue cysts can be found in the
developing brain parenchyma (Ferguson et al., 2013). CT is part of the
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TORCH complex of infectious diseases (Toxoplasma, Rubella, Cyto-
megalovirus, Herpes simplex 2. O stands for Others, and includes
chlamydia, HIV, Coxsackievirus, Syphilis, Hepatitis B, chicken pox and
Zika virus) that can be transmitted from the mother to the fetus (Neu
et al., 2015; Mehrjardi, 2017). Although transmission during the third
trimester has been implicated in reduced impact on the fetus, infection
during the first trimester is extremely disruptive, with severe neurolo-
gical manifestations including microcephaly, cognitive/intellectual
disabilities, deafness and blindness (Wallon et al., 1999).

Deleterious effects of infection of mouse neural progenitor cells by a
highly infective T. gondii strain were linked to induction of apoptosis by
endoplasmic reticulum stress signaling pathway activation (Wang et al.,
2014). In addition, reduced neuron and astrocyte generation from the
neural C17.2 stem cell line by disruption of the Wnt/β-catenin signaling
pathway have also been suggested as an underlying mechanism of T.
gondii-induced neural pathological damage during brain development
(Gan et al., 2016; Zhang et al., 2017).

Radial glia (RG) cells are the major multipotent neural stem cell
population during the embryonic cerebral cortex development period
and originate most of the neuronal and glial cell types found in neural
tissue, by activation of multiple signaling pathways (Gotz and Barde,
2005; Kriegstein and Alvarez-Buylla, 2009; Stipursky et al., 2012;
Stipursky et al., 2014). Besides its well-known role as neural stem cells,
RG have recently been demonstrated to directly control vascular de-
velopment and blood brain barrier (BBB) formation in the embryonic
cerebral cortex (Ma et al., 2013; Errede et al., 2014; Hirota et al., 2015;
Siqueira et al., 2018).

Neuroepithelial and RG neural progenitors interact with immature
endothelial cells, derived from the perineural vascular plexus (PNVP)
that surrounds the neural tissue early during the embryonic period.
Such an interaction is essential to promote invasion of endothelial cells
and vascularization of the developing CNS. Endothelial cells from the
PNVP invade forebrain tissue as early as E9.5 in mice and migrate to-
ward the ventricular surface, guided by VEGF gradients secreted by
neural progenitor cells (Bautch and James, 2009; Anderson et al., 2011;
Liebner et al., 2011; Takahashi et al., 2015). Recently, we demonstrated
that RG cells coordinate the formation of the vascular tree of the brain,
by controlling angiogenesis in the developing cortex. Specifically, RG
cells secrete a vast repertoire of pro-angiogenic factors, including TGF-
β1 and VEGF-A, that induce endothelial proangiogenic genes expres-
sion and regulate migration and blood vessel branching in the em-
bryonic cerebral cortex (Siqueira et al., 2018).

Blood vessel development and neural cell generation in the CNS are
essential steps for the establishment of the BBB. The BBB is a multi-
cellular structure formed by capillary endothelial cells, astrocytic end-
feet, pericytes and neighboring microglia and neurons, that control the
transport of nutrients, oxygen and other substances, and prevent the
free passage of toxic agents and pathogens (Kim et al., 2006; Anderson
et al., 2011).

Although RG physiology greatly determines the correct formation of
the cerebral cortex, including its vascularization (Ma et al., 2013;
Errede et al., 2014; Hirota et al., 2015; Siqueira et al., 2018), the un-
derstanding of the impact of T. gondii infection on RG-endothelial in-
teractions in the embryonic CNS has never been addressed.

Here, we investigated the role of T. gondii infection on RG phy-
siology and its potential to control endothelial barrier properties es-
tablishment. We demonstrated that infection affects RG neurogenesis
potential and cytokines secretion. Such alterations lead to important
dysfunctions in microvascular brain endothelial cells, presenting re-
duced tight junction stability and barrier properties when incubated
with a conditioned medium obtained from infected RGs.

2. Methods

2.1. Toxoplasma gondii infection

Parasites from the ME49 strain were obtained from the brains of
C57BL/6 mice infected 45 days before isolation. Cysts were ruptured
with an acid pepsin solution and free parasites were added to mono-
layers of Vero cells (ATCC® CCL-81™). After two weeks of culture re-
infections, tachyzoites released from the supernatant were collected
and centrifuged. Isolated tachyzoites were used to infect RG cultures at
a multiplicity of infection (MOI 3:1, 3 parasites per host cell) (Lüder
et al., 1999).

2.2. Radial glia (RG) cultivation

RG isolation from E14 gestational day-old Swiss Webster mouse
embryos was carried out as previously described by Stipursky et al.
(2014). Briefly, gestational day 14 (E.14) Swiss Webster mice embryos
were collected and dissected for cerebral cortex separation. After dis-
section, tissues were dissociated in DMEM/F12 Glutamax high glucose
(Thermo) medium and after cell counting, 3 × 105 cells were plated in
25 cm2 culture flasks in neurosphere “growing media” DMEM/F12
Glutamax high glucose (Thermo) containing 0.1% penicillin/strepto-
mycin, 2% B27 (Thermo), 20 ng/mL EGF (epidermal growth factor,
Thermo) and 20 ng/mL bFGF (basic fibroblast growth factor, R&D
Systems), for 6 days, in vitro. 2/3 of the media was changed every
2 days. After this period, neurospheres were enzymatically dissociated
in 0.05% Trypsin/EDTA (Thermo). After isolation, 2 × 105 cells were
plated on glass coverslips previously coated with 5 μg/mL laminin
(Thermo) and incubated in DMEM/F12 Glutamax (high glucose)
without serum and supplemented with 2% B27, 20 ng/mL bFGF and
EGF (Thermo). 24 h after plating, cells were infected with the tachy-
zoite forms of the T. gondii, ME49 strain for 2 h in 300 μL of DMEM-/
F12, 2% B27 supplement and Penicillin-Streptomycin solution
(Thermo). After infection, cells were gently washed to remove extra-
cellular parasites and 300 μL of fresh DMEM/F12 medium were added,
followed by 22 h of incubation. Next, non-infected and infected RG cells
were fixed with paraformaldehyde (PFA) 4% solution in PBS (Sigma-
Aldrich) for immunocytochemistry assays. Supernatants were collected,
centrifuged for 10 min at 10,000 rpm (4 °C) to eliminate cell debris and
extracellular parasites and supernatants were frozen at −80 °C to be
further used as a Conditioned Medium (CM) or for cytokine measure-
ments.

2.3. Enzyme-linked immunosorbent assay (ELISA)

TGF-β1 levels present in the conditioned medium derived from non-
infected (RG-CM) and infected (Inf-RG-CM) RG cells, were measured by
the Mouse TGF-β1 ELISA DuoSet Kit (R&D Systems) following the
manufacturer's instructions.

2.4. bEnd.3 cell line cultivation

A total of 6 × 104 murine brain microvascular endothelial cells
(bEnd.3, ATCC® CRL-2299™) were plated on glass coverslips previously
coated with 0.01% porcine gelatin solution (Sigma-Aldrich) in bEnd.3
medium [DMEM/F12 Glutamax high glucose (4,500 mg/L) with 10%
heat-inactivated Fetal Bovine Serum (Cultilab) and 1% Penicillin/
Streptomycin solution (Thermo)] for 14 days, with the medium
changed every 2 days. After reaching confluence, cultures were treated
with RG-CM, Inf-RG-CM, Inf-RG-CM + TGF-β1 (10 ng/ml, R&D
Systems) or TGF-β1 (10 ng/mL) for 24 h. Cultures were fixed with PFA
4% for immunocytochemistry assays. Cells were used between passages
25 to 30.
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2.5. Immunocytochemistry

Immunostaining was performed as previously described by Siqueira
et al. (2018). Briefly, fixed cultures were permeabilized for 5 min with
0.05% Triton x-100 solution in PBS and non-specific binding blocked by
incubation with blocking solution containing 5% Bovine Serum
Albumin (BSA - Sigma-Aldrich)/2.5% Normal Goat Serum (NGS)/PBS
for 1 h. Cells were incubated with primary antibodies, diluted in
blocking solution and maintained overnight at 4 °C. For RG cultures,
immunostaining primary antibodies were: mouse anti-nestin (marker of
neural progenitor cells, Millipore, 1:200); rabbit anti-Ki67 (nuclear
marker of mitotic cells, Abcam, 1:100), rabbit anti-GFAP (intermediary
filament protein specific to glial cells, Dako Cytomation, 1:500), mouse
anti-GFAP (Millipore, 1:600), mouse anti-Olig2 (Oligodendrocyte
lineage transcription factor 2, Abcam, 1:200) and mouse anti-β-III-tu-
bulin (specific isoform found in immature neurons, Promega, 1:1,000),
and mouse anti-cleaved caspase3 (apoptosis cell marker, Abcam,
1:100). For endothelial culture immunostaining, primary antibodies
were mouse anti-ZO-1 (Invitrogen, 1:300) and rabbit anti-β-catenin
(Sigma-Aldrich, 1:200). Subsequently, cells were extensively washed in
PBS and incubated with secondary antibodies, conjugated to AlexaFluor
488 or AlexaFluor 546 (Thermo), for 2 h at room temperature. Nuclei
were DAPI-labeled (4′, 6-Diamidino-2-phenylindole; Sigma-Aldrich).
Glass coverslips were mounted in glass slides with Faramount mounting
media (Dako Cytomation) and visualized under a fluorescence optical
microscope Nikon TE3000 or a Leica SPE confocal microscope. Fifteen
random images under a 40× objective were acquired from each glass
coverslip from at least 3 independent experiments done in triplicate. In
order to determine the infectivity rate of each cell population, cultures
were also analyzed under DIC microscopy using a Zeiss AxioImage M2
microscope with the Apotome system.

2.6. Trans-endothelial electrical resistance (TEER)

bEnd.3 cells were plated onto a 0.01% gelatin-coated permeable
support for 24-well plates with 8.0 μm pore transparent PET membrane
Transwell inserts (Falcon) at a density of 105 cells per insert. Cultures
were maintained in bEnd.3 medium at 37 °C in 5% CO2 atmosphere and
resistance was measured daily using a Millicell-Electrical Resistance
System (Millipore, Bedford, MA) with an adjustable electrode (“chop-
stick electrode”, MERSSTX03), as described by Srinivasan et al. (2015).
Cells reached confluence after approximately 14 days and medium was
replaced every 2 days. For TEER measurements, one electrode is in-
serted into the upper trans-well insert compartment and the other
electrode to the lower compartment inside a cell culture hood at room
temperature. Care is taken to ensure that all compartments have the
same volume of medium across biological and technical replicas
(300 μL in the upper compartment and 600 μL in the lower). A square
wave current of 12.5 Hz is applied to the electrodes and the resulting
current is measured. To calculate TEER, the background resistance
reading from an empty insert was subtracted from the resistance
reading for each condition and the result was multiplied by 0.33, re-
lative to the insert area, and results were expressed as Ω × cm2. One
insert per experiment was maintained in bEnd.3 medium (10% FBS),
while experimental data were obtained from cultures incubated with
DMEM/F12 high glucose with antibiotics solution and no FBS. Cells
were used for experiments when TEER reached a minimum of
60 Ω × cm2, since this model of insert at this pore size generates TEER
values of approximately 50 Ω × cm2 (Wuest et al., 2013). TEER was
obtained before experimental procedures (t = 0) and 24 h after treat-
ments with CMs (t = 24). The variation index for each experimental
condition was calculated as TEERt=24/TEERt=0 (ΔTEER). A second
normalization was performed by dividing the ΔTEER of an experimental
condition by that of untreated control (kept in DMEM without FBS).

2.7. In vivo model of congenital infection

Pregnant females of Swiss Webster mice were infected with 10 cysts
of T. gondii (ME49 strain) in 100 μL of PBS by gavage at gestational day
10 (E10). Control animals received 100 μL of PBS via gavage. Animals
were kept with food and water ad libitum for additional 5 days (E15)
when animals were euthanized and fetuses were decapitated and had
their brains fixed in PFA 4% for 48 h at 4 °C followed by wash in PBS.
Brains were sliced by vibratome (Leica, Wetzlar, Germany) and 40 μm-
thick sections were collected in PBS for immunohistochemistry ana-
lysis.

2.8. Tissue staining

Slices were permeabilized with 0.05% Triton X-100 (Vetec, Speyer
am Rhein, Germany) solution in PBS for 30 min, and subsequently in-
cubated with blocking solution [5% bovine serum albumin (Sigma-
Aldrich), 2.5% Normal goat serum (Thermo Fisher Scientific, Waltham,
MA), 0.02% Triton X-100 diluted in PBS] for 1 h. Blood vessels were
labeled with Isolectin B4 conjugated with AlexaFluor 488 (Thermo
Fisher) and nuclei were labeled with DAPI (Sigma-Aldrich). Tissue
sections were washed in PBS and mounted on glass microscopy slides
with Faramount mounting media (DakoCytomation, Glostrup,
Denmark), and stained samples were visualized using a confocal mi-
croscope (Leica SPE).

2.9. Quantification and statistical analyses

Quantification analyses of cell populations (RG, neurons, oligo-
dendrocyte precursors and astrocytes) were carried out manually using
the ImageJ software. The percentage of each stained cell population, in
each microscopic field, was calculated in relation to total DAPI stained
cells numbers in the same field, in at least 10 microscopic fields using a
40× objective per coverslip. bEnd.3 labeling intensity analysis was
carried out using the ImageJ software and the TiJOR (tight junction
organization rate), which in an index of localization of tight junction
proteins in membrane-membrane contact region of adjacent cells as
described by Terryn et al. (2013). In vivo vascular organization was
quantified by cortical tissue staining with Isolectin B4 using the An-
gioTool software version 0.553 and the Leica LAS AF Lite confocal
software version 4.0. Statistical significance from at least 10 images
from cerebral cortex of 4–6 mice pups from 2 independent control or
infected pregnant females, was determined by the unpaired Student's t-
test for biological effects with an assumed normal distribution. The
GraphPad Prism 6.0 software was used for the statistical analyses, ob-
tained at http://www.graphpad.com/scientific-software/prism. Statis-
tical significance from at least 3 independent in vitro experiments per-
formed in triplicate was determined by unpaired Student's t-test and
ANOVA for biological effects with an assumed normal distribution. P
value< 0.05 was considered statistically significant.

3. Results

3.1. T. gondii infection impairs radial glia neurogenic and gliogenic
potential

In order to understand the effects of T. gondii infection on the RG
differentiation potential, isolated RG cells from E14 cerebral cortex
were infected with the tachyzoite forms of the parasite for 24 h and
analyzed by immunocytochemistry. Uninfected (control) cells displayed
typical radial bipolar morphology and expression of RG neural stem
cells marker nestin, in vitro (Fig. 1A). Parasites were detected in the
cytoplasm of all cell populations by DIC microscopy (Supplementary
Fig. 1A–D) and the overall infectivity rate reached 44% at this experi-
mental condition. Infected cultures presented a 15% decrease in the
number of nestin-positive cells (p = 0.0436, Fig. 1A–C). In parallel, T.
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gondii infection also significantly decreased the numbers of β-III-tu-
bulin-labeled neurons in 40% (p = 0.0223, Fig. 1D–F), and Olig2 la-
beled oligodendrocyte progenitors in 7,7% (p = 0.0321, Fig. 1G–I).
However, no effect on the number of GFAP-labeled astrocytic cells was
detected in infected cultures when compared to uninfected controls
(p = 0.7780, Fig. 1J–L). We performed a differential quantification of
parasitized cells within each cell population and found that 38% of
nestin-positive cells harbored tachyzoites. Among β-III-tubulin-positive
cells, this rate reached 50%, whereas 36% of Olig2-positive cells were
infected. GFAP-positive population showed 41% of parasitism (Fig. 1C,
F, I, L).

Further characterization of the role of T. gondii infection in RG
cultures revealed that global cell proliferation was not affected, as

demonstrated by Ki67 immunostaining, that detects proliferative cells
(p = 0.1366; Fig. 2A–A″). However, a decrease in 28% in the pro-
liferation rate of the nestin-positive cell population was observed
(p = 0.436; Fig. 2B–B″). β-III-tubulin, Olig2 and GFAP positive cell
populations did not display changes in proliferation (p = 0.4977,
0.3925 and 0.8045; Fig. 2C–C″, D–D″ and E–E″, respectively). In par-
allel, apoptotic cell death analysis was carried out using im-
munostaining for cleaved caspase-3. Uninfected cultures showed low
levels of physiological apoptotic events, with 1.6% of caspase-3-positive
cells whereas T. gondii-infected cells showed 3.3% of apoptotic cells
(p = 0.0004; Fig. 2F–F″). Apoptotic induction was specific for nestin
and Olig2 positive populations, that increased by 56% (0.3 to 0.7%)
and 72% (0.5 to 2%) respectively (p = 0.0213 and 0.0148; Fig. 2G–G″

Fig. 1. T. gondii infection decreases Radial glia cell population and progeny numbers. 24 h after infection of murine RG cells cultures with T. gondii tachyzoites, a
significant decrease in the number of nestin-labeled cells number was observed, when compared with control (A–C, p = 0.0436) which was accompanied by reduced
numbers of β-III-tubulin positive (D–F, p = 0.0223) and Olig2 positive cells (G–I, p = 0.0321), compared to control non-infected cultures. No changes in GFAP
positive cells numbers were identified (J–L, p = 0.7780). Infection index of cell from each population were 38%, 50%, 36% and 41% for nestin, β-III-tubulin, Olig-2
and GFAP positive cells, respectively (C, F, I, L). Unpaired Student's t-test. Scale bars: 50 μm.
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and I–I″, respectively). No changes in β-III-tubulin and GFAP apoptotic
cell death numbers were detected (p = 0.3970 and 0.5214; Fig. 2H–H″
and J–J″, respectively).

3.2. T. gondii infection affects radial glia potential to control endothelial
barrier property

To investigate the potential of RG cells to control endothelial cells

function and the role of T. gondii infection in this context, we cultivated
b.End3 endothelial cells until confluence in glass coverslips. Through
immunocytochemistry analyses, we identified ZO-1 adapter tight
junction protein mainly distributed along cell-cell contacts in the con-
trol condition (Fig. 3A). Treatment of endothelial cells with conditioned
medium derived from uninfected RG cells (RG-CM) for 24 h sig-
nificantly increased the ZO-1 labeling intensity levels by 36%
(p = 0.0002; Fig. 3B, D). This was concomitant with an increase in

Fig. 2. T. gondii decreases Radial glia cells proliferation with a minor increase in apoptotic cell death. No differences in total numbers of Ki67 positive cells (A–A″,
p = 0.1366) was observed, although specific reduction of nestin/Ki67 double positive cell numbers was observed (B–B″, p = 0.0436). Proliferation of β-III-tubulin,
Olig2 and GFAP positive cells was not affected (C–E″, p=0.4977; 0.3925 and 0.8045 respectively). The number of cells expressing the apoptotic cell marker cleaved-
caspase 3 was increased in infected cultures (F–F″, p = 0.0004), and specifically in nestin (G–G″, P = 0.0213) and Olig2 (I–I″, p = 0.0148) positive populations. No
apoptotic induction was observed in β-III-tubulin (H–H″, p= 0.3970) and GFAP (J–J″, p= 0.5214) positive populations. Unpaired Student's t-test. Scale bars: 50 μm.
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Tight junction Organization Rate (TiJOR) by 90% (p = 0.0182;
Fig. 3E). However, treatment of endothelial cells with conditioned
medium derived from infected RG cells (Inf-RG-CM) completely abro-
gated RG potential to induce ZO-1 labeling intensity, being 40% below
control levels, and also impaired ZO-1 organization, with TiJOR index
similar to controls (p = 0.0004 and 0.6131; Fig. 3C–E) although no
differences in cellularity of cultures were observed after treatment with
either conditioned media (Supplementary Fig. S2).

Additionally, a functional trans-endothelial electrical resistance
(TEER) assay was performed to investigate whether the structural tight
junction modifications observed herein were accompanied by altera-
tions in endothelial monolayer barrier properties. Cells were grown for

at least 14 days in transwell inserts until a polarized phenotype was
reached, as depicted in Fig. 4(A, D and G), by ZO-1 and β-catenin im-
munostaining. The general effect of RG-CM on b.End3 cells cultivated
in inserts was similar to what was observed in glass coverslips (Fig. 3)
when cells were incubated in the different experimental conditions.
Cultivation of endothelial cells with RG-CM for 24 h increased TEER
barrier properties by 22%. However, addition of Inf-RG-CM completely
impaired RG-induced increases in barrier properties, being TEER index
27% below control levels, although no significant alterations were ob-
served in cell morphology (p=0.0044 and 0.0103; Fig. 4J). In Fig. 4K a
representative experiment is shown, in which we first attest cells re-
sponse in the presence of a medium rich in growth factors (DMEM with

Fig. 3. Conditioned medium from T. gondii-infected Radial glia cultures decreases ZO-1/β-catenin proteins organization. Murine brain endothelial cells (bEnd.3)
were incubated for 24 h with cultivation medium (Control), conditioned medium derived from uninfected RG cultures (RG-CM) or conditioned medium derived from
T. gondii-infected RG cultures (Inf-RG-CM). ZO-1 tight junction adapter protein was found mainly distributed along adjacent cell membranes of confluent control
cultures (A). Addition of RG-CM to endothelial monolayers significantly increased the levels of ZO-1 proteins on cells surfaces (B, D). bEnd.3 cells incubated with Inf-
RG-CM (C, E) presented reduced levels of ZO-1 immunoreactivity, when compared with controls (A–D). Tight junction organization index in cell-cell contact regions
(TiJOR) was also increased by addition RG-CM, when compared with control cultures, and significantly disrupted by Inf-RG-CM presenting as discontinuous ZO-1
labeling, when compared with RG-CM-treated cultures (F). D: **p = 0.002, ***p < 0.0001; E: *p = 0.0182. One-Way ANOVA with Bonferroni post-test. Scale bars:
50 μm.
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10% FBS), which yielded a 1.3 variation index of TEER measurements
(ΔTEER) (from 64.7 at 0 h to 85.8 Ω/cm2 after 24 h) in b.End3 cells
cultures. Next, we incubated cells with serum-free DMEM and observed
a ΔTEER of 0.68 (from 82.2 at 0 h to 56.1 Ω/cm2 after 24 h). In com-
parison to serum-free DMEM control condition, treatment with RG-CM
led to a ΔTEER of 0.73 (from 78.9 at 0 h to 61.38 Ω/cm2 at 24 h) whereas
Inf-RG-CM led to a 0.47 ΔTEER (from 77.9 at 0 h to 36.3 Ω/cm2 after
24 h).

3.3. T. gondii-infected radial glia cultures present reduced levels of TGF-β1
cytokine secretion that affects endothelial cell barrier properties

To gain insight into the possible alterations induced by T. gondii on
the RG secreted proteins, we evaluated the levels of the transforming
growth factor beta-1 (TGF-β1) cytokine in the conditioned mediums
(CM) from control and infected RG cultures, since we previously de-
monstrated that RG-derived TGF-β1 is essential to mediate angiogenesis

Fig. 4. Conditioned medium from T. gondii-infected Radial glia cultures impairs barrier properties of brain microvascular endothelial cells. b.End3 cells were
cultivated on transwell inserts until polarization was observed. ZO-1 and β-catenin staining in cultures maintained in DMEM without FBS shows this polarized
phenotype (A-D-G). Similar effects on ZO-1 distribution was observed for β-catenin in the presence of the different CMs (B–C, E–F, H–I). Trans-endothelial electrical
resistance (TEER) was significantly increased by RG-CM when compared to all conditions. Inf-RG-CM treatment impaired RG potential to induce TEER by reducing
electrical resistance on bEnd.3 cells bellow control levels (J). Representative experiment is shown in K, with absolute resistance values (in Ω/cm2) of each ex-
perimental condition before (black bars) and after 24 h of treatment (white bars). Cultivation with DMEM with FBS 10% for 24 increased TEER in 1.3-fold whereas
treatment with serum-free DMEM (control) led to a 0.68-fold decrease within this period. RG-CM improved the TEER when compared to control group, leading to
0.73-fold variation. Inf-RG-CM led to a more disruptive effect, with a 0.47-fold change in 24 h. Red dashed line in K depicts the minimum baseline values of TEER
before treatments. *p < 0.01, **p = 0.0044. One-Way ANOVA with Bonferroni post-test. Scale bars: 50 μm.
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and endothelial function (Siqueira et al., 2018). TGF-β1 levels were
40% decreased in Inf-RG-CM when compared to RG-CM from unin-
fected cultures (total levels: 16.3 versus 27.8 pg/mL, respectively)
(p = 0.0364; Fig. 5A)

Since TGF-β1 has a crucial role on brain endothelial function and
maturation, we treated bEnd.3 cells with either RG-CM or Inf-RG-CM
together with recombinant TGF-β1 (10 ng/mL) for 24 h and performed
immunocytochemistry for ZO-1. Addition of TGF-β1 to bEnd.3 cells
alone was capable of increasing immunoreactivity to ZO-1 (Fig. 5A, B
and G). Cultures treated with Inf-RG-CM concomitantly with re-
combinant TGF-β1 (Fig. 5F) had ZO-1 labeling intensity levels rescued
comparable to those of the RG-CM condition (Fig. 5C and G).

3.4. Congenital infection with T. gondii leads to cortical microvessel
abnormalities

In order to investigate whether vascular structure is affected in vivo,
we used a mouse model of congenital infection with tissue cysts of T.
gondii. Pregnant female mice were infected at embryonic day 10 (E.10)
and brains harvested at E.15. Cortical blood vessels were stained with
isolectin B4 and analyzed by confocal microscopy. Using AngioTool
software we measured parameters that are well-described indicators of
vascular morphology in mammals. Uninfected control brains showed a
well-organized and ramified network of capillaries (defined as vessels
with< 10-μm caliber) and an average of 14.88 ± 4.6 vessels per mm2

(Fig. 6A and C) whereas embryos isolated from infected females had
11.76 ± 4.6, thus corresponding to a 21% decrease in the vessel
density (p < 0.01, unpaired Student's t-test, Fig. 6C). Such effect was
also observed when the number of branching points was analyzed
(Fig. 6D). Whereas uninfected brains displayed 509.6 ± 161.2 junc-
tions per mm2, T. gondii-infected animals showed a 22% reduction in
this parameter (395.8 ± 275.5 junctions per mm2, p < 0.05, un-
paired Student's t-test). Finally, congenitally infected embryos showed
an increase in lacunarity (Fig. 6E), a parameter that indicates vessel
nonuniformity in basal lamina organization and can predict morpho-
logic oddities related to vascular permeability. We found that infected
brain cortices had lacunarity score of 1.45 ± 1.1, whereas control

embryos had 0.95 ± 0.46 (p < 0.01, unpaired Student's t-test).

4. Discussion

RG cells have been extensively investigated concerning several
features, including neuronal migration support and multipotent neural
stem cell potential in generating neurons, astrocytes, oligodendrocytes
and other progenitor subtypes in the cerebral cortex (Rakic, 1971;
Noctor et al., 2001; Morest and Silver, 2003; Barnabe-Heider et al.,
2005; Stipursky and Gomes, 2007; Kessaris et al., 2008; Kriegstein and
Alvarez-Buylla, 2009; Ortega and Alcantara, 2010; Stipursky et al.,
2012; Stipursky et al., 2014). Evidence suggest that neural progenitors
are directly affected by the TORCH complex of perinatal infectious
diseases that, ultimately, lead to malformations in the cerebral cortex,
such as microcephaly, mostly by disrupting neural cells generation (Neu
et al., 2015). Regarding the role of T. gondii, recent findings point to
increased apoptosis and reduced cell differentiation by C17.2 neural
stem cell line during direct infection with T. gondii (Wang et al., 2014)
or after treatment with secreted factors (Gan et al., 2016) or parasite-
derived effector protein ROP16 (Zhang et al., 2017). However, further
characterization and evaluation of the effects of T. gondii infection on
primary RG cells isolated from embryonic cerebral cortex have not yet
been addressed. The present study indicates that T. gondii significantly
decreases the number of nestin-positive RG cells, possibly by decreasing
their proliferation and increasing apoptosis. Accordingly, previous data
describe that altered neural stem cell proliferation, differentiation and
apoptosis can be triggered by viral infection (Gan et al., 2016; Souza
et al., 2016). In our model, RG cells accounted for nearly 80% of the
total cell population in control and 67% in infected conditions, after a
period of 48 h of cultivation, and most of these population were pro-
liferative, with a small proportion of apoptotic cells. However, apop-
tosis of nestin-positive cells may not be accountable for the reduction of
progeny numbers, since very small numbers of cleaved-caspase-3 po-
sitive cells was observed in both experimental conditions. This is in
contrast with what was shown by Wang et al. (2014) that observed 40%
of apoptotic cells when NSCs were infected with the RH strain of the
parasite. It is noteworthy that RH strain (type I) expresses high levels of

Fig. 5. Role of TGF-β1 on damage to endothelial tight junctions induced by Inf-RG-CM. Conditioned medium from control or T. gondii-infected RG cell cultures were
analyzed by ELISA to determine secreted levels of TGF-β1. Infected cultures had a significant reduction in secreted TGF-β1 levels (A). bEnd.3 cells were treated with
RG-CM or Inf-RG-CM in the presence of recombinant TGF-β and stained for ZO-1. Addition of TGF-β1 (10 ng/mL) to control cultures (C) led to increased ZO-1 signal
(G) when compared to untreated (B). RG-CM increased ZO-1 immunostaining as expected (D), whereas bEnd.3 cultures treated with Inf-RG-CM had the opposite
effect (E). Addition of recombinant TGF-β1 to Inf-RG-CM significantly rescued the levels of ZO-1 labeling intensity (F), similar to addition of TGF-β1 alone to bEnd.3
cells, when compared to RG-CM. **p = 0.0001, *p = 0.0389 when compared to control cultures. Unpaired Student's t-test (A) and One-way ANOVA with Bonferroni
post-test (B).
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parasite effector protein ROP16, whereas the type II (ME49 included)
and type III strains express only low levels of such effector protein,
known to induce cytotoxic effects. Herein, a significant number of
proliferative nestin-positive cells were found reduced in the infected
cultures, along with low levels of apoptosis, suggesting that impairment
of proliferation may be a more relevant mechanism by which T. gondii
impairs RG progeny numbers.

Although RG cells have been described by our group and others to
differentiate into astrocytes at later stages of cortical development
(Rakic, 1971; deAzevedo et al., 2003; Stipursky and Gomes, 2007;
Stipursky et al., 2012; Stipursky et al., 2014), no alterations in astrocyte
differentiation, proliferation or apoptosis by T. gondii infection were
observed. Secreted levels of TGF-β1, a cytokine known to induce as-
trocyte differentiation from neural progenitor cells (Stipursky and
Gomes, 2007; Stipursky et al., 2012; Stipursky et al., 2014), was altered
in Inf-RG-CM. However, it is possible that, in this context, altered cy-
tokine levels might not control autocrine regulation of astrocytogenesis,
or that other molecular mechanisms known to modulate gliogenesis
were not altered in this context. In fact, we previously demonstrated
that, by performing in utero intraventricular injections of SB431542, a
pharmacological inhibitor of TGF-β type 1 receptor, gliogenic

progenitors (BLBP positive) and astrocytes (GFAP positive) cells num-
bers in embryonic cortex (E14.5) were not changed, although, it af-
fected neuronal numbers (Stipursky et al., 2014). These data suggest
that, although addition of exogenous TGF-β1 cytokine in vivo or in vitro
(Stipursky et al., 2014; Stipursky et al., 2012), clearly exerted a pro-
gliogenic effect in RG cells, endogenous TGF-β1 cytokine levels or
signaling may not be relevant for this event at least at the develop-
mental stage which is classically described as peak for neurogenesis in
the embryonic cerebral cortex. This may explain the reduced levels of β-
III-tubulin-positive cells and unchanged levels of GFAP-positive cells in
infected cultures.

Reduced numbers of β-III-tubulin positive cells was detected,
without affecting apoptotic neuronal population, suggesting inhibition
of neurogenesis. This finding is corroborated by the recent demon-
stration that extracellular secreted factors and the ROP16 protein of T.
gondii impair neuron generation from C17.2 neural stem cell line in vitro
(Gan et al., 2016; Zhang et al., 2017). In fact, we could not identify
apoptosis or proliferation as possible mechanisms to explain reduced
numbers of β-III-tubulin positive neurons. Since most of β-III-tubulin
positive cells found in our culture (48 h after plating) presented ex-
tended neurites, characteristic of post-mitotic neurons, this might

Fig. 6. Abnormal angiogenesis in congenitally infected mouse cortex. Brains from E.15 embryos were stained with IB4 conjugated with AlexaFluor488 (in green) for
detection of blood vessels and DAPI for nuclei visualization (in blue). Representative confocal micrographs of control (A) and infected (B) groups, showing the lateral
ventricle (LV) and the Ventricular Zone (VZ), where microvessels were analyzed by AngioTool software. Brains of congenitally infected mice showed reduced vessel
density (C) and branching index (D), leading to augmented lacunarity index (E). *: p < 0.05; **: p < 0.01, Unpaired Student's t-test using at least ten microscopic
fields for each biological replica (six controls and four infected embryos, obtained from at least two pregnant females).
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indicate that these cells are no longer competent to respond to pro-
liferative induction. This reinforces the idea that T. gondii might act in
RG cell populations decreasing its potential to differentiate into neurons
and other cells types, which is corroborated by decreased proliferation
index observed in the nestin-positive population. In this context, it is
possible that, altered levels of TGF-β1 and other unidentified cytokines,
might exert an autocrine effect to modulate neurogenic potential of RG
cells induced by the parasite.

Although astrocyte generation were not affected by T. gondii infec-
tion, oligodendrocyte progenitor numbers were decreased, possibly by
apoptotic induction. Although previous reports suggest that secreted
TGF-β isoforms are essential mediators of oligodendrocyte glial pro-
genitors (O2-A progenitors) proliferation and differentiation
(McKinnon et al., 1993), currently there is no data in the literature
describing the role of CT in oligodendrocyte differentiation in the de-
veloping CNS. In this sense, our data suggest that, together with the
impairment of neuronal generation, oligodendrocyte differentiation or
cytotoxicity might be an interesting and necessary niche of investiga-
tion in the context of CT.

Besides the well-known role of RG cells as the main progenitor cells
of the developing cerebral cortex, more recently, another feature of
these cells has been investigated, which is the potential to control blood
vessels formation and maturation.

Vascular development by angiogenesis results from a fine-tuned
control of pro- and anti-angiogenic molecules produced by endothelial
and neighboring cells, as well as environmental cues (Carmeliet and
Jain, 2000). In the last few years, RG has been pointed out as an es-
sential cellular and molecular scaffold for blood vessel formation and
vascular stability acquisition during cerebral cortex development (Ma
et al., 2013; Errede et al., 2014; Hirota et al., 2015; Silva Siqueira et al.,
2019; Siqueira et al., 2018). Herein, we demonstrate that RG-CM
treatment of endothelial cells increases tight junction ZO-1 protein le-
vels and organization, suggesting that RG-secreted factors promote
microvascular barrier formation. Vascular stability and barrier prop-
erties are essential features that allow the controlled transport of nu-
trients and other substances across the BBB (Abbott, 2005; Ben-Zvi
et al., 2014). Several molecular mechanisms, including activation of the
TGF-β1 signaling pathway, PDGFR/PDGR-B interaction and Wnt/βca-
tenin, were shown to promote the expression of tight junction proteins
claudin-5, occludin and ZO-1 in endothelial cells, thus leading to the
formation of the BBB (Alvarez et al., 2011; Baeten and Akassoglou,
2011; Zhao et al., 2015). T. gondii infection may indirectly deregulate
signaling pathways critical in controlling vessel stability by (i) affecting
RG potential to mediate the formation of BBB or (ii) disrupting tight
junction proteins expression and organization directly in endothelial
cells.

Angiogenesis and blood vessel stability greatly rely on the anti-in-
flammatory TGF-β1 cytokine signaling in the embryonic and adult
brain (Dohgu et al., 2004; Lebrin et al., 2005; Holderfield and Hughes,
2008; Arnold et al., 2014; Siqueira et al., 2018; Hellbach et al., 2014).
TGF-β1 plays a key role in neuronal generation, survival and migration
(Brionne et al., 2003; Miller, 2003; Esposito, 2005; Stipursky et al.,
2012), glial differentiation (de Oliveira Sousa et al., 2004; Romao et al.,
2008; Stipursky et al., 2014), and synapse formation (Diniz et al., 2012,
2014) in the CNS. More recently, our group demonstrated that TGF-β1
secreted from RG cells induces angiogenesis in the developing cerebral
cortex (Siqueira et al., 2018). Herein, we observed that CM from in-
fected RG cells contains less TGF-β1 than uninfected ones. Loss of the
active form of TGF-β1, mutation of the Tgfb1 gene or even deletion of
Tgfr2 or Alk5/Tgfbr1 genes in endothelial cells of the embryonic fore-
brain have been shown to promote excessive vascular sprouting,
branching and cerebral hemorrhage (Arnold et al., 2014). Furthermore,
TGF-β1 is known to promote the expression of tight junction proteins
and P-glycoprotein transporter in brain endothelial cells (Dohgu et al.,
2004), endothelial barrier properties mediated by astrocytes (Garcia
et al., 2004), and promote later stages of blood vessel development and

maturation (Lebrin et al., 2005).
Herein we demonstrated that Inf-RG-CM presented reduced TGF-β1

secretion, compared to control RG-CM. Evidence shows that disruption
of endothelial interactions with the neurovascular unit or low levels of
TGF-β1 lead to abnormal distribution of junctional proteins and in-
creased vascular permeability (Dohgu et al., 2004; Garcia et al., 2004;
Winkler et al., 2011). In our infection model, reduced levels of RG-
derived TGF-β1, might affect endothelial ZO-1 tight junction organi-
zation and β-catenin association in adherens junctions. This effect was
reversed when recombinant TGF-β1 was added to the Inf-RG-CM,
suggesting that T. gondii infection impairs TGF-β1 expression/secretion
by RG progenitor cells. Conversely, specific knock-down of TGF-β1 in
the cerebral cortex dramatically impairs cortical blood vessel develop-
ment, suggesting that inhibition of TGF-β1 expression and even secre-
tion from RG cells, inhibits cortical angiogenesis in the embryonic
cortex (Siqueira et al., 2018). This observation reinforces the idea that
TGF-β1 secreted by RG cells might have an essential role in vascular
development, and our present data suggest that T. gondiimight interfere
with the potential of RG cells to mediate vessel development and ma-
turation.

Our group has recently demonstrated that acquired infection with T.
gondii leads to cerebral microvascular dysfunction by BBB breakdown
and reduced angiogenesis in the cerebral cortex of mice (Estato et al.,
2018), thus reinforcing the idea that T. gondii may target the BBB in the
adult brain, and possibly in the developing cortex. Although in vivo
TEER values are much higher than those found in monocultures of
bEnd.3 cells (Srinivasan et al., 2015), data presented here are the first
to report that secreted factors from T. gondii-infected neural cells affect
barrier function (in our case, of endothelial cells). We have also ob-
served that infected bEnd.3 cultures display reduced TEER and ZO-1
immunoreactivity (Adesse et al., personal communication), in ac-
cordance with what was recently showed in T. gondii-infected human
umbilical vein endothelial cells (Franklin-Murray et al., 2020). Sub-
sequent studies with our in vivo model of congenital toxoplasmosis will
bring more possibilities toward the understanding of the effect of T.
gondii on nascent BBB.

In order to further assess the impact of T. gondii on embryonic
vasculature, we performed a characterization of angiogenic parameters
on an in vivo model of congenital infection. CT in humans can lead to
malformations of the cerebral cortex (Neuberger et al., 2018; Frenkel
et al., 2018) and experimental models of congenital infection in mice
and rats have shown to be a relative model to mimic human infection,
with fetal brain parasitism and different degrees of cognitive compro-
mise (Wang et al., 2011; Sharif et al., 2018; Lahmar et al., 2010). In our
experiments, embryos obtained from infected female mice had a sig-
nificant alteration of angiogenesis-related parameters, including re-
duced number of vessels and of branching points, the latter an in-
dicative of reduced ramification, and increased lacunarity. Such
findings further contribute to the idea that toxoplasmosis (either ac-
quired or congenital) promotes a neuroinflammatory milieu that, in
turn, affects the biology of cerebral endothelium. The barrier properties
of the embryonic capillaries need to be further studied in order to
confirm the in vitro findings of our work and the in vivo model of in-
fection shown herein will serve as base for such studies.

Together, our results suggest that T. gondii deregulates RG cells
proliferation, differentiation potential and decreases TGF-β1 secreted
levels. In this context, the potential of RG cells to modulate endothelial
cell function is impaired by T. gondii infection, resulting in deficient
organization of cell junctions associated ZO-1 and reduced TEER, which
possibly leads to loss of barrier properties. In the context of CT, al-
terations in the potential of RG cells to differentiate, as well as impaired
RG-endothelial cell physiology may be critical during cortical devel-
opment, which would directly contribute to the establishment of the
microcephaly phenotype. Although our results suggest that RG-en-
dothelial interactions mediated by TGF-β1 are impaired by T. gondii
infection, thus affecting vascular development and BBB formation, the
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specific molecular mechanisms disrupted are not known. Thus, a fur-
ther description of the signaling pathways involved in such events
might contribute to the development of therapeutic approaches to
rescue or maintain neural stem cells functions and vascular develop-
ment, thus preventing the clinical manifestations observed in CT.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mvr.2020.104024.
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