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ABSTRACT (228) 29 

Congenital toxoplasmosis is a parasitic disease that occurs due vertical transmission 30 

of the protozoan Toxoplasma gondii (T. gondii) during pregnancy. The parasite crosses the 31 

placental barrier and reaches the developing brain, infecting progenitor, glial, neuronal and 32 

vascular cell types. Although the role of Radial glia (RG) neural stem cells in the 33 

development of the brain vasculature has been recently investigated, the impact of T. gondii 34 

infection in these events is not yet understood. Herein, we studied the role of T. gondii 35 

infection on RG cell function and its interaction with endothelial cells. By infecting isolated 36 

RG cells with T. gondii tachyzoites, we observed reduced cell proliferation and 37 

neurogenesis without affecting gliogenesis levels. Conditioned medium (CM) from RG 38 

control cultures increased ZO-1 and β-catenin protein levels and organization on 39 

endothelial bEnd.3 cells membranes, which was completely impaired by CM from infected 40 

RG, resulting in decreased transendothelial electrical resistance (TEER). Cytokine Bead 41 

Array and ELISA assays revealed the presence of increased levels of the pro-inflammatory 42 

cytokine IL-6 and reduced levels of anti-inflammatory cytokine TGF-β1 in CM from T. 43 

gondii-infected RG cells. Treatment with recombinant TGF-β1 concomitantly with CM from 44 

infected RG cultures led to restoration of ZO-1 staining in bEnd.3 cells. Our results suggest 45 

that infection of RG cells by T. gondii modulate cytokine secretion, which might contribute to 46 

endothelial loss of barrier properties, thus leading to impairment of neurovascular 47 

interaction establishment.  48 

 49 

  50 
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1) INTRODUCTION (904) 51 

Toxoplasmosis is a parasitic disease that affects all warm-blooded animals, including 52 

humans. The disease is caused by a protozoan parasite, T. gondii and has a high global 53 

seroprevalence, estimated in approximately 1/3 of the world’s population (Dubey, 2010). 54 

Transmission occurs by ingestion of uncooked meat from infected animals, that contains 55 

tissue cysts, or by ingestion or inhalation of sporulated oocysts, shed with feces of infected 56 

felids. The cysts are digested by proteolytic enzymes present in the stomach and small 57 

intestine, which then release infective parasites that rapidly invade epithelial cells of the 58 

small intestine and differentiate into fast-replicating tachyzoite forms. After intense 59 

intracellular proliferation, parasites promote host cell lysis and can disseminate throughout 60 

the entire organism (reviewed in Hill and Dubey, 2016).  During the acute phase, patients 61 

may present lymphadenopathy, which may be associated with fever, fatigue, muscle pain, 62 

sore throat and headaches (Montoya and Liesenfeld, 2004).    63 

T. gondii can also be vertically transmitted during gestation, leading to Congenital 64 

Toxoplasmosis (CT), established by the capacity of the parasite to cross the placental 65 

barrier and reach the developing brain tissue, where both tachyzoites and tissue cysts can 66 

be found in the developing brain parenchyma (Ferguson et al., 2013). CT is part of the 67 

TORCH complex of infectious diseases (Toxoplasma, Rubella, Cytomegalovirus, Herpes 68 

simplex 2. O stands for Others, and includes chlamydia, HIV, Coxsackievirus, Syphilis, 69 

Hepatitis B, chicken pox and Zika virus) that can be transmitted from the mother to the fetus 70 

(Neu et al., 2015; Mehrjardi, 2017). Infection with some of these pathogens can potentially 71 

lead to congenital defects including, but not limited to, microcephaly, growth and mental 72 

retardation, heart disease and hearing loss (Neu et al., 2015; Klase et al., 2016). Although 73 

transmission during the third trimester has been implicated in reduced impact on the fetus, 74 

infection during the first trimester is extremely disruptive, with severe neurological 75 

manifestations including microcephaly, cognitive/intellectual disabilities, deafness and 76 

blindness (Wallon et al., 1999). 77 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 27, 2018. ; https://doi.org/10.1101/378588doi: bioRxiv preprint 

https://doi.org/10.1101/378588
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 

 

Deleterious effects of infection of mouse neural progenitor cells by a highly infective 78 

T. gondii strain was linked to apoptosis induction by endoplasmic reticulum stress signaling 79 

pathway activation (Wang et al., 2014). In addition, reduced neuron and astrocyte 80 

generation from the neural C17.2 stem cell line by disruption of the Wnt/β−catenin signaling 81 

pathway have also been suggested as an underlying mechanism of T. gondii-induced 82 

neural pathological damage during brain development (Gan et al., 2016; Zhang et al., 83 

2017). 84 

RG cells are the major multipotent neural stem cell population present during the 85 

embryonic cerebral cortex development period and originate most of the neuronal and glial 86 

cell types found in neural tissue, by activation of multiple signaling pathways (Gotz and 87 

Barde, 2005; Kriegstein and Alvarez-Buylla, 2009; Stipursky et al., 2012; Stipursky et al., 88 

2014). Besides its well-known role as neural stem cells, RG have recently been 89 

demonstrated to directly control vascular development and blood brain barrier (BBB) 90 

formation in the embryonic cerebral cortex (Ma et al., 2013; Errede et al., 2014; Hirota et 91 

al., 2015; Siqueira et al., 2017).  92 

We have previously demonstrated that the gliogenic and neurogenic potential of RG 93 

cells during cerebral cortex development is controlled by TGF-β1 signaling pathway 94 

activation, both in vitro and in vivo (Stipursky et al., 2012; Stipursky et al., 2014). 95 

Neuroepithelial and RG neural progenitors interact with immature endothelial cells, derived 96 

from the perineural vascular plexus (PNVP) that surrounds the neural tissue early during 97 

the embryonic period. Such an interaction is essential to promote invasion of endothelial 98 

cells and vascularization of the developing CNS. Endothelial cells from the PNVP invade 99 

forebrain tissue as early as E9.5 in mice and migrate towards the ventricular surface, 100 

guided by VEGF gradients secreted by neural progenitor cells (Bautch and James, 2009; 101 

Anderson et al., 2011; Liebner et al., 2011; Takahashi et al., 2015). Recently, we 102 

demonstrated that RG cells coordinate the formation of the vascular tree of the brain, by 103 

controlling angiogenesis in the developing cortex. Specifically, RG cells secrete a vast 104 
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repertoire of pro-angiogenic factors, including TGF-β1 and VEGF-A, that induce endothelial 105 

proangiogenic genes expression and regulate migration and blood vessel branching in the 106 

embryonic cerebral cortex (Siqueira et al., 2017). 107 

Blood vessel development and neural cell generation in the CNS are essential steps 108 

for the establishment of the BBB. The BBB is a multicellular structure formed by capillary 109 

endothelial cells, astrocytic endfeet, pericytes and neighboring microglia and neurons, that 110 

control the transport of nutrients, oxygen and other substances, and prevent the free 111 

passage of toxic agents and pathogens (Kim et al., 2006; Anderson et al., 2011). In the 112 

adult brain, T. gondii can infect endothelial cells (Konradt et al., 2016) and, by modulation of 113 

adhesion proteins, contribute to decreased adhesion between adjacent endothelial, 114 

allowing for transmigration of inflammatory cells into the brain parenchyma (Lachenmaier et 115 

al., 2011).  116 

Although RG physiology greatly determines the correct formation of the cerebral 117 

cortex, including its vascularization (Ma et al., 2013; Errede et al., 2014; Hirota et al., 2015; 118 

Siqueira et al., 2017), the understanding of the impact of T. gondii infection on RG-119 

endothelial interactions in the embryonic CNS has never been addressed. 120 

Here, we investigated the role of T. gondii infection on RG physiology and its potential 121 

to control endothelial barrier properties establishment. We demonstrated that infection 122 

reduce the neurogenesis potential and altered the RG secretome. Such altered alterations 123 

lead to important dysfunctions in microvascular brain endothelial cells, presenting reduced 124 

tight junction stability and barrier properties when incubated with a conditioned medium 125 

obtained from infected RGs.  126 

 127 

2) MATERIAL AND METHODS (1229) 128 

2.1) Compliance with Ethical Standards: All animal protocols were approved by the 129 

Federal University of Rio de Janeiro Animal Research Committee (CEUA 041/14). Animals 130 
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were housed in a temperature-controlled room with a 12/12 h light/dark cycle and allowed 131 

food and water ad libitum. 132 

2.2) Toxoplasma gondii infection: Parasites from the ME49 strain were obtained 133 

from the brains of C57/bl6 mice infected 45 days before isolation. Cysts were ruptured with 134 

an acid pepsin solution and free parasites were added to monolayers of Vero cells 135 

(ATCC® CCL-81™). After two weeks of culture re-infections, tachyzoites released from the 136 

supernatant were collected and centrifuged. Cell cultures were infected with the tachyzoites 137 

at a multiplicity of infection (MOI) of 3 parasites:host cell (Luder et al., 1999) for 2 hours in 138 

300 μL of DMEM-/F12/2% B27/ Penicilin-streptocycin (Thermo) (RG cultures). Cells were 139 

washed in Ringer’s solution, fresh culture media was added, and cultures were kept for 140 

additional 22 hours, when conditioned medium was collected and cells fixed for 141 

immunostaining. Mock-infected cultures (treated with fresh culture medium) were used as 142 

controls. 143 

2.3) Radial glia (RG) cultivation: RG isolation from E14 gestational day-old Swiss 144 

mouse embryos was carried out as previously described by Stipursky et al. (2014).  Briefly, 145 

gestational day14 Swiss mice embryos were collected and dissected for cerebral cortex 146 

separation. After dissection, tissues were dissociated in DMEM/F12 Glutamax high glucose 147 

(Thermo) medium and after cell counting, 3.105 cells were plated in 25 cm2 culture flasks in 148 

neurosphere “growing media” DMEM/F12 Glutamax high glucose (Thermo) containing 149 

0.1% penicillin/streptomycin, 2% B27 (Thermo), 20ng/mL EGF (epidermal growth factor, 150 

Thermo) and 20 ng/mL FGFb (basic fibroblast growth factor, R&D Systems), for 6 days, in 151 

vitro. 2/3 of the media was changed every 2 days. After this period, neurospheres were 152 

enzymatically dissociated in 0.05%Trypsin/EDTA (Thermo). After cells isolation, 2.105 cells 153 

were plated on glass coverslips previously coated with 5 μg/mL laminin (Thermo) and 154 

incubated in DMEM/F12 Glutamax (high glucose) without serum and supplemented with 155 

2% B27, 20 ng/mL FGFb and EGF (Thermo). Twenty-four hours after plating, cells were 156 

infected with the tachyzoite forms of the T. gondii, ME49 strain as described above. After 157 

infection, cells were gently washed to remove extracellular parasites and 300 μL of fresh 158 
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DMEM/F12/ medium were added, followed by 22 hours of incubation. Next, non-infected 159 

and infected RG cells were fixed with paraformaldehyde 4% solution in PBS (Sigma-160 

Aldrich) for immunocytochemistry assays. Supernatants were collected, centrifuged for 10 161 

min at 10,000 rpm (4 ºC) to eliminate cell debris and extracellular parasites and frozen at -162 

80 ºC to be further used as a Conditioned Medium (CM) or for cytokine measurements.  163 

 2.4) Enzyme-Linked Immunosorbent Assay (ELISA): TGF-β1 levels present in the 164 

conditioned medium derived from non-infected (RG-CM) and infected (Inf-RG-CM) RG 165 

cells, were measured by the Mouse TGF-β1 ELISA DuoSet Kit (R&D Systems) following 166 

the manufacturer’s instructions. 167 

2.5) Cytometric Bead Array (CBA): Cytokine levels were evaluated by flow 168 

cytometry in culture RG-CM and Inf-RG-CM supernatants. IL-10, IL-17, TNF, IFN-γ, IL-6, IL-169 

4 and IL-2 were detected using a Cytometric Bead Array (CBA) Th1/Th2/TH17 kit (BD), 170 

according to the manufacturer’s instructions. Samples were acquired using a FACScalibur 171 

flow cytometer (BD), and the data analysis was performed using the CBA analysis FCAP 172 

software (BD). 173 

2.6) bEnd.3 cell line cultivation: A total of 6.104 murine brain microvascular 174 

endothelial cells (bEnd.3, ATCC® CRL-2299™) were plated on glass coverslips previously 175 

coated with 0.01% porcine gelatin solution (Sigma-Aldrich) in bEnd.3 medium [DMEM/F12 176 

Glutamax high glucose (4500 mg/L) with 10% heat-inactivated Fetal Bovine Serum 177 

(Cultilab) and 1% penicillin/streptomycin solution (Thermo)] for 14 days, with the medium 178 

changed every 2 days. After reaching confluence, cultures were treated with RG-CM, Inf-179 

RG-CM, Inf-RG-CM+TGF-β1 (10ng/Ml, R&D Systems) or TGF-β1 (10ng/mL) for 24 hours. 180 

Cultures were fixed with PFA 4% for immunocytochemistry assays. Cells were used 181 

between passages 25 to 30. 182 

2.7) Immunocytochemistry: Immunostaining was performed as previously described 183 

by Siqueira et al. (2017). Briefly, fixed cultures were permeabilized for 5 min with 0.05% 184 

Triton x-100 solution in PBS and non-specific binding blocked by incubation with blocking 185 

solution containing 5% Bovine Serum Albumin (BSA - Sigma-Aldrich)/2.5% Normal Goat 186 
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Serum (NGS)/PBS for 1 hour. Cells were incubated with primary antibodies, diluted in 187 

blocking solution and maintained overnight at 4ºC. For RG cultures, immunostaining 188 

primary antibodies were: mouse anti-Nestin (marker of neural progenitor cells, Millipore, 189 

1:200); rabbit anti-BLBP (marker of radial glia cells, Chemicon, 1:500), rabbit anti-Ki67 190 

(nuclear marker of mitotic cells, Abcam, 1:100), rabbit anti-GFAP (intermediary filament 191 

protein specific to glial cells, Dako Cytomation, 1:500) and mouse anti-β-III-tubulin (specific 192 

isoform found in immature neurons, Promega, 1:1000), and mouse anti-cleaved Caspase 3 193 

(apoptosis cell marker, Abcam, 1:100). For endothelial culture immunostaining, primary 194 

antibodies were: mouse anti-ZO-1 (Invitrogen, 1:300), rabbit anti-β-catenin (Sigma-Aldrich, 195 

1:200). Subsequently, cells were extensively washed in PBS and incubated with secondary 196 

antibodies, conjugated to AlexaFluor 488 or AlexaFluor 546 (Thermo), for 2 h at room 197 

temperature. Nuclei were DAPI-labeled (4’, 6-Diamidino-2-phenylindole; Sigma-Aldrich). 198 

Glass coverslips were mounted in glass slides with Faramount mounting media (Dako 199 

Cytomation) and visualized under a fluorescence optical microscope Nikon TE3000 or a 200 

Leica SPE confocal microscope. Fifteen random images under a 40x objective were 201 

acquired from each glass coverslip from at least 3 independent experiments done in 202 

triplicate.  203 

2.8) Trans-Endothelial Electrical Resistance (TEER): bEnd.3 cells were plated 204 

onto 0.01% gelatin-coated Transwell inserts (Falcon) with 3 μm pores at a density of 105 205 

cells per insert. Cultures were maintained in bEnd.3 medium at 37ºC in 5% CO2 206 

atmosphere and resistance was measured daily using a Millicell-Electrical Resistance 207 

System (Millipore, Bedford, MA) with an adjustable electrode (“chopstick electrode^, 208 

MERSSTX03), as described by Srinivasan et al., 2015. Cells reached confluence after 209 

approximately 14 days (minimum of 60 Ω x cm2), with the medium changed every 2 days. 210 

One electrode is inserted into the upper trans-well insert compartment and the other 211 

electrode to the lower compartment. Care is taken to ensure that all compartments have the 212 

same volume of medium across biological and technical replicas (300 ml in the upper 213 

compartment and 600 ml in the lower). A square wave current of 12.5 Hz is applied to the 214 
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electrodes and the resulting current is measured. To calculate TEER, the background 215 

resistance reading from an empty insert was subtracted from the resistance reading for 216 

each condition and the result was multiplied by 0.33, relative to the insert area, and results 217 

were expressed as Ω x cm2. One insert per experiment was maintained in bEnd.3 medium 218 

(10% FBS), while experimental data was obtained from cultures incubated with DMEM/F12 219 

high glucose with antibiotics solution and no FBS. Cells were used for experiments when 220 

TEER reached a minimum of 60 Ω x cm2. TEER was obtained before experimental 221 

procedures (t=0) and 24 h after treatments with CMs or infection (t=24). The variation index 222 

for each experimental condition was calculated as TEERt=24/TEERt=0.   223 

2.9) Quantification and statistical analyses: Quantification analyses of cell 224 

populations (RG, neurons and astrocytes) were carried out manually using the Photoshop 225 

CS6 software. The percentage of each stained cell population, in each microscopic field, 226 

was calculated in relation to total DAPI stained cells numbers in the same field. bEnd.3 227 

labeling intensity analysis was carried out using the ImageJ software and the TiJOR 228 

analysis was performed using the TiJOR macro for ImageJ, which in an index of localization 229 

of tight junction proteins in membrane-membrane contact region of adjacent cells as 230 

described by Terryn et al. (2013). The GraphPad Prism 6.0 software was used for the 231 

statistical analyses, obtained at http://www.graphpad.com/scientific-software/prism. 232 

Statistical significance from at least 3 independent experiments was determined by 233 

unpaired t-test and ANOVA for biological effects with an assumed normal distribution. P 234 

value <0.05 was considered statistically significant.  235 

 236 

  237 
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3) RESULTS (767) 238 

 239 

3.1) T. gondii infection alters Radial Glia cell numbers and neurogenesis. 240 

In order to understand the effects of T. gondii infection on the RG differentiation 241 

potential, isolated RG cells from E14 cerebral cortex were infected with the tachyzoite forms 242 

of the parasite. We used the cells 24 hours after neurosphere dissociation and plating. At 243 

this time, Radial glia cultures are virtually pure with 96% of cells positive for blbp and 95.7% 244 

positive for nestin (92% were blbp/nestin double positive, Stipursky J., personal 245 

communications).  After 24 hours of infection with T. gondii, mock-infected (control) cells 246 

displayed typical radial bipolar morphology and expression of typical RG neural stem cells 247 

markers BLBP and Nestin, in vitro (Figure 1A). Parasites were detected in the cytoplasm of 248 

Nestin-positive cells (Supplementary Figure 1C-D). Infected cultures presented a 40% 249 

decrease in the number of BLBP/Nestin double-labeled cells (Figure 1 A-C). This event 250 

was accompanied by a 25 % decrease in proliferative RG cells double labeled for Ki67 and 251 

Nestin markers (Figure 1 D-E). In parallel, T. gondii infection also significantly decreased 252 

the numbers of early neurons (as detected by β-III-tubulin labeling) by 36% (Figure 1 G-I). 253 

However, no effect on the number of astrocytic (GFAP-positive) cells was detected in 254 

infected cultures compared to the controls (Figure 1 J-L). The average of total cells number 255 

of β-TubulinIII and Nestin positive cells double labeled for the apoptotic marker cleaved-256 

Caspase 3 was not affected by infection (Supplementary Figure 2A). Overall, T. gondii-257 

infected cultures presented a shift in the percentage of cell composition when compared to 258 

uninfected controls, with Nestin/BLBP and β-III-tubulin positive cells being directly affected, 259 

although other unidentified cell types also tended to present percentage alterations, 260 

increasing from 17% in controls to 40% in infected cultures (Figure 1M).  261 

 262 

3.2) T. gondii infection affects RG potential to control endothelial barrier property. 263 

To investigate the potential of RG cells to control endothelial cells function and the 264 

role of T. gondii infection in this context, we cultivated b.End3 endothelial cells until 265 
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confluence. Through immunocytochemistry analyses, we identified ZO-1 adapter tight 266 

junction protein mainly distributed along cell-cell contacts in the control condition (Figure 267 

2A). Treatment of endothelial cells with conditioned medium derived from uninfected RG 268 

cells (RG-CM) for 24 h significantly increased the ZO-1 labeling intensity levels by 36% 269 

(Figure 2B, D). This was concomitant with an increase in organization levels of the tight 270 

junctions (TiJOR) by 90% (Figure 2 E). However, treatment of endothelial cells with 271 

conditioned medium derived from infected RG cells (Inf-RG-CM) completely abrogated RG 272 

potential to induce ZO-1 labeling intensity, by 40%, when compared to control cultures, 273 

although the TiJOR index did not differ from the controls (Figure 2 C, D). In summary, Inf-274 

RG-CM-treated presented deleterious effects on tight junction protein levels and 275 

organization.  276 

Additionally, a functional trans-endothelial electrical resistance (TEER) assay was 277 

performed to investigate whether the structural tight junction modifications observed herein 278 

were accompanied by alterations in endothelial monolayer barrier properties. Cultivation of 279 

endothelial cells with RG-CM for 24 h increased TEER barrier properties by 22%. However, 280 

addition of Inf-RG-CM completely impaired RG-induced increases in barrier properties, 281 

although no significant alterations were observed in cell morphology. Treatment with Inf-282 

RG-CM decreased TEER barrier properties by 27% when compared to the controls (Figure 283 

2 F).  284 

The role of RG infection on the distribution of the pro-angiogenic signaling protein β-285 

catenin in endothelial cells was also investigated. The deleterious effect of Inf-RG-MC seen 286 

in TiJOR and TEER was also true for β-catenin protein distribution on bEnd.3 cells 287 

monolayers.  In the control condition, β-catenin colocalized with ZO-1 along cell-cell 288 

contacts (Figure 2 G, J, M). The RG-CM treatment significantly increased β-catenin 289 

immunolocalization at junctional regions, which was impaired by Inf-RG-CM treatment 290 

(Figure 2 H, K, N and I, L, O).  291 

 292 
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3.3) T. gondii-infected RG cultures present altered cytokine secretion that 293 

affects endothelial cell barrier properties.  294 

To gain insight into the possible alterations induced by T. gondii on the RG secretory 295 

protein repertoire, a CBA analysis was carried out to measure the inflammation related 296 

factors IL-2, IL-4, IL-6, IL-10, IL-17, IFN-γ and TNF-α, followed by an ELISA analysis for 297 

the neuroprotector TGF-β1, to measure the levels of these cytokines in the RG-CM and 298 

Inf-RG-CM. No detectable levels of IL-2, IL-4, IL-10, IL-17, IFN-γ and TNF-α, in the 299 

conditioned mediums were observed. CM from infected RG cultures showed IL-6 in 300 

increased concentrations (7.4 pg/ml) when compared to CM from control RG-CM (0.3 301 

pg/ml, p<0.01, unpaired t test). TGF-β1 levels were 40% decreased in Inf-RG-CM when 302 

compared to uninfected cultures (18 versus 29 pg/ml, p<0.05, Unpaired Student’s T test) 303 

(Figure 3A).  304 

Since TGF-β1 has a crucial role on brain microvasculature, we treated bEnd.3 cells 305 

with Inf-RG-CM together with recombinant TGF-β1 (10ng/mL) for 24 hours and performed 306 

immunocytochemistry for ZO-1. Addition of TGF-β1 to Inf-RG-CM completely rescued the 307 

ZO-1 labeling intensity to levels comparable to RG-CM condition, similarly to addition of 308 

TGF-β1 alone (Figure 3 B). 309 

 310 

  311 
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4. DISCUSSION (2200) 312 

 313 

4.1) RG differentiation potential is impaired by T. gondii infection 314 

RG cells have been extensively investigated concerning several features, including 315 

neuronal migration support and multipotent neural stem cell potential in generating neurons, 316 

astrocytes, oligodendrocytes and other progenitor subtypes in the cerebral cortex (Rakic, 317 

1999; Noctor et al., 2001; Morest and Silver, 2003; Barnabe-Heider et al., 2005; Stipursky 318 

and Gomes, 2007; Kessaris et al., 2008; Kriegstein and Alvarez-Buylla, 2009; Ortega and 319 

Alcantara, 2010; Stipursky et al., 2012; Stipursky et al., 2014). Evidence suggest that neural 320 

progenitors are directly affected by the TORCH complex of perinatal infectious diseases 321 

that, ultimately, lead to malformations in the cerebral cortex, such as microcephaly, mostly 322 

by disrupting neural cells generation (Neu et al., 2015). Regarding infection with T. gondii, 323 

recent findings point to increased apoptosis and reduced cell differentiation in the C17.2 324 

neural stem cell line (Gan et al., 2016; Wang et al., 2014; Zhang et al., 2017). However, 325 

further characterization and evaluation of the effects of T. gondii infection on primary RG 326 

cells isolated from embryonic cerebral cortex have not yet been addressed. The present 327 

study indicates that T. gondii significantly decreases the number of Nestin/BLBP positive 328 

RG cells, possibly by decreasing their proliferation. Accordingly, previous data describe that 329 

altered neural stem cell proliferation, differentiation and apoptosis can be triggered by viral 330 

infection (Gan, 2016; Souza et al., 2016). In our model, RG cells accounted for 51% of the 331 

total cell population in the control condition after a total period of 48 h of cultivation. Since 332 

the total number of cells and the small percentage of apoptotic RG cells  were not affected 333 

by T. gondii infection, it is possible that global cytotoxic infection effects were not the 334 

mechanism leading to reduced numbers of, specifically, Nestin/BLBP positive RG cells. 335 

Although RG cells have been described by our group and others to differentiate into 336 

astrocytes at later stages of cortical development (Rakic, 1971; de Azevedo et al., 2005; 337 

Stipursky and Gomes, 2007; Stipursky et al., 2012; Stipursky et al., 2014), no alterations in 338 

astrocyte differentiation by T. gondii infection were observed. Secreted levels of IL-6 and 339 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 27, 2018. ; https://doi.org/10.1101/378588doi: bioRxiv preprint 

https://doi.org/10.1101/378588
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 

 

TGF-β1, two cytokines known to positively mediate astrocyte differentiation from neural 340 

progenitor cells (Taga and Fukuda, 2005; Nakamura et al., 2005, Stipursky and Gomes, 341 

2007; Stipursky et al., 2012; Stipursky et al., 2014), were altered in Inf-RG-CM. However, it 342 

is possible that, in this context, altered cytokine levels might not control autocrine regulation 343 

of astrocytogenesis, or that other molecular mechanisms known to modulate gliogenesis 344 

are not altered in this context. On the other hand, a reduction in β-III-tubulin positive cell 345 

numbers was detected, without affecting apoptotic neuronal population, suggesting 346 

inhibition of neurogenesis. This finding is corroborated by the recent demonstration that T. 347 

gondii infection impairs neuron generation from C17.2 neural stem cell line in vitro (Gan et 348 

al., 2016;  Zhang et al., 2017). However, it is possible that, in addition to T. gondii induced 349 

alterations of well-known molecular mechanisms that control neurogenesis during cortical 350 

development, such as Wnt/βcat signaling (Gan et al., 2016; Zhang et al., 2017) and 351 

neuronal differentiation transcription factors, such as Fabp7/BLBP, Sox2, Tacc3 Eya1, 352 

Sox2, and Tnfrsf12a genes (Xiao et al., 2012), altered levels of IL-6, TGF-β1 and other, still 353 

unidentified cytokines, might exert an autocrine effect on the neurogenic potential of RG 354 

cells. Although T. gondii infection decreased the number of Nestin/BLBP and β-III-tubulin 355 

positive cells and did not alter GFAP cells numbers, overall cell composition percentages 356 

induced an increase in an unidentified cell population, suggesting that RG differentiation 357 

might favor the appearance of other cell types. Thus, since the literature lacks a more 358 

detailed investigation regarding the impact of congenital transmission of T. gondii in 359 

cerebral cortex embryonic development in vivo, it is essential to address how neurogenesis 360 

and/or gliogenesis are affected during CT in the developing brain.  361 

 362 

4.2) Impacts of T. gondii infection on RG potential to control endothelial 363 

barrier properties. 364 

Vascular development by angiogenesis, in addition to blood vessel stability and 365 

function, result from a fine-tuned control of pro- and anti-angiogenic molecules 366 

produced by endothelial and neighboring cells, as well as environmental cues 367 
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(Carmeliet and Jain, 2000). In the last few years, RG have been pointed out as an 368 

essential cellular and molecular scaffold for blood vessel formation and vascular 369 

stability acquisition during cerebral cortex development (Ma et al., 2013; Errede et al., 370 

2014; Hirota et al., 2015;  Siqueira et al., 2017). Herein, we demonstrate that RG-CM 371 

treatment of endothelial cells greatly increases tight junction ZO-1 protein levels and 372 

organization, suggesting that RG-secreted factors promote microvascular barrier 373 

formation. Vascular stability and barrier properties are essential features that allow 374 

the controlled transport of nutrients and other substances across the BBB (Abbott, 375 

2005; Ben-Zvi et al., 2014). Several molecular mechanisms were shown to promote 376 

the expression of tight junction proteins Claudin-5, Occludin and ZO-1 in endothelial 377 

cells, thus leading to the formation of the BBB, including activation of the TGF-β1 378 

signaling pathway, PDGFR/PDGR-B interaction and Wnt/βcatenin (Alvarez et al., 379 

2011; Baeten and Akassoglou, 2011; Zhao et al., 2014; Zhao et al., 2015). In this 380 

context, T. gondii infection may indirectly deregulate signaling pathways critical in 381 

controlling vessel stability by (i) affecting RG potential concerning mediation of BBB 382 

formation or (ii) disrupting tight junction proteins expression and organization directly 383 

in endothelial cells. Increased BBB disruption and permeability have been recently 384 

correlated t elevated levels of the pro-inflammatory cytokine IL-6 in the cerebrospinal 385 

fluid of human adult individuals affected by neuromyelitis optica and neuropsychiatric 386 

systemic lupus erythematosus, and in a rat model of psychosocial stress induction 387 

(Uchida et al., 2017; Asano et al., 2017; Schiavone et al., 2017). 388 

Pro-inflammatory cytokines, such as IL-6, have been previously reported to promote 389 

BBB dysfunction in several neurodegenerative disease contexts, such as Alzheimer´s, 390 

Parkinson´s and Multiple sclerosis, as well as CNS ischemia and infectious diseases, being 391 

a potential neuroinflammation establishment mechanism (Kempuraj et al., 2016; Rochfort et 392 

al., 2016). Stimulation of endothelial human brain cells (HCECs) with IL-6 was shown to 393 

induce VEGF synthesis and release, promoting angiogenesis, alongside increased 394 

expression of matrix metalloproteinase 9 (MMP9) (Yao et al., 2006). Increased MMPs 395 
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levels in different brain injury models were associated with degradation of the endothelial 396 

basement membrane and enhanced tyrosine phosphorylation of tight junction proteins, 397 

triggering protein redistribution, changes in adhesive properties between endothelial cells, 398 

and TEER reduction, resulting in increased permeability (Stamatovic et al., 2008).  399 

Although the roles of IL-6 have been pointed as essential to endothelial function, 400 

angiogenesis and blood vessel stability have been classically described as depending on 401 

anti-inflammatory TGF-β1 cytokine signaling in the embryonic and adult brain (Dohgu et al., 402 

2004; Lebrin et al., 2005; Holderfield and Hughes, 2008; Arnold et al., 2014; Hellbach et al., 403 

2014; Siqueira et al., 2017). TGF-β1 is a multifunctional cytokine that controls multiple 404 

physiological and pathological events, such as embryogenesis, immune response, ECM 405 

synthesis, cell differentiation and cell-cycle control in several tissues (Massague, 1998; 406 

Massague and Gomis, 2006). TGF-β1 in the CNS has been reported to play a key role in 407 

neuronal generation, survival and migration (Brionne et al., 2003; Miller, 2003; Esposito et 408 

al., 2005;  Stipursky et al., 2012), glial differentiation (Sousa Vde et al., 2004; Romao et al., 409 

2008; Stipursky et al., 2014), and synapse formation (Diniz et al., 2012; Diniz et al., 2014). 410 

More recently, our group demonstrated that TGF-β1 secreted from RG cells induces 411 

angiogenesis in the developing cerebral cortex (Siqueira et al., 2017). Herein, we observed 412 

that CM from infected RG cells contains lower TGF-β1 levels compared to uninfected cells. 413 

Loss of the active form of TGF-β1 cytokine, mutation of the Tgfb1 gene or even deletion of 414 

Tgfr2 or Alk5/Tgfbr1 genes in endothelial cells of the embryonic forebrain have been shown 415 

to promote excessive vascular sprouting, branching and induce cerebral hemorrhage 416 

(Arnold et al., 2014). Furthermore, TGF-β1 is known to promote tight junction proteins and 417 

P-glycoprotein transporter expression in brain endothelial cells (Dohgu et al., 2004), induce 418 

endothelial barrier properties, such as γ-glutamyl-transferase (GGT) expression, mediated 419 

by astrocyte secretion (Garcia et al., 2004), and TGF-β signaling is involved in later stages 420 

of blood vessel development, such as the induction of maturation and stability maintenance 421 

mediating the interaction between endothelial and mural cells (Lebrin et al., 2005).  422 
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Here we demonstrated that Inf-RG-CM presented increased amounts of IL-6 and 423 

significantly less TGF-β1, compared to control RG-CM. Evidence shows that disruption of 424 

endothelial interactions with neurovascular unit or low levels of TGF-β1 leads to abnormal 425 

distribution of junctional proteins and increased vascular permeability (Garcia et al., 2004; 426 

Dohgu et al., 2005; Winkler et al., 2011), In the BBB, TGF-β1 secretion by astrocytes has 427 

been demonstrated as essential for maintaining brain vasculature stability and inhibiting or 428 

decreasing leukocyte transmigration across the endothelium (Fabry et al., 1995; Alvarez et 429 

al., 2013). Since mature BBB astrocytes are the main source of TGF-β1, and RG cells also 430 

secrete TGF-β1, which we demonstrated as promoting RG-astrocyte differentiation 431 

(Stipursky and Gomes, 2007; Stipursky et al., 2012, 2014), it is possible that, in our 432 

infection model, reduced levels of RG-derived TGF-β1, and possibly elevated levels of IL-6 433 

proinflammatory cytokine, might impair endothelial ZO-1 tight junction organization and β-434 

catenin association in adherens junctions. 435 

By adding TGF-β1 to the Inf-RG-CM, there was a complete rescue of endothelial ZO-436 

1 protein levels, suggesting that T. gondii infection impairs TGF-β1 expression/secretion, or 437 

both, by RG cells.   438 

In this context, alteration of RG secretome by T. gondii infection, may act as 439 

underlying mechanisms of disruption of endothelial cell barrier properties. However, specific 440 

downstream angiogenesis and vascular maturation molecular targets have not yet been 441 

identified.  442 

Herein, β-catenin has been pointed out as a potential target for RG-endothelial 443 

dysfunctional interaction. The Wnt/β-catenin pathway has been extensively investigated 444 

and demonstrated as exherting critical roles on vascular development and maturation in the 445 

developing cerebral cortex and maintenance of BBB in adult brain (Liebner et al., 2008; 446 

Daneman et al., 2009; Ma et al., 2013; Engelhardt and Liebner, 2014). β-catenin, the 447 

canonical downstream mediator of Wnt signaling, associates with classic cadherins in 448 

adherens junctions and to α-catenin, that mediates its association with the actin 449 
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cytoskeleton. In endothelial cells, β-catenin is constitutively bound to VE-cadherin and when 450 

β-catenin is free in cytoplasm, it is rapidly inactivated by phosphorylation and ubiquitination 451 

by a protein complex that includes axin and adenomatous polyposis coli (APC). Upon 452 

downregulation of VE-cadherin expression or Wnt signaling activation in endothelial cells, 453 

β-catenin translocates to the nucleus to modulate gene expression, acting as a co-454 

transcription factor together with lymphoid enhancer factor/T-cell factor (Lef/TCF), Forkhead 455 

box protein O1 (FoxO1), hypoxia-inducible factor (HIF), Smads and others, mediating 456 

cellular responses such as cell cycle, apoptosis, cell differentiation and cell-cell 457 

communication (Klaus and Birchmeier, 2008; Giannotta et al., 2013).  458 

A previous report demonstrated that VE-cadherin phosphorylation prevents p120 and 459 

β-catenin binding, triggering destabilization of adherens junctions, maintaining cells in a 460 

mesenchymal state (Potter et al., 2005).  461 

Endothelial cells adherens and tight junctions lay in close proximity to neighbor cells, 462 

both mediating membrane adhesion and limiting paracellular permeability. Although 463 

adherens and tight junctions are formed by distinct structural proteins, with specific binding 464 

affinities, the assembly of tight junctions has been demonstrated as coupled with the 465 

formation of adherens junctions. Physical linkages between these junctional structures can 466 

be mediated by a multistep process that involves α−, β-catenins, ZO-1 and afadin proteins 467 

interactions, initiating with adherens junctions protein clustering and structural organization 468 

on cell membranes that later recruit and allow tight junctional machinery to assemble (for 469 

revision Campbell et al., 2017). In fact, β-catenin/FoxO1 transcription factor complex was 470 

demonstrated to repress Claudin-5 tight junction gene expression (Taddei et al., 2008). Ma 471 

and colleagues (2013) demonstrated that Wnt/β-catenin signaling activation can mediate 472 

RG-endothelial interaction through transcriptionally induction of MMP2/MMP9 in endothelial 473 

cells, which was correlated to decreased vessel stability and increased endothelial 474 

proliferation in the developing cerebral cortex. Accordingly, increased MMPs levels were 475 

found in astrocyte cultures (Lu and Lai, 2013) and in the sera of pregnant women infected 476 

with T. gondii (Wang and Lai, 2013), suggesting that Wnt/β-catenin signaling may modulate 477 
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junction protein levels expression and organization and/or turnover though multiple 478 

mechanisms. Thus, in our context, T. gondii infection effects might exert critical function in 479 

triggering endothelial junction dismantling, alongside β-catenin dissociation from cell-cell 480 

contacts.  481 

Together, our results suggest that T. gondii deregulates RG cells proliferation, 482 

neurogenesis potential and secretory profile, with decreased TGF-β1 and, to a less extent, 483 

increase in IL-6 levels. In addition, the potential of RG cells to modulate endothelial cell 484 

function is also affected by T. gondii infection, resulting in deficient organization of tight 485 

junction protein ZO-1 and junction associated β-catenin, reduced TEER, leading to impaired 486 

endothelial stabilization and loss of barrier properties.  In a CT context, alterations in the 487 

RG cell differentiation potential and in RG-endothelial cell interactions may be critical to the 488 

reduced numbers of neurons generated during cortical development and dysfunctional BBB 489 

formation, which would directly contribute to the establishment of the microcephaly 490 

phenotype. Although RG-endothelial interactions are critical to promote vascular 491 

development and BBB formation, the specific molecular mechanisms disrupted by T. gondii 492 

infection in such interactions are not known. Thus, an improved description of the signaling 493 

pathways involved in such events might contribute to the development of therapeutic 494 

approaches to rescue or protect neural stem cells functions and vascular development, thus 495 

preventing the clinical manifestations observed in CT. 496 

 497 
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 787 

FIGURES LEGENDS 788 

 789 

Figure 1. T. gondii infection decreases Radial glia cell proliferation and 790 

neurogenic potential. 791 

 Infection of RG cells cultures with T. gondii tachyzoites for 24 h significantly 792 

decreased the number of Nestin/BLBP double labeled cells number, compared with control 793 

(A-C) which was accompanied by reduced numbers of proliferative Ki67/Nestin positive 794 

cells compared with control uninfected cells (D-F). A significant decrease in generation of 795 

β−III-tubulin positive neuron numbers was induced by T. gondii infection, when compared 796 

with control (G-I). RG differentiation into GFAP positive astrocytes was not affected by T. 797 

gondii infection when compared to controls (J-L). T. gondii infection induced significant 798 

changes in the percentage of cell composition in RG cultures compared to controls (M). 799 

*P=0.0423, **P=0.0019, ***P=0.0001 versus controls, unpaired t test.  800 

 801 

Figure 2. Conditioned medium from T. gondii-infected Radial glia decreases ZO-802 

1/β-catenin proteins organization and impairs barrier properties of brain 803 
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microvascular endothelial cells. Murine brain endothelial cells (bEnd.3) were incubated 804 

for 24h with cultivation medium (Control), conditioned medium derived from uninfected RG 805 

cultures (RG-CM) or conditioned medium derived from T. gondii-infected RG cultures (Inf-806 

RG-CM). ZO-1 tight junction adapter protein was found mainly distributed along adjacent 807 

cell membranes of confluent control cultures (A). Addition of RG-CM to endothelial 808 

monolayers significantly increased the levels of ZO-1 proteins on cells surfaces (B, E). 809 

bEnd.3 cells incubated with Inf-RG-CM (C, E) presented reduced levels of ZO-1 810 

immunoreactivity, when compared with controls (A-E). Tight junction organization index in 811 

cell-cell contact regions (TiJOR) was also increased by addition RG-CM, wheb compared 812 

with control cultures, and significantly disrupted by Inf-RG-CM presenting as discontinuous 813 

ZO-1 labeling, when compared with RG-CM-treated cultures (F). Transendothelial electrical 814 

resistance (TEER) was significantly increased by RG-CM when compared to all conditions. 815 

Inf-RG-CM treatment impaired RG potential to induce TEER by reducing electrical 816 

resistance on bEnd.3 cells bellow control levels (G). In Control cultures β-catenin was found 817 

associated with cell-cell junctional contacts, similar to ZO-1 tight junction distribution (H, K, 818 

N). Addition of RG-CM to endothelial monolayers enhanced β-catenin immunoreactivity and 819 

similar to ZO-1 protein on cells contacts regions (I, L, O). bEnd.3 cells incubated with Inf-820 

RG-CM presented reduced immunoreactivity for β-catenin similar to ZO-1, concomitant with 821 

junctions disorganization (J, M, P) when compared with controls (A-C). β-catenin 822 

distribution in infected cells were mainly displaced to intracellular parasites *P=0.03, 823 

**P=0.0001, one-way ANOVA with Bonferroni post-test.  824 

 825 

 826 

Figure 3. T. gondii infection alters the levels of secreted cytokines by Radial 827 

glia cells. Conditioned medium from uninfected RG cultures (RG-CM) and from cultures 828 

infected with T. gondii tachyzoites for 24 h (Inf-RG-CM), were subjected to Cytokine Bead 829 

Array (CBA) and ELISA assays to measure the levels of pro and anti-inflammatory secreted 830 

cytokines. CBA detected augmented levels of IL-6 and ELISA revealed decreased TGF-β1 831 
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levels (A) in Inf-RG-CM, compared with RG-CM. Addition of TGF-β1 (19=0ng/mL) to Inf-832 

RG-CM significantly rescued the levels of ZO-1 labeling intensity, similar to addition of TGF-833 

β1 alone to bEnd.3 cells, when compared to RG-CM. **p=0.0001, *p=0.036, one-way 834 

ANOVA with Bonferroni post-test.  835 

. 836 

Supplementary figure 1. Identification of T. gondii tachyzoites in infected cells. 837 

RG cultures were infected with T. gondii tachyzoites for 24h and labelled with DAPI to 838 

identify host cell nucleus and parasite DNA (blue). Uninfected RG cultures labeled with 839 

DAPI and Nestin (red) (A, B). Infected RG cells showing host and tachyzoites DNA in the 840 

cytoplasm (C, D, arrows), high magnification of tachyzoites in infected cells (D´, D´´). 841 

 842 

Supplementary figure 2. T. gondii infection does not affect RG and neuronal cell 843 

death. RG cultures were infected with T. gondii tachyzoites for 2h and and labelled with 844 

neuronal marker (bTubulin), RG marker (Nestin) and apoptotic cell marker (cleaved-845 

Caspase 3), No statistic differences in the percentage of β-tubulinIII/Caspase3 (A, C) and 846 

Nestin/Caspase3 (B, D) double positive cells were observed. Quantification of total DAPI-847 

labeled nucleus per microscopical field in uninfected and infected RG cultures revealed no 848 

significant difference in total cells number in both conditions (E). P>0.05, unpaired t-test. 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 
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