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Abstract

Toxoplasma gondii establishes latent infection in the central nervous system of

immunocompentent hosts. Toxoplasmic encephalitis is a life threatening reactivation of latent

infection in the brain of immunocompromised patients. To further understand the mechanisms of

entry into the brain of T. gondii we investigated host molecules and cells involved in the passage

of the parasite through the blood–brain barrier. First, using microarrays brain endothelial cells

were found to upregulate, among others, chemokines and adhesion molecules following infection

with tachyzoites. Using flow cytometry we observed upregulated ICAM-1 expression on the

surface of brain endothelial cells following infection; ICAM-1 expression was further increased

after pre-incubation with IFN-γ. Compared to RH tachyzoites, ME49 tachyzoites induced a

stronger upregulation of ICAM-1 and an earlier and stronger IL-6 and MCP-1 secretion by brain

endothelial cells. Using an in vitro coculture model of the BBB (primary glia cells and brain

endothelial cells) we found a stronger migration of infected antigen-presenting cells compared to

lymphocytes (4.63% vs. 0.6% of all cells) across the BBB. Among all antigen-presenting cells

CD11b+/CD11c+ cells showed the highest infection rate, whereas the majority of infected cells

that migrated through the blood–brain barrier were CD11b+/CD11c− cells. Infection of PBMCs

with type I or type II Toxoplasma strains resulted in similar patterns of cell migration across the in

vitro BBB model.

In conclusion, these results suggest that T. gondii modulates gene expression of brain endothelial

cells to promote its own migration through the blood–brain barrier in a ‘Trojan horse’ manner.

Cells expressing CD11b either with or without CD11c are likely candidate cells for the

intracellular transport of T. gondii across the BBB. T. gondii type I and type II strains induced

similar migration patterns of antigen-presenting cells across the in vitro BBB.
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1. Introduction

The blood–brain barrier is a selective cellular border at the level of specialized cerebral

microvascular endothelial cells that protects the central nervous system (CNS) from blood-

borne endangerments. The brain endothelial cells interacting with perivascular structures

like pericytes, microglia and astroglia have characteristic properties defined by high

transendothelial electrical resistance, the expression of tight junctions sealing the

paracellular spaces, and a low pinocytotic activity (Abbott et al., 2006; Ge et al., 2005;

Rubin and Staddon, 1999; Deli et al., 2005). Although the CNS is routinely surveyed by

cells of the immune system, inflammatory processes can lead to an excessive leukocyte

infiltration into the brain and cause pathology (Hickey, 2001; Luster et al., 2005) as in

patients with multiple sclerosis or AIDS dementia (McFarland and Martin, 2007; Nottet,

1999). Under healthy conditions the endothelial cells of the blood–brain barrier express very

low levels of adhesion molecules that could be used by leukocytes for transendothelial

migration. Upon inflammatory stimulation, microvascular endothelial cells induce the

expression of cell adhesion molecules including ICAM-1, VCAM-1, and selectins (Kadl and

Leitinger, 2005; Coisne et al., 2006). In concert with the secretion of various chemokines the

vascular response implicates a decrease of blood–brain barrier function. Successful

leukocyte trafficking thereby demands the interaction of selectins and their ligands as well

as the cooperation of cell adhesion molecules with integrins or chemokines with their

receptors (Ransohoff et al., 2003; Pober and Sessa, 2007). Infections of the CNS are caused

by a variety of extracellular (mostly causing meningitis) and intracellular pathogens (Kim,

2008; Marra and Brigham, 2001; Katti, 2004; Kim, 2002). Whereas extracellular pathogens

are believed to use the blood-cerebrospinal fluid barrier in the choroid plexus to gain access

to the brain, intracellular pathogens including Listeria monocytogenes, Cryptococcus

neoformans or the human immunodeficiency virus exploit host cells to transmigrate across

host barriers (Drevets et al., 2004; Charlier et al., 2009; Kanmogne et al., 2007). Infection

with the protozoan parasite Toxoplasma gondii results in invasion of the brain and the

formation of tissue cysts that persists throughout the life of the host without causing

symptoms (Montoya and Liesenfeld, 2004). However, in immunocompromised patients,

reactivation of latent infection may result in the release of rapidly multiplying tachyzoites

from tissue cysts (Dellacasa-Lindberg et al., 2007) and lethal encephalitis if left untreated.

Reactivated toxoplasmosis is among the most frequent CNS manifestations in seropositive

AIDS and transplant patients (Montoya and Liesenfeld, 2004; Dellacasa-Lindberg et al.,

2007). The mechanism(s) how Toxoplasma reaches the brain (extra- or intracellularly)

during acute infection have not been elucidated in detail. Recently, parasite dissemination

into the CNS inside host leukocytes has been suggested in in vivo experiments (Courret et

al., 2006; Unno et al., 2008). Type I, II and III T. gondii strains differ with respect to their

ability to transmigrate across cellular barriers. Whereas type I strains exhibit a higher

migratory capacity than type II strains, type II strains induced superior migratory frequency

and intensity of dendritic cells (Lambert et al., 2009).
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In the present study, we analyzed the expression of cell adhesion molecules and cytokines

by brain endothelial cells upon infection with different strains of T. gondii as a number of

investigators have reported a possible role of ICAM-1, IL-6, and MCP-1 in infection with T.

gondii (Barragan et al., 2005; Clahsen and Schaper, 2008; Linker et al., 2008; Aviles et al.,

2008; Robben et al., 2005). Using a coculture transwell model of the BBB we then analyzed

the migratory capacity of different subsets of naïve and infected peripheral blood

mononuclear cell subsets through the blood–brain barrier.

2. Materials and methods

2.1. Parasites

GFP+ tachyzoites of the T. gondii RH strain were a kind gift from Prof. D. Soldati-Favre,

University of Geneva, Faculty of Medicine, Switzerland, while the ME49 GFP+ tachyzoites

were kindly provided by Dr. Markus Meissner, Hygiene Institute, Department of

Parasitology, Heidelberg University School of Medicine, Germany.

2.2. Gene expression analysis of endothelial cells

To determine changes in transcriptional regulation profiles in brain endothelial cells 3×106

bEnd.3 cells (Montesano et al., 1990) were infected with freshly egressed GFP+ tachyzoites

of the T. gondii RH strain at an MOI (multiplicity of infection) of 3 and harvested 4 and 8 h

post infection. Transcription profiles were compared to uninfected cells using the Agilent

Whole Mouse Genome Oligo Microarray. RNA isolation, RNA quality control, linear T7-

based amplification of RNA as well as hybridization, scanning, and analysis of microarrays

were performed by the gene expression profiling service of Miltenyi Biotec (Bergisch

Gladbach, Germany). Gene regulations with a p<0.05 were regarded significant.

2.3. Preparation of primary glia cell cultures

The brains of 10 2–3 day old Wistar rats were separated from the meninges and choroid

plexus, minced, and digested in 0.1% trypsin (Biochrom AG, Berlin, Germany) in PBS

(PAA Laboratories GmbH, Cölbe, Germany) for 15 min at 37 °C. The cell suspension was

pelleted at 500 g, digested with 100 μg/mL DNaseI (Roche Diagnostics, Mannheim,

Germany), and subsequently washed at 300 g. The resulting pellet was suspended in D-

MEM (Invitrogen GmbH, Karlsruhe, Germany) with 10% FBS (Biochrom AG), 100 μg/mL

penicillin/streptomycin (Biochrom AG) and 1× non-essential amino acids (Invitrogen

GmbH), and seeded in 12 well plates (Corning B.V. Life Sciences, Schiphol-Rijk,

Netherlands). Medium was changed every 3 days. After 4 weeks of culture cells were used

in coculture experiments with primary rat brain endothelial cells.

2.4. Preparation of rat brain endothelial cell cultures

Primary rat brain endothelial cells (pRBECs) were isolated as described previously (Deli et

al., 1993; Veszelka et al., 2007). Briefly, forebrains were separated from meninges and grey

matter was digested with 1 mg/mL collagenase type II (Sigma-Aldrich, Steinheim,

Germany) and 15 μg/mL DNaseI for 1.5 h at 37 °C. To separate microvessels the pellet was

mixed with a 20% (w/v) BSA (Sigma-Aldrich) solution and centrifuged for 20 min at 1000

g. The myelin layer on top was removed, and the pellet digested with 1 mg/mL Collagenase/
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Dispase (Roche Diagnostics) and 6.6 μg/mL DNaseI for 1 h at 37 °C. To remove pericytes

the cell suspension was fractionated on a 33% Percoll (GE Healthcare, Munich, Germany)

gradient. The endothelial cells from the layer above the erythrocyte/pericyte containing layer

were collected, washed twice and plated onto 3 μm pore transwell filters (Corning B.V. Life

Sciences) or cell culture flasks previously coated with 0.5 mg/mL collagen IV and 0.1

mg/mL fibronectin (both from Sigma-Aldrich). The addition of 3 μg/mL puromycin (Sigma-

Aldrich) to endothelial cell medium [D-MEM containing 20% plasma-derived bovine serum

(First Link Ltd., Birmingham, UK), 100 μg/mL penicillin/streptomycin, 100 μg/mL heparin

(Sigma-Aldrich), and 1 ng/mL basic fibroblast growth factor (Roche Diagnostics)] for 3

days assured effective removal of contaminating brain cells (Perrière et al., 2005). Three

days after isolation cells were used in mono- or coculture experiments.

2.5. Establishment of endothelial and glia cocultures

Three days after endothelial cell preparation the transwell filters containing pRBECs were

placed into 12 well plates with glia cell cultures. The medium in the upper and lower

compartments was replaced by endothelial cell medium with 200 ng/mL hydrocortisone

(Sigma-Aldrich). The content of the upper chamber was exchanged by an endothelial cell

medium containing 200 ng/mL hydrocortisone, 250 μM cAMP (Sigma-Aldrich), and 17.5

μM Ro 20–1724 (Sigma-Aldrich) 24 h before transmigration experiment to enhance BBB

properties (Deli et al., 2005). The quality of the BBB model was determined by measuring

the transendothelial electrical resistance (TEER, in Ω×cm2) of the monolayer as a reference

for barrier tightness (Millicell-Electrical Resistance System, Millipore, Bedford, USA). The

TEER of coated cell free filters was subtracted from TEER of filters with cells as a blind

value. To investigate the permeability of the endothelial monolayer, the flux of selected

tracers from the luminal to the abluminal compartment was measured and calculated as

endothelial permeability coefficient (Deli et al., 2005). Sodium fluorescein (10 μg/mL,

Sigma-Aldrich) served as paracellular, Evan’s blue-labeled albumin (EBA) (165 μg/mL,

Sigma-Aldrich) as transcellular marker (Veszelka et al., 2007). Both were dissolved in D-

MEM without phenol-red (Biochrom AG).

2.6. Isolation of mouse and rat PBMCs

PBMCs from Wistar rats or NMRI mice were isolated from heparinized blood with

OptiPrep™ solution (Axis-Shield, Dundee, Scotland) according to the manufacturer’s

recommendations. For mouse PBMCs, 5–10 mL of blood was diluted with 1/2 blood volume

of TBS [0.85% NaCl (Merck, Darmstadt, Germany) and 10 mM tricine (Sigma-Aldrich), pH

7.4] and 1/8 blood volume of OptiPrep™. The solution was carefully overlaid with 0.5 mL

TBS and centrifuged at 1000 g for 30 min at 20 °C. PBMCs were collected, diluted with two

volumes of PBS, and pelleted at 250 g for 10 min to remove platelets. For rat PBMCs, 5–10

mL of blood was diluted with 1/8 blood volume of OptiPrep™. The solution was carefully

overlaid with 0.5 mL TBS and centrifuged at 1300 g for 30 min at 20 °C. Further

preparation was performed according to the preparation of mouse PBMCs described above.
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2.7. Infection of brain endothelial cells and PBMCs with T. gondii tachyzoites

Infection of leukocytes or endothelial cells was performed using freshly egressed GFP+

tachyzoites of the T. gondii RH or ME49 strain. Tachyzoites were maintained by serial

passage in human foreskin fibroblasts (HFF) (Amit et al., 2003). HFF monolayers and T.

gondii tachyzoites were cultured in D-MEM with 10% FBS and 100 μg/mL penicillin/

streptomycin. Mouse or rat PBMCs were mixed with T. gondii tachyzoites (MOI from 1 to

5) in 15 mL of medium and transferred to a 50 mL centrifugation tube (Sarstedt AG,

Nümbrecht, Germany). The lid was slightly opened and the tube was incubated for 2 h at 37

°C in a slanting position. To remove extracellular parasites the cell suspension was washed

twice at 200 g for 10 min in D-MEM with 10% FBS and 100 μg/mL penicillin/streptomycin.

For infection of endothelial cells, pRBECs were prepared as described above. The mouse

brain endothelial cell line bEnd.3 was cultured in D-MEM with 10% FBS and 100 μg/mL

penicillin/streptomycin. PRBECs and bEnd.3 cells (Böggemeyer et al., 1994) were seeded

onto 24 well plates (Sarstedt AG) and cultured at 37 °C and 5% CO2 atmosphere. Cells were

pretreated with 100 U/mL recombinant mouse (Calbiochem, Darmstadt, Germany), or rat

IFN-γ (PeproTech GmbH, Hamburg, Germany) for 48 h as indicated.

As infected endothelial cells appear GFP+ it was possible to distinguish between infected

and uninfected cells of the same well. According to this the cells are designated as “T.

gondii exposed and infected” or “T. gondii exposed but uninfected” cells.

2.8. Migration assay

For migration assays, filters with pRBECs were transferred to new 12 well plates containing

either medium alone or medium with 100 ng/mL recombinant mouse or rat MCP-1 (both

from ImmunoTools, Friesoythe, Germany) or 100 ng/mL rat recombinant TNF-α

(Calbiochem). In each condition 3 × 105 PBMCs were added to the upper compartment.

After 3 h at 37 °C, the content of the lower compartment was collected. The outside of the

filter inserts and the inside of the plate wells were washed 3 times with ice-cold PBS and

pooled with the previously collected cells. Cells obtained from 10 filters were pooled and

centrifuged for 10 min at 300 g and 4 °C.

2.9. Flow cytometry

Prior to antibody staining, unspecific binding was blocked with the addition of 2.5% mouse

or rat serum. The antibodies were used for flow cytometry of endothelial cells or leukocytes:

biotin-conjugated α-rat-CD54, streptavidin-phycoerythrin (SA-PE), phycoerythrin (PE)-

conjugated α-mouse-CD54 (Biolegend, San Diego, USA), phycoerythrin (PE)-conjugated

α-rat-CD45, allophycocyanin (APC)-conjugated α-rat-CD11bc (Invitrogen GmbH),

phycoerythrin (PE)-conjugated α-mouse-CD11b, allophycocyanin (APC)-conjugated α-

mouse-CD11c, phycoerythrin (PE)-conjugated α-mouse-B220, and peridinin-chlorophyll-

protein (PerCP)-conjugated α-mouse-CD3 (Becton Dickinson, San Jose, USA). Anti-rat-

CD45 antibodies were used as pan-leukocyte markers while anti-rat-CD11bc antibodies

helped to distinguish monocytes and dendritic cells from the rest of the lymphocytes.

Cells were incubated with the antibodies for 15 min at 4 °C in the dark, washed twice and

subsequently fixed in 4% paraformaldehyde/PBS. Cells were suspended in storage buffer
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(2% FBS, 2 mM EDTA, and 0.1% sodium azide in PBS), and analyzed within 24 h by flow

cytometry. For each antibody staining the corresponding isotype control staining was

performed to allow accurate setting of gates and quadrants.

2.10. Immunofluorescence microscopy

Cells were fixed in 4% paraformaldehyde and labeled with the primary antibodies [rabbit-α-

GFAP, rabbit-α-ZO-1, mouse-α-occludin (Invitrogen GmbH), and rabbit-α-vWF (DAKO

Deutschland GmbH, Hamburg, Germany)], followed by labeling with the corresponding

secondary antibodies [goat-α-rabbit-Alexa fluor 488, chicken-α-rabbit-Alexa fluor 594, and

goat-α-mouse-Alexa fluor 633 (Invitrogen GmbH)] in a blocking solution of 5% FBS in

PBS. DNA was stained with 4′,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich), and

cells were mounted in DAKO mounting medium (DAKO Deutschland GmbH).

Immunofluorescence pictures were acquired with an Axiovert 200 M microscope (Carl

Zeiss, Jena, Germany).

2.11. Isolation of brain mononuclear cells

Anesthesized animals underwent brain perfusion with 40 mL ice-cold PBS and two brains

for each condition were homogenized in a 5 mL RPMI medium with an 18 G syringe needle.

The cell suspension was digested with 250 μg/mL Collagenase/Dispase (Roche) and 125

μg/mL DNase I (Roche) for 1 h at 37 °C, filtered through a cell strainer with 70 μm pore size

and filled up to 50 mL with RPMI. After centrifugation for 10 min at 1000 g the pellet was

suspended in a 60% (v/v) Percoll-solution and overlaid with a 30% (v/v) Percollsolution.

The gradient was centrifuged for 25 min at 1000 g and brain mononuclear cells from the

60%/30% interphase were collected.

2.12. Intravenous injection of T. gondii tachyzoites

Extracellular tachyzoites were harvested after serial passage in HFF cells. A centrifugation

at 200 g for 10 min pelleted remaining host cells. The supernatant was centrifuged at 350 g

for 10 min and the pelleted tachyzoites were washed with PBS at the same speed. The

purified tachyzoites were suspended in PBS, counted and intravenously administered to

BALB/c or NMRI mice at a concentration of 107 tachyzoites/0.2 mL.

2.13. Intravenous injection of infected PBMC subsets

To separate PBMCs from NMRI mice into CD11b+ and CD11b− fractions, CD11b-coated

magnetic beads (Miltenyi Biotec GmbH) were used according to the manufacturer’s

recommendations. Flow cytometry revealed that the purity of the CD11b enriched fraction

was approximately 85% (referred to as CD11b+ cells) while the CD11b− fraction of cells

contained less than 6% CD11b+ cells (referred to as CD11b− cells). Each subset underwent

15 h incubation with GFP+ RH tachyzoites of T. gondii at an MOI of 1. Rates of infection

for CD11b+ and CD11b− cells were determined by flow cytometry and NMRI mice were

injected intravenously with 10,000 infected cells of either population in 0.2 mL PBS.
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2.14. PCR

T. gondii DNA in brain tissue was quantified using LightCycler FastStart DNA Master

Hybridization Probes-Kit (Roche Diagnostics), primers for amplification of a 162 bp

fragment of T. gondii cryptic gene (TOX-9: 5′-AGGAGAGATATCAGGACTGTAG-3′,

TOX-10as: 5′-GCGTCGTCTCGTCTAGATCG-3′) (TIB MolBiol, Berlin, Germany) and

fluorescent hybridization oligonucleotides (TOX-HP-1: 5′-GAGTCG-

GAGAGGGAGAAGATGTT-FAM-3′, TOX-HP-2: 5′-RED-640-

CCGGCTTGGCTGCTTTTCCTG-PH-3′) (TIB MolBiol) on a LightCycler® (Roche

Diagnostics). 50 ng of template DNA, 1 μL 10× enzyme mix, 2 mM MgCl2, 1 mM of each

oligonucleotide primer and 0.2 nM of each hybridization probe were adjusted to a final

volume of 10 μL in capillaries (Genaxxon BioScience GmbH, Biberach, Germany).

Amplification of T. gondii DNA was performed after an initial denaturation step of 95 °C

for 1 min in 50 cycles of 95 °C for 10 s, 52 °C for 30 s, and 72 °C for 30 s with data

acquisition. Each PCR assay included a negative control with distilled water instead of

template DNA. With each run, a standard curve of T. gondii DNA (2.5 pg to 250 pg) was

generated. Fluorescence-related amount of T. gondii DNA was calculated with LightCycler

Data Analysis Software 3.5 (Roche Diagnostics).

2.15. Statistics

Differences between groups were determined by Student’s t-test for normally distributed

data. The Mann–Whitney-test was used for all other data using GraphPad InStat3 Software.

P-values of <0.05 were considered significant.

3. Results

3.1. Changes in gene expression in murine brain endothelial cells infected with T. gondii
tachyzoites

During acute infection T. gondii crosses the blood–brain barrier to gain access to the

neuronal tissues where it resides in its cyst form during latent infection. We therefore

investigated the effects of infection with the type I RH strain of T. gondii on the

transcriptome of murine brain endothelial cells. Compared to uninfected cells transcriptional

regulation was observed at 4 and/or 8 h post infection for cytokines, chemokines and their

respective receptors as well as for molecules involved in cell signaling, clusters of

differentiation, cell adhesion, and tight junction formation (Fig. 1). Genes related to cell

adhesion, tight junctions, and chemokines showed the strongest regulation. Four hours post

infection we found a 10.88-fold upregulation of JAM4 while CD80 was more than 9-fold

downregulated. At 8 h post infection the chemokines CCL7 and CX3CL1 were upregulated

8.84 and 6.18-fold respectively while the expression of the signaling molecule STAT4 was

reduced 4.69-fold. These results indicate that infection with T. gondii results in a major

regulation of the transcriptome. Regulated genes suggest that neuroinvasion may involve

exploitation of leukocyte transendothelial migration pathways.
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3.2. Induction of endothelial ICAM-1 expression by IFN-γ and infection with T. gondii
tachyzoites

Since ICAM-1 binds to leukocyte ligands to facilitate the entry of activated leukocytes into

the CNS (Dietrich, 2002) and since ICAM-1 gene expression was upregulated following

infection with T. gondii we investigated the impact of parasite infection on the expression of

ICAM-1 in a murine brain endothelial cell line and in primary rat brain endothelial cells. We

measured the mean fluorescence intensity of cells expressing ICAM-1 since even before

infection more than 80% of bEnd.3 and primary rat endothelial cells already expressed

ICAM-1.

Infection of murine brain endothelial cells with T. gondii at a parasite:cell ratio of 1:1

resulted in up to 1% infected primary rat endothelial cells and up to 12% infected bEnd.3

cells. Results are presented separately for infected vs. uninfected cells in the same well

following incubation with T. gondii; compared to naïve cells we observed a significant

upregulation of ICAM-1 expression at 2 and 36 h post infection in infected and uninfected

cells exposed to T. gondii (Fig. 2A). The ICAM-1 expression was significantly higher

among infected vs. uninfected cells in the same well. Expression of ICAM-1 was further

increased in infected and uninfected exposed cells after pre-incubation with IFN-γ.

Similarly, infection of primary rat brain endothelial cells with the same parasite:cell ratio led

to a significant upregulation of ICAM-1 expression at 2 and 36 h post infection compared to

naïve control cells (Fig. 2B); at 2 h post infection T. gondii infected cells showed a

significantly higher ICAM-1 expression than uninfected cells in the same well. Pre-

incubation of rat brain endothelial cells with IFN-γ led to a significant increase in ICAM-1

expression compared to naïve control cells; IFN-γ incubation resulted in a further increase in

ICAM-1 expression in both infected and uninfected cells from wells exposed to T. gondii.

Similar results were obtained at a higher parasite:cell ratio of 5:1 (data not shown).

These results suggest that T. gondii induces the upregulation of ICAM-1. The increased

ICAM-1 expression in infected cells may facilitate leukocyte migration across endothelial

barriers.

3.3. Upregulation of endothelial ICAM-1 and secretion of pro-inflammatory molecules after
infection with RH and ME49 tachyzoites

Since upregulation of ICAM-1 and secretion of pro-inflammatory molecules by endothelial

cells enhance the extravasation of leukocytes, and since type I and type II strains of T.

gondii differ in their migratory capacities (Barragan and Sibley, 2002), we investigated

ICAM-1 expression and secretion of IL-6 and MCP-1 by bEnd.3 cells following infection

with the RH (type I) and ME49 (type II) strains of the parasite. IL-6 and MCP-1 production

by endothelial cells may regulate early expression of adhesion molecules at the blood–brain

barrier and induce the recruitment of leukocytes important for resistance to T. gondii. More

than 88% of all endothelial cells showed a constitutive ICAM-1 expression. When brain

endothelial cells were infected with tachyzoites at an MOI of 1, type II ME49 tachyzoites

yielded significantly higher initial infection rates than infection with type I RH tachyzoites

(Fig. 3A). At 36 h post infection, the percentage of cells infected with RH tachyzoites had
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further increased. Maximum percentages of infected cells were approx. 11% and were

similar at 48 h after infection for both T. gondii strains.

Compared to uninfected control cells in the same well, cells infected with the RH strain

showed significantly increased ICAM-1 expression at 2 to 24 h whereas cells infected with

the ME49 strain showed significantly increased ICAM-1 expression at all time points

compared to uninfected cells in the same well (Fig. 3B). Infection of cells with the ME49

strain resulted in a significantly higher expression of ICAM-1 between 12 and 48 h post

infection compared to RH infection.

ME49 tachyzoites also induced an earlier and stronger IL-6 and MCP-1 secretion compared

to RH tachyzoites (Fig. 3C,D). The significantly increased secretion of IL-6 and MCP-1 by

the ME49 compared to the RH strain was also observed when concentrations of IL-6 or

MCP-1 were normalized to the infection rate of the respective T. gondii strain (data not

shown). At an MOI of 5 the expression of ICAM-1 and the secretion of pro-inflammatory

markers were similar to that observed at an MOI of 1 (data not shown). Taken together,

these results suggest that ME49 tachyzoites have an increased infectivity early after

infection, induce a stronger upregulation of ICAM-1, and secrete higher levels of pro-

inflammatory molecules compared to RH tachyzoites.

3.4. Validation of the in vitro coculture model of the BBB

To allow analysis of a role for leukocytes in neuroinvasion by the parasite, we established an

in vitro model of the BBB using the transwell coculture of rat glia and endothelial cells

(Veszelka et al., 2007). Immunological staining with antibodies against von Willebrand

factor, ZO-1, occludin and GFAP confirmed the purity of endothelial and glia cell cultures

in the transwell coculture (data not shown). An incubation of primary endothelial cells with

recombinant rat TNF-α induced an increased ICAM-1 expression and proofed that the cells

are functional after the preparation process (data not shown). Treatment of cells with

hydrocortisone, pCPT-cAMP, and Ro 20-1724 resulted in an increase in net transendothelial

electrical resistance to 200-250 Ω; permeability coefficients for albumin and sodium

fluorescein ranged between 2×10−6 and 5×10−6 cm/s, respectively. In addition to the

physical and chemical validation, the migration of freshly isolated naïve rat PBMCs towards

a MCP-1 gradient was used for biological validation. PBMCs were composed of 79.84%

CD45+/CD11bc− (most likely lymphocytes) and 20.16% CD45+/CD11bc+ (most likely

antigen-presenting cells) cells as determined by flow cytometry (Fig. 4A). After migration

across the in vitro BBB relative percentages of CD45+/CD11bc+ cells recovered from the

lower chamber increased to 34.26%; a further increase to 69.11% was found when MCP-1

was added to the lower chamber during migration. The addition of anti-ICAM-1 mAbs into

the upper chamber inhibited the migration of cells by approx. 90% (data not shown).

Based on the combined physical, chemical, and biological validation, the coculture model

shows typical characteristics of the BBB as a selective barrier.
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3.5. Leukocyte migration across the BBB in an in vitro coculture model

Following validation of the in vitro model of the BBB we determined the effect of type I RH

strain tachyzoites of T. gondii on the migration of rat PBMCs through the BBB. Following

infection of PBMCs at an MOI of 1 we found 0.75±1.14% infected CD45+/CD11bc−

(lymphocytes) and 0.36±0.17% infected CD45+/CD11bc+ (antigen-presenting) cells among

all cells of the population (Fig. 4B). Three hours after addition of PBMCs onto the upper

compartment of the BBB the percentage of infected CD45+/CD11bc− cells recovered from

the lower compartment was 0.6±0.63% and did not differ significantly from the percentage

of these cells before migration; in contrast, the percentage of infected CD45+/CD11bc+ cells

increased significantly to 4.86±2.63% (a 13-fold increase) after migration. Thus, the ratio of

infected CD45+/CD11bc+ vs. infected CD45+/CD11bc− cells was 8-fold higher after

migration (Fig. 4B). Whereas absolute numbers of infected CD45+/CD11bc− and CD45+/

CD11bc+ cells before migration were 2228.93±3404.36 and 1067.59±519.67, numbers of

infected CD45+/CD11bc+ cells predominated after migration (18.5±20.91 vs. 2.38±2.83),

indicating that more infected CD45+/CD11bc+ than CD45+/CD11bc− cells migrated through

the BBB.

Analysis of infection rates of these subpopulations before and after migration underlined the

preferential induction of migration of antigen-presenting cells by T. gondii. Before

migration, 0.85% of all CD45+/CD11bc− cells were infected while the infection rate for

CD45+/CD11bc+ cells was 2.88% (Fig. 4C). After migration, the infection rate of CD45+/

CD11bc+ cells increased to 16.05% (a 5-fold increase) and was 18-fold higher than that of

CD45+/CD11bc− cells (infection rates remained unchanged at levels below 1% before and

after migration). Interestingly, following infection of PBMCs with tachyzoites, not only

infected but also uninfected CD45+/CD11bc+ cells showed enhanced migratory capacities;

the percentage of uninfected CD45+/CD11bc+ cells increased from 12.07±4.52% to 25.42 ±

6.68% (Fig. 4B). Among control PBMCs that were left unexposed to T. gondii, a

preferential migration of CD45+/CD11bc+ cells was also observed compared to CD45+/

CD11bc− cells, even though this was less pronounced than for T. gondii exposed cells (data

not shown).

The migration of infected PBMCs across the BBB model was not altered by addition of

MCP-1 to the lower compartment of the transwell system (data not shown). Further analysis

of subpopulations of antigen-presenting cells was impossible since the commercially

available rat antibodies against cell surface markers tested did not allow to distinguish

between subpopulations of antigen-presenting cells (data not shown).

These results suggest that infection of antigen-presenting cells with T. gondii increases their

preferential migratory capacity compared to lymphocytes; antigen-presenting cells thereby

are likely candidates for the transport of T. gondii across the BBB.

3.6. Migration of mouse PBMCs across an in vitro model of the BBB

Since the lack of appropriate cell surface markers did not allow to define subpopulations of

antigen-presenting cells among PBMCs we used mouse PBMCs in a separate set of

experiments. First, a chemokine gradient was established by the addition of 100 ng/mL
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recombinant mouse MCP-1 to the lower compartment of the rat in vitro model of the BBB.

As shown above for the migration of rat PBMCs the addition of MCP-1 resulted in increased

migration of CD11b+ and CD11c+ cells compared to the migration of cells in the absence of

a chemokine gradient (data not shown). Since addition of murine cells to the rat coculture

model did not appear to alter migration characteristics we next incubated mouse PBMCs

with T. gondii tachyzoites at an MOI of 5. Using flow cytometry we observed that CD11b+/

CD11c+ double-positive cells showed significantly higher infection rates before and after

migration compared to CD11b+/CD11c− and CD11b−/CD11c+ cells (Fig. 5A). Among all

infected antigen-presenting cells (CD11b+, CD11c+, and double-positive cells), the CD11b+/

CD11c− cells outnumbered CD11b−/CD11c+ and CD11b+/CD11c+ cells (before migration:

38.62±10.95% CD11b+/CD11c− cells vs. 26.53±9.92% CD11b−/CD11c+ cells and

34.85±20.52% CD11b+/CD11c+ cells; after migration: 57.59±18.7% CD11b+/CD11c− cells

vs. 9.89±2.39% CD11b−/CD11c+ cells and 32.61 ±16.58% CD11b+/CD11c+ cells) (Fig.

5B).

Before migration the absolute number of infected CD11b+/CD11c− cells (2589.57±36.90)

exceeded that of infected CD11b−/CD11c+ (1753.52±24.50) or infected CD11b+/CD11c+

cells (1932.26±22) (Fig. 5C); after migration, the predominance of CD11b+/CD11c− cells

was more pronounced (13.67±9.29 CD11b+/CD11c− vs. 2.33±0.58 CD11b−/CD11c+ cells

vs. 6.67±0.58 CD11b+/CD11c+ cells).

The ratios of absolute numbers of infected CD11b+/CD11c−, CD11b−/CD11c+, and

CD11b+/CD11c+ cells before vs. after migration were 194.79, 768.47, and 316.55,

respectively. Similarly, ratios of absolute numbers of uninfected CD11b+/CD11c−, CD11b−/

CD11c+, and CD11b+/CD11c+ cells before vs. after migration were 151.72, 164.60, and

564.14 (data not shown). These results indicate that upon infection with T. gondii CD11b+

cells (more so those CD11c− than those CD11c+) are the predominant cell population

migrating through the BBB. Therefore, CD11b+ cells appear to play a major role in the

neuroinvasion by T. gondii.

3.7. Migration across the BBB of leukocytes infected with T. gondii type I or type II
tachyzoites

As type I and type II strains of T. gondii were shown to induce different migratory responses

in cells upon infection (Lambert et al., 2009) we compared the migration of PBMC subsets

infected with either the T. gondii RH type I or ME49 type II strain. Tachyzoites of the ME49

strain showed a tendency towards higher infection rates for cells carrying CD11b, CD11c or

both markers before migration compared to tachyzoites of the RH strain (data not shown);

both strains yielded the highest infection rates in CD11b+/CD11c+ double-positive cells, but

no preferential migration of leukocytes infected with RH or ME49 tachyzoites could be

detected.

The infection rates of individual subpopulations among all cells carrying CD11b or/and

CD11c surface markers were also evaluated. Infection rates of cell subpopulations

expressing CD11b, CD11c or both did not differ following infection with the RH or ME49

strain. In addition, the percentages of infected cell subpopulations did not differ before and
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after migration indicating that type I or type II Toxoplasma strains induce similar patterns of

cell migration across the in vitro BBB.

3.8. Dissemination and neuroinvasion of T. gondii in vivo

Finally, to confirm our in vitro findings of a preferential migration of CD11b+ cells in the

neuroinvasion of the parasite in vivo we determined the migration of CD11b+ cells across

the BBB in mice. Preliminary experiments revealed that i. v. infection of mice with

extracellular tachyzoites induced an accumulation of CD11b+ cells in the brain 96 h after

injection (Fig. 6A) but Toxoplasma-infected leukocytes could not be detected in the brains

by flow cytometry (data not shown); in addition, T. gondii-specific DNA was not detected

consistently in brains (even when 6 individual pieces of each brain were processed

separately) (data not shown).

Therefore, we chose a different approach and separated mouse PBMCs into a CD11b+

fraction (purity of at least 85% CD11b+ cells) and a CD11b− fraction (containing not more

than 6% CD11b+ cells) before infection with RH tachyzoites at an MOI of 1. The infection

rate of the CD11b+ fraction was markedly higher than that of the CD11b− fraction (44.71 vs.

10.46%, respectively). Then, 10,000 infected cells of each of the CD11b+ or the CD11c−

population were injected intravenously into the tail vein of mice. Low concentrations of T.

gondii DNA were detected in brains of mice injected with infected CD11b+ or CD11b− cells

at 24 h after injection. At 3 and 7 days after injection increasing T. gondii DNA

concentrations were detected in brains but concentrations of DNA in mice infected with

CD11b+ or CD11b− cells did not differ significantly at any time point (Fig. 6B).

In conclusion, whereas in vitro experiments pointed towards CD11b+ cells as the main cell

population carrying T. gondii across the BBB, we were unable to detect a preferential

migration of CD11b+ compared to CD11b− cells in vivo.

4. Discussion

Infection with the parasite T. gondii is characterized by the entry of parasites into the brain

and the persistence of parasites in cysts. Acute infection in immunocompetent subjects

rarely causes symptoms but tissue cysts develop in the brain. These cysts are the likely

origin of reactivated disease in immunocompromised patients that progresses to lethal

encephalitis. The early events that enable the parasite to cross the blood–brain barrier are

poorly understood and it remains to be shown whether neuroinvasion by the parasite occurs

mainly intracellularly or extracellularly. Improvements in our knowledge on the interplay of

host cellular mechanisms and the parasite during neuroinvasion by T. gondii may help in the

development of strategies to prevent this fatal brain disease.

In the present study we therefore examined molecules and cells involved in the

neuroinvasion by T. gondii. We observed a marked change in the transcriptome of brain

endothelial cells upon infection with T. gondii and identified CD11b+ cells as the main cell

population exploited by the parasite during neuroinvasion. In line with previous reports

(Kim et al., 2006; Robben et al., 2004) we confirm the superior inflammatory potential of

mouse-avirulent type II compared to type I strains but also provide new evidence that type II
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and type I strains do not differ in their capacity to infect CD11b+ and/or CD11c+ cell

populations and to migrate across the BBB.

Using mouse whole genome arrays we observed a marked change of transcriptional

regulation in brain endothelial cells following infection with the parasite. Genes

differentially regulated corresponded to molecules that are involved in the interaction

between immune cells and host barrier functions thus pointing towards a role for immune

cells in neuroinvasion by the parasite. Adhesion molecules including E- and P-selectin and

ICAM-1 as well as cytokines, chemokines, signaling molecules, surface molecules or toll-

like receptor (TLR) 4 showed upregulated expression after infection with T. gondii. As E-

selectin, P-selectin and ICAM-1 are known to support the migration of immune cells to sites

of inflammation (Ley et al., 1995; Venturi et al., 2003; Rahman and Fazal, 2008) their

upregulation is important for an effective immune response. The upregulation of TLR4 in

our experiment is in line with a previous report by Debierre-Grockiego et al. (2007) who

postulate that TLR4 is involved in the recognition of T. gondii glycosylphosphatidylinositols

(GPI) and may contribute to resistance against T. gondii. In addition, we observed the

upregulation of cytokines and chemokines including IL-6 that was previously shown to act

as an acute phase protein in the immune response and hematopoiesis (Akira et al., 1990;

Suzuki et al., 1997); chemokines including CCL2 (MCP-1), CCL7 (MCP-3), CXCL1

(GRO-1), CXCL2 (GRO-2) and CX3CL1 (fractalkine) were upregulated upon infection with

the parasite and are known to favor chemotactic attraction of immune cells (Stein and

Nombela-Arrieta, 2005). Tight junction molecules and junctional adhesion molecules

efficiently seal the spaces between adjacent endothelial cells in healthy conditions and

thereby influence the blood–brain barrier permeability (Zlokovic, 2008). The reduced

expression of claudin 8 may represent a parasite-induced mechanism to support the

paracellular entry of immune cells as claudins are effectively sealing the tight junctions

(Ohtsuki et al., 2008; Krause et al., 2008). Both the downregulation of the transcription

factor STAT4 and the upregulation of SOCS molecules interfere with the induction of IFN-γ

production (Murray, 2007; Cai et al., 2000) and activation of type I and type II cytokine

receptors (Dalpke et al., 2008) thereby contributing to immune evasion by the parasite. Of

interest, designed to act as part of the host’s immune responses against parasite replication

many of the above mentioned molecules at the same time facilitate the entry of infected

leukocytes into the brain thereby acting as double-edged swords.

ICAM-1 was reported to be essential for the transendothelial migration of naïve and infected

leukocytes due to its interaction with the parasite adhesin MIC2 (Rahman and Fazal, 2008;

Barragan et al., 2005; Turowski et al., 2005). Since the expression of ICAM-1 was increased

after infection with T. gondii we investigated the effects of mouse-virulent type I (RH) and

mouse-avirulent type II (ME49) T. gondii tachyzoites on the expression of ICAM-1. Upon

exposure to the parasite both infected and – with delay – uninfected brain endothelial cells

upregulated ICAM-1 on their surface. It remains to be shown whether this is a direct or a

bystander effect due to cytokine production of the infected cells. In this regard, IL-6 and

MCP-1 production were also increased following infection of brain endothelial cells with T.

gondii. Proinflammatory cytokines including TNF-α, IFN-γ and IL-1β have been shown to

enhance ICAM-1 expression (Dietrich, 2002) and T. gondii influences the transcription of
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endothelial cell genes with immunomodulatory functions including IL-8, IP-10, MCP-1,

GM-CSF, COX-2 and iNOS (Taubert et al., 2006).

The increased ICAM-1 expression and cytokine secretion of infected cells are most likely

mediated by T. gondii-associated molecular patterns (Gazzinelli and Denkers, 2006).

Toxoplasma GPIs were shown to induce TNF-α production in macrophages through TLR2

and TLR4 while Toxoplasma cyclophilin 18 activates DCs through TLR11 to induce IL-12

production (Debierre-Grockiego et al., 2007, 2003; Yarovinsky et al., 2005).

Differences in ICAM-1 expression and the secretion of IL-6 and MCP-1 between type I and

type II strains of T. gondii in our experiments are in agreement with previous reports on the

differential IL-12 production by host cells following infection with type I or type II strains

(Robben et al., 2004; Kim et al., 2006). The differences in adhesion molecule or cytokine

production presumably account for diverging virulence features (Barragan and Sibley,

2002). This might be due to diverse induction of signaling cascades by type I and type II

strains, respectively (Saeij et al., 2007; Taylor et al., 2006).

In addition to challenging endothelial cells with viable Toxoplasma tachyzoites further

experiments should also examine the effect of inactivated parasites on cytokine production

and adhesion molecule expression in endothelial cells.

Pathogens with neurotropic and neurovirulent potential can gain entry to the CNS in a

‘Trojan horse’-like manner. L. monocytogenes preferentially infects Ly6C+ blood

mononuclear cells to reach the CNS (Drevets et al., 2004; Join-Lambert et al., 2005). The

human immunodeficiency virus and C. neoformans likewise take advantage of an

intracellular transportation inside monocytic cells (Nottet et al., 1996; Persidsky et al., 1997;

Eugenin et al., 2006; Charlier et al., 2009) while Aspergillus spp. as well as Listeria can use

DCs to disseminate through the body of the host (Pron et al., 2001; Bozza et al., 2002).

Using rat PBMCs in a well characterized rat coculture model of the BBB (Perrière et al.,

2005; Veszelka et al., 2007) we identified CD11bc+ cells as the main cell population

carrying RH tachyzoites through the BBB. This finding confirms results reported by Courret

et al. (2006). In an elegant series of experiments, these authors showed that CD11b+ and

CD11c+ cells infected in the periphery of the body may transport T. gondii into the brain.

Furthermore, Channon et al. (2000) found that monocytic and dendritic cells are

predominant targets.

Since specific antibodies to characterize subpopulations of rat CD11bc+ cells were not

available we then used mouse PBMCs in the rat coculture model. Leukocytes were

differentiated into CD11b+ and CD11c+ or CD11b+/CD11c+ cells. Although the CD11b+/

CD11c+ cells are a minor cell population in the blood, T. gondii showed the highest

infection rate in these cells compared to CD11b- and CD11c-single-positive cells.

Interestingly, Bierly et al. (2008) recently described a plasmacytoid dendritic cell (pDC)-like

population co-expressing CD11c, CD11b, Gr-1, and PDCA-1 that is the predominant

population among T. gondii infected cells in the spleen. It remains to be shown whether

these cells are also found in the peripheral blood and may be involved in the entry of T.

gondii into the brain.
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Infected CD11b+/CD11c− cells - most likely monocytic cells - dominated the infected cell

population after migration through the in vitro BBB. Even though these cells showed lower

overall infection rates compared to the CD11b+/CD11c+ cells this was compensated by their

larger absolute numbers. Interestingly, CD11b+/CD11c− cells showed increased migration

potential compared to other PBMC subpopulations. In the blood of infected C57BL/6 mice

CD11b+ cells were the main T. gondii reservoir (Courret et al., 2006); 7 days after infection

mice showed an accumulation of CD11b+ cells in the brains and these cells represented 50%

of all cells that had migrated to the brain (Courret et al., 2006).

Monocytic cells of the peripheral blood can be distinguished not only by the expression of

certain antigens but also by their respective physiologic activity. Monocytes are separated

according to their chemokine receptors or CD antigens into inflammatory or resident cells.

While resident monocytes are CCR2−, CX3CR1hi, CD11b+, CD62L− and Ly6C−, the

expression of CCR2, low CX3CR1, CD11b, CD62L, and Ly6C is characteristic for

inflammatory monocytes (Gordon and Taylor, 2005). The CD11b+/CD11c− subpopulation

described in the current study may represent inflammatory monocytes whereas CD11b+/

CD11c+ cells could be inflammatory DCs that express CD11c+, CD11b+ and Gr-1+ as

described by Nakano et al. (2009) in cells infected with influenza virus.

Other findings also support the idea of intracellular dissemination and entry into the brain of

T. gondii. Upon infection with T. gondii dendritic cells acquire a state of hypermotility and

migrate without the addition of chemoattractants (Lambert et al., 2006). Unno et al. (2008)

compared the neuroinvasive capacity of intracellular vs. extracellular tachyzoites and found

considerably better conditions for survival and dissemination of intracellular compared to

extracellular tachyzoites since intracellular parasites greatly outnumbered extracellular

tachyzoites in various organs. This can be due to the fact that dissemination in the

bloodstream inevitably requires contact with hostile serum components like

immunoglobulins (Kaneko et al., 2004; Gama et al., 2004). It seems more likely that the oral

infection with cysts is followed by an infection of leukocytes in the lamina propria than by a

dissemination of extracellular parasites in the bloodstream (Courret et al., 2006).

We cannot exclude that extracellular parasites migrate through the BBB but in preliminary

experiments we calculated that almost none (<0.001%) of the parasites used for infection of

cells in the upper compartment migrated through the BBB when incubated with the BBB but

in the absence of leukocytes. Results presented in this study therefore focused on the

passage of intracellular parasites.

The use of hydrocortisone to strengthen the endothelial barrier and increase the TEER

represents a limitation of our model for transendothelial cell migration as corticosteroids

may have an impact on gene expression in endothelial cells. Nevertheless the mentioned

concentration of hydrocortisone is a physiological dose and it is used by many groups as an

indispensable “goldstandard” to improve barrier functions in BBB models (Hoheisel et al.,

1998; Deli et al., 2005).

We observed low numbers of migrating cells in the present study. We postulate that these

low numbers represent a physiological finding that mirrors the low numbers of infected cells
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migrating into the brain in vivo. When the time of incubation of PBMCs was expanded from

3 to 24 h we observed a 15-fold increase in the numbers of migrating cells; however, the

composition of migrated cells was very similar to the composition of the original PBMC

population added to the transwells. Thus, the intact barrier appears to have been destroyed

between 3 and 24 h after incubation.

We detected a higher infection rate of PBMC subsets by type II than by type I strain

tachyzoites. Yet, the overall composition of the infected antigen-presenting cell population

(CD11b+, CD11c+ and double-positive cells) did not differ after infection with type I or type

II strains. The higher infection rates observed in antigen-presenting cells after infection with

type II strain tachyzoites may result in a stronger neuroinvasive potential of the type II

strain. It has been reported that cells infected with type II strain parasites show higher

migration frequencies than type I infected cells; however, genotype-associated differences

were not reported to be due to differences in infection rates (Lambert et al., 2009).

Finally, we were unable to confirm the dominant role of CD11b+ cells in the in vitro

neuroinvasion by T. gondii in vivo. As reported by Courret et al. (2006) numbers of CD11b+

cells increased in brains of infected mice 7 days after infection. However, injection of

infected CD11b+ vs. infected CD11b− cells into the bloodstream of mice did not result in

preferential neuroinvasion of CD11b+ compared to CD11b− cells in the present study. This

might be due to a lack of sensitivity of the detection method as the total number of

tachyzoites in the brain is low. Future studies will be focused on the identification of

infected CD11b+ and CD11b− cells ex-vivo using alternative techniques such as (immuno−)

histology.

However, only the injection of intracellular but not that of extracellular parasites into the

bloodstream resulted in the detection of reproducible levels of parasite DNA in the brains of

infected animals thereby further supporting the likelihood of an intracellular rather than

extracellular migration of the parasite into the brain. Nevertheless an adequate animal model

is needed to study the in vivo migration of Toxoplasma-infected leukocytes and the

neuroinvasive potential of T. gondii.

In summary, results of the present study suggest that T. gondii exploits monocytic or

dendritic cells as ‘Trojan horses’ to enter the CNS. The increased expression of adhesion

molecules and the T. gondii-induced secretion of chemokines by endothelial cells support a

role for transendothelial migration of intracellular parasites. Type I and type II strains of T.

gondii appear to be equally capable of crossing the BBB.
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Fig. 1.
Transcriptional response of bEnd.3 cells infected with T. gondii for 4 and 8 h.

Transcriptional regulation of selected genes in murine endothelial (bEnd.3) cells infected

with GFP+ tachyzoites of the T. gondii RH strain (MOI 3) for 4 and 8 h. Analysis was

performed by expression profiling service of Miltenyi Biotec as described in Materials and

methods. Up- or downregulation is shown as a multiple of expression levels observed in

uninfected control cells.
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Fig. 2.
ICAM-1 upregulation of endothelial cells is induced by infection with T. gondii. Endothelial

cells were treated with IFN-γ or left untreated for 48 h; thereafter, cells were incubated with

GFP+ tachyzoites of the T. gondii RH strain (MOI 1). As infected endothelial cells appear

GFP+ we distinguished between infected and uninfected cells of the same well. According to

this the cells are designated “T. gondii exposed and infected” or “T. gondii exposed but

uninfected” cells. The mean fluorescence intensity (MFI) of ICAM-1 expression was

analyzed at 2 and 36 h after infection and is shown as a multiple of the levels observed in

untreated and uninfected control cells as determined by flow cytometry. After incubation

with tachyzoites, the infected and uninfected cells of the same well were analyzed. A) MFI

of ICAM-1 expression in murine brain endothelial cells (bEnd.3), B) MFI of ICAM-1

expression in rat brain endothelial cells (pRBECs). Results shown are pooled data from 3

experiments performed. *p<0.05.
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Fig. 3.
ICAM-1 expression and cytokine secretion of endothelial cells after infection with T. gondii.

bEnd.3 cells were incubated with GFP+ tachyzoites of either the T. gondii RH or ME49

strain at an MOI of 1. A) Percentages of infected bEnd.3 cells following infection with RH

or ME49 strain tachyzoites at an MOI of 1. B) Mean fluorescence intensity (MFI) of

ICAM-1 expression in bEnd.3 cells was measured by flow cytometry at indicated time

points and is shown as a multiple of the MFI of untreated uninfected control cells obtained

at the same time points. We distinguished between uninfected (white bars) and RH (black

bars) or ME49 (grey bars) infected cells from the same well. C) IL-6 production of bEnd.3

cells after infection with RH and ME49 strain T. gondii tachyzoites determined by ELISA.

D) MCP-1 production of bEnd.3 cells after infection with T. gondii RH and ME49

tachyzoites determined by ELISA. Results shown are pooled data from 3 experiments

performed. *p<0.05, **p=0.053 (tendency to significance).
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Fig. 4.
Migration of rat PBMCs across the in vitro coculture model of the BBB. Rat PBMCs were

added to the upper compartment of the in vitro model of the BBB and after 3 h of incubation

the content of the lower compartment was collected and analyzed by flow cytometry. Black

bars represent CD45+/CD11bc− cells, white bars CD45+/CD11bc+ cells. A) For the

validation of the transwell system a chemotactic gradient was established by the addition of

100 ng/mL recombinant rat MCP-1 to the lower compartment. The percentage of CD45+/

CD11bc− (most likely lymphocytes) and CD45+/CD11bc+ (antigen-presenting) cells was

determined by flow cytometry. B) Rat PBMCs were incubated for 2 h with GFP+ T. gondii

RH strain tachyzoites (MOI 1) and allowed to migrate through the BBB model. Before and

after migration percentages of CD45+/CD11bc+ and CD45+/CD11bc− cells were evaluated

by flow cytometry; percentages of infected and uninfected cells were measured from the

same wells. C) Percentages of infected cells of the respective cell subsets from B) before

and after migration. Results shown are pooled data from 7 experiments. In each condition,

the migrated cells of 10-12 filters were pooled. *p<0.05.
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Fig. 5.
Migration of mouse PBMCs across the in vitro coculture model of the BBB. Mouse PBMCs

were incubated for 2 h with GFP+ tachyzoites of the RH strain (MOI 5) and added to the

upper compartment of the in vitro coculture model of the BBB. After 3 h of incubation the

content of the lower compartment was collected and analyzed by flow cytometry. Black bars

represent cell populations before migration, white bars cell populations after migration. A)

The percentages of infected antigen-presenting cells (CD11b+, CD11c+ and double-positive

cells) were determined before and after migration. B) Composition of the infected antigen-

presenting cells before and after migration. All infected antigen-presenting cells were

considered 100%. C) Absolute numbers of cells before and after migration. In each

condition, the migrated cells of 10-12 filters were pooled. Results are pooled data of 3

independent experiments. *p<0.05.
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Fig. 6.
In vivo approach to study neuroinvasion by T. gondii. A) BALB/c mice were intravenously

injected with 107 extracellular GFP+ T. gondii tachyzoites of the RH strain. Mononuclear

cells of the brains were harvested at 1.5, 24 and 96 h post infection. B) NMRI mice were

infected with 10,000 intracellular GFP+ T. gondii tachyzoites of a CD11b+ (black bars) or

CD11b− (white bars) mouse PBMC population. One, three and seven days post infection the

amount of T. gondii-specific DNA in total brain DNA was evaluated by quantitative PCR.

Results shown are pooled data from 2 independent experiments.

Lachenmaier et al. Page 27

J Neuroimmunol. Author manuscript; available in PMC 2014 July 31.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts


