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Toxoplasma- Induced Hypermigration
of Primary Cortical Microglia
Implicates GABAergic Signaling

Amol K. Bhandage ', Sachie Kanatani ™ and Antonio Barragan *

Department of Molecular Biosciences, The Wenner-Gren Instite, Stockholm University, Stockholm, Sweden

Toxoplasma gondiiis a widespread obligate intracellular parasite that causechronic

infection and life-threatening acute infection in the cendl nervous system. Previous work
identi ed Toxoplasmainfected microglia and astrocytes during reactivated imfctions in

mice, indicating an implication of glial cells in acute toxglasmic encephalitis. However,
the mechanisms leading to the spread ofToxoplasmain the brain parenchyma remain
unknown. Here, we report that, shortly after invasion byl. gondiitachyzoites, parasitized
microglia, but not parasitized astrocytes, undergo rapid rmarphological changes
and exhibit dramatically enhanced migration in 2-dimensital and 3-dimensional
matrix con nements. Interestingly, primary microglia se®ted the neurotransmitter
g-aminobutyric acid (GABA) in the supernatant as a consequee of T. gondii infection

but not upon stimulation with LPS or heat-inactivatedT. gondii. Further, microglia
transcriptionally expressed components of the GABAergic achinery, including GABA-A
receptor subunits, regulatory molecules and voltage-depedent calcium channels
(VDCCs). Further, their transcriptional expression was ndalated by challenge with
T. gondii. Transcriptional analysis indicated that GABA was synthézed via both, the
conventional pathway (glutamate decarboxylases GAD65 andsAD67) and a more
recently characterized alternative pathway (aldehyde dedrogenases ALDH2 and
ALDH1al). Pharmacological inhibitors targeting GABA syhésis, GABA-A receptors,
GABA-A regulators and VDCC signaling inhibitedoxoplasmainduced hypermotility of
microglia. Altogether, we show that primary microglia exgss a GABAergic machinery
and that T. gondii induces hypermigration of microglia in a GABA-dependent &hion.

We hypothesize that migratory activation of parasitized mioglia by Toxoplasma may

promote parasite dissemination in the brain parenchyma.

Keywords: apicomplexa, central nervous system, glia, leukoc yte migration, neurotransmission, GABA receptor

INTRODUCTION

Toxoplasma gondiis a globally widespread parasite that infects virtually arm+blooded
organisms, including humans and rodentsognson and Wreghitt, 2001 Chronic carriage
of T. gondii without major symptomatology is common. However, systemissdmination of
T. gondii can cause life-threatening infection that manifests Tasxoplasmaencephalitis in
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immune-compromised patientsJ¢ynson and Wreghitt, 2001  MATERIALS AND METHODS
T. gondiiis obligate intracellular and the tachyzoite stage aCtiveI}SaraSiteS and Cell Line
invades and replicates within nucleated cells in the hBstifal T . i

et al., 201Y. Tachyzoites subvert the migratory properties of 0XoPlasma gondii lines used include GFP-expressing
leukocytes, e.g., dendritic cells (DCs)aMmbert et al., 2006 PTGluc (typg Il, cloned from ME49/PTG'GFPS§5T) and
and use shuttle leukocytes (Trojan horse) to rapidly reaah '[hRFP'e)_(press'ng P_RU'RFP (type _”)' _TaChyZO'teS were
blood circulation and the central nervous system (CNS)(rret maintained by serial 2-day passaging In human  foreskin
etal.,, 2006: Lambert etal., 2006, 20Fast-replicating tachyzoite Proplast (HFF-1 - SCRC-1041, “American Type Culture

stages can infect microglia, astrocytes, and neuriongitro CO"??mn) dmonolayers _ curI]tured 'r? Dulbecco's .E‘Odifd
(Ltder et al., 1999; Scheidegger et al., 2005 Eagle's medium (DMEM; Thermo sher scientic) with 10%

Microglia are the principal resident immune cell in the CNSfe_tal bovi?e serum (FBS_; S_igma), gentamicin r@ml; )
and originate from primitive hematopoietic precursors outsid G!bco), glutamine (2mM;  Gibco), _and HEPES (0'01_M'
the CNS, in the embryonic yolk sac{nhoux et al., 2010 Gllbco),. referrgd to as complete medium (CM). Thg murine
Microglia rapidly respond to tissue injury and in ammation microglia cell line BV2 (American Type Culture Collectionasy

(Kreutzberg, 1996; Nimmerjahn et al., 200Fhey are likely cultured in CM.
an important source of IFNg and interact with CD& and . . . .
CDE® lymphocytes, thus contributing to acquired immunity Primary Glia Cells and Microglia

during toxoplasmic encephalitiS(zuki et al., 2005Astrocytes Primary glia cell cultures were generated as follows. One- t
also play important roles in resistance ® gondii during three-day-old pups from C57BL/6 mice were euthanized. The

chronic infection (Vilson and Hunter, 200§ Thus, multiple brains were di_ss_ected and cortices collected. Corticess wer
functions have been attributed to glia cells durifigxoplasma further washed in ice-cold C8&- and Mg free Hanks' bu ered
infection in murine models, including cytokine production Salt solution (HBSS; Gibco), minced, and resuspended in ice-
and phagocytosis Strack et al., 2002; Wilson and Hunter, cold HBSS. After being washed, tissues were incubated for
2004; Suzuki et al, 2005; Carruthers and Suzuki, 200A5min in HBSS containing 0.1% trypsin and resuspended
Microglial nodules in the CNS have also been described durinfp @strocyte medium containing DMEM F-12 (Gibco), 10%
Toxoplasmanfection in humans Klebuloni et al., 2000 Yet, FBS, 1% GS supplement (Gibco), and gentamicinni@onl;
the mechanisms for parasite dissemination locally in the CN&ibc0). Medium was changed every 2-3 days. Microglia were
parenchyma, that is associated with life-threatening enakiyy ~ narvested as described previouslye(lacasa-Lindberg et al.,
remain unknown. 201). Briey, conuent astrocyte monolayers derived from

0-aminobutyric acid (GABA), the main inhibitory primary glia cultures were sub-cultivated in microglia memi
neurotransmitter in the vertebrate brain, has also beeritatted ~ cONtaining DMEM F-12, 10% FBS, glutamine (2mM; Gibco),
motogenic functions outside the CNS including cell migoati and gentamicin (10ng/ml). Microglial cells were harvested from
and metastasisizuma et al., 2003; Wheeler et al., 20&long  €ON uent astrocyte monolayers after 7 days by tapping the
these lines,Toxoplasmainduces hypermigration of infected Side of the culture asks, removing loosely adherent mitisog
DCs through GABAergic signaling=(iks et al., 2012; Kanatani from astrocyte monolayers. Microglia purity was assessed by
et al, 201y, GABA-A receptors (GABA-A R) are ionotropic transcriptional analysis of a marker paneFigure S1 and
chloride channels composed from pentameric combinationdable S).
of 19 di erent subunits Qlsen and Sieghart, 20p&nd whose
functions are regulated by cation-chloride co-transpaster Reagents
(CCCs) Kahle et al., 2008 GABA is shuttled in and out of Lipopolysaccharide  (LPS),  4-Diethylaminobenzaldehyde
cells via GABA transporters (GATHpglund et al., 2006and ~ (DEAB; aldehyde dehydrogenase inhibitor), selegiline (MBO
GABAergic cells synthesize GABA via glutamate decarbaglagnhibitor), nifedipine (L-type VDCC inhibitor, all from Sigra-
(GAD65/67) and can metabolize it by GABA-transaminaseAldrich), L-allylglycine (L-AG; GAD inhibitor), picrotoxin
(GABA-T) (Soghomonian and Martin, 1998GABA can also (GABA-A receptor inhibitor), bumetanide (NKCCL1 inhibitoy)
be synthesized from putrescin&diler et al., 19%3%nd more benidipine (broad VDCC inhibitor, all from Tocris Biosciee);
recent work has characterized an alternative GABA synshesfind 1-(3-Chlorophenethyl)-3-cyclopentylpyrimidine-2,4,6-
pathway via monoamine oxidase B (MAOB) and aldehyddlH,3H,5H)-trione (CPCPT, CaV 1.3 inhibitor, Merck Millipoye
dehydrogenases (ALDH2 and ALDHlal) in neurons andvere used at the indicated concentrations. Heat inactwati
astrocytesYoon et al., 2014; Kim et al., 201Fhus, GABAergic of T. gondii tachyzoites was performed at %5 for 30 min.
signaling has been extensively studied in neurons andagee  Supernatants were collected from microglia incubated with
(Lee et al., 2011; Kilb, 20)LBut remains chie y unexplored in freshly egressebl. gondiitachyzoites (MOI 1, 24 h) and added at
microglia Barragan et al., 2015; Bhandage and Barragan)2019a nal concentration of 1:1.

Here, we report that migratory activation ofoxoplasma
infected microglia occurs via GABAergic signaling. WeMotility Assays
discuss the possible implications of GABA secretion andotility and velocity analyses were performed as previously
the migratory activation of microglia in the pathogenesis ofdescribed (Veidner et al., 2003 Briey, microglia were
Toxoplasmancephalitis. challenged with freshly egressed tachyzoites or treateh wi
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FIGURE 1 | Morphological changes and hypermigration offoxoplasma-challenged primary cortical microglia(A) Representative micrographs of primary microglia
stained with Alexa Fluor 488 Phalloidin to detect F-actin,sindicated under Materials and Methods. Primary murine mioglia were incubated with freshly egressed
RFP-expressingT. gondii tachyzoites (PRU-RFP, MOI 3), treated with LPS (100 ng/ml) anaintained in complete medium (CM), for 4 h. Arrows indicaté-actin
condensation in podosome structures. Scale baD 10 mm. (B) Percentage of cells that exhibited rounded cell shape and pdosome loss, respectively, related to the
total cell population analyzed for each condition from a tail of 50-100 cells from 3 independent experiments(C) Representative motility plots of microglia incubated
with PTG tachyzoites for 4 h, complete medium (CM) and with L® (100 ng/ml).(D) Mean velocities of microglia incubated with complete medim CM), PTG
tachyzoites, heat-inactivated tachyzoites (HI), supernant from T. gondiiinfected microglia (Sup) are analyzed from 4 independent geriments. (E) Migration of
microglia in matrix as indicated under Materials and Methal One representative 3D reconstruction assembly of z-stdes is shown. Colored structures indicate the
localization of individual microglia (DAPI) at indicated nditions. (F) Mean migrated distances by microglia under same conditionsin E. Data represent compiled
analysis of 500 randomly chosen cells from 2 independent exgriments in duplicate. For(B,D,F), bar graphs represent meanC SEM. Statistical signi cance was
tested by One-Way ANOVA with Dunnettost-hoc test. nsp  0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

antagonists. Cells were seeded on 96-well plates or matrigéinpacted on cell morphology, baseline motility of unchalledg
coated (10@ng/cn?, Corning) labtech chambers (Thermo sher). cells, and on parasite infection ratésiks et al., 2072

The cells were imaged every min for 60 min (Zeiss Observgr Z.1

Motility patterns for 50-60 cells per experimental group were3D Migration Assay

compiled using ImageJ (image stabilizer software and manuahe assay was performed as previously descriliachdtani
tracking plugins). Transmigration assays with astrocytesew et al., 201k Briey, a collagen layer was prepared using
performed in transwell lters (8m pore size, BD Falcon), bovine collagen | (0.75 mg/ml, GIBCO) in a 96-well plate
as previously described-(ks et al., 2012 Pharmacological (80 m/well). Microglia were challenged with freshly egressed
inhibitors were added at concentrations that non-signinty  T. gondiitachyzoites (MOI 3) in CM for 4 h. The cell suspension
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(5 10" cells) was applied to the collagen layer and incubate@6ABA Enzyme-Linked Immunosorbent
for 18 h at 37C and 5% CQ. Gels were xed and DAPI-stained. Assays (ELISA)

Image stacks were generated (200 optical sections) by @infog| |SA (Labor Diagnostica Nord, Nordhorn, Germany) was
microscopy (LSM 780, Zeiss) and migrated distances by celfarformed as previously describeBuks et al., 2092 Brie ,
were analyzed using Imaris x64v.8.1.1 software (Bitplane AGicroglia were plated at a density of 510 cells per well and
Zurich, Switzerland). incubated for 24 h in presence ®f gondiitachyzoites or reagents,
as indicated. GABA concentrations in supernatants quarti e

Immunocvtochemistr at a wavelength of 450 nm (VM&xKinetic ELISA Microplate
y y Reader, Molecular Devices).

Host cells were cultured on glass coverslips. Fixation was

performed with 4% PFA in PBS for 15-20min at RT. The cells

were permeabilized using 0.5% Triton X-100 in PBS. To vizeali Statistical Analysis

host cell F-actin and podosomes, cells were stained withaAle)Statistical analyses were performed using GraphPad Prism&.0 (L
Fluor 488- or 594- or 647-conjugated phalloidin (Invitrogen Jolla, CA, USA) and R Stats Package version 3.0.2 (R Foundation
To probe GABA-A subunits, cells were incubated with rabbitfor Statistical Computing, Vienna, Austria). The signi camlevel
anti-GABA-A R a3 polyclonal antibody (Alomone labs), rabbit was set tgp < 0.05.

anti-GABA-A R a5 polyclonal antibody (Synaptic system), and

mouse anti-GABA-A Rb3 monoclonal antibody (NeuroMab)

ON at 4 C. Following staining with Alexa Fluor 488-conjugated RESULTS

secondary antibodies (Invitrogen) and DAPI, coverslips ever _ . . . . -

mounted and imaged by confocal microscopy (LSM 780 or LSI\P”mary Cortical Microglia Exhibit

800, Zeiss). Morphological Changes and Enhanced

Migration Upon Infection With  T. gondii
We previously described thabxoplasmanfected DCs undergo

. . ) . . ) rapid morphological changes and exhibit hypermotility in
Phalloidin-stained microglia were monitored by epi uoreswe  _ cance of chemotactic cue/didner et al., 2013 Similarly,

microscopy (Leica DMRB). For each preparation, 20-3(focteqd microglia exhibited enhanced transmigratioin

randomly chosen elds of view were assessed and an average g, (pellacasa-Lindberg et al., 201To further determine
100 cells were counted per condition. The microglia wereestor o collular processes underlying this migratory activation

based on morphological criteria, as previously described 08D |, -haracterized morphological changes in microglia upon

(Weidner etal., 2013 challenge withT. gondiitachyzoites by staining F-actin laments
A. Cell shape—elongated vs. rounded (Figure 1A). Toxoplasmanfected microglia were consistently
B. Podosome structures—present vs. absent characterized by loss of actin-rich cytoskeletal podosomels a
a rounded morphology Kigures 1A,B. These observations
were con rmed in the microglia cell line BV2Hgure S2A.
Real-Time Quantitative PCR Next, a motility analysis was performed to address a possible
Total RNAs were extracted using Direct-zol miniprep RNAlink between the infection-associated morphological clesng
kits with TRIzol reagent (Zymo Research). First-strandand the previously described enhanced transmigration of
cDNA was synthesized using Superscript 1ll or IV Revers@oxoplasmanfected microglia Dellacasa-Lindberg et al.,
Transcriptase (Invitrogen) using a standard protocol prodde 2011). Infected primary microglia and BV2 cells migrated
by manufacturer. Real-time quantitative PCR (qPCR) wasigni cantly longer distances at higher velocities complare
performed in Rotor-Gene 6000 (Corbett Research) owmwith unchallenged microglia or microglia challenged with
QuantStudio 5 384 Optical well plate system (Applied Biosysten)PS, heat-inactivated. gondii or supernatant from infected
in a standard 10n with the 2X SYBR FAST gPCR Master Mix microglia (igures 1C,D and Figures S2B,¢. This indicated
(KAPA Biosystems) and gene speci ¢ primers using a standarthat the migratory activation was linked to the presence of
ampli cation protocol followed by melt curve analysis. Thelive intracellular parasites. In sharp contrast, infectedaiy
gene speci c DNA primer pairs were designed to cover all thestrocytes exhibited undistinguishable morphological njes
transcripts available currently using GETprime or NCBI primercompared to uninfected astrocytes-igure S3A and non-
blast tool, ordered from Sigma-Aldrich and validated on Wwho signi cant changes in motility Figures S3B,§. Further, we
brain homogenatesl@ble S2. The criteria for positive detection analyzed the migratory activation ofoxoplasmechallenged
of a signal were presence of single peak at speci ¢ temperatumaicroglia in a collagen matrix{anatani et al., 20)5In this 3D
in the melt curve and presence of a single band in agarose gedtting, infected microglia and BV2 cells migrated signntta
electrophoresis. The relative expression levels! @) were longer distances compared with untreated or LPS-treated
calculated for each target relative to a normalization factomicroglia (Figures 1E,F and Figure S2D. Altogether, we
-geometric mean of reference genes, glyceraldehyde 3-phespheonclude that, upon infection witfi. gondij microglia undergo
dehydrogenase (GAPDH), and Actlmer TATA-binding protein  morphological changes and exhibit enhanced migration in 2D
(TBP) and importin 8 (IPO8). and 3D con nements.

Scoring of Cell Morphology
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FIGURE 2 | Expression of GABAergic and VDCC signaling components by mrioglia. The mRNA expression was analyzed by standard gPCRsaay as indicated
under Materials and Methods. Thel Ct values for each target were calculated relative to a norniization factor. The relative expression (21 Ct) is represented as bar
graphs with meanC SEM of 6 independent experiments for microglia, 5 for astroges and 4 for brain samples. The mRNA expression levels f¢A) GABA synthesis
and degrading enzymes,(B) GABA transporters,(C) GABA-A Receptor (R) subunits(D) Cation Chloride co-transporters (CCCs), andE) VDCCs are shown in
unchallenged primary microglia, astrocytes, and whole bia.
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Expression of GABAergic and VDCC enzymes GAD65/67 while expression of the GABA degradation

Signa”ng Components by Primary enzyme GABA-T was downregulateigure 4A and Table S4.
Cortical Microglia Additionally, expression of the GABA transporter GAT4 was

To date, GABAergic signaling in microglia has remaineaupregu_lated Kigure 45 and T_able S9. Jointly, these changes
chie y unexplored Barragan et al., 2015The implication of are all in theory consistent with elevated GABA concentnasi

microglia during toxoplasmic encephaliti®¢llacasa-Lindberg Eur_lt_her, alddltlonr?l Icl:ompo.nelntz %leulgiiiozosp- ct))r dc.ns\;vzn)
etal., 201)and the participation of GABAergic/VDCC signaling Y, | 0XoPiasmanalienge included: @ “A 7 SUbUnige-
. S . 5,b1,b3,91-3,d,r 1, andr 2 (Figure 4Cand Table S, (ii)) CCCs
in hypermigration of Toxoplasmanfected DCs fuks et al.,

, : . NKCC1-2, KCC1-3, and NC(Higure 4DandTable S3, and (iii)
2012; Kanatani et al., 20L7motivated an assessment of VDCCs Cal3. 1.4 2.1 and 3.Ei 4EandTable S4. Th
GABAergic and VDCC signaling components in microglia._l_ IS ¥ 'f’ t.' T 'gnl ¢ ) |tghure and'a ef 4. Thus, i
First, microglia and astrocyte preparations were charazterby ?;Opgzg'zn ec 'Ondm\;)Dgg es T. exprefsmn 0 c_omptl)_nen S
transcriptional expression of a panel of markers. A prominenp € ergican sighaiing systems In microglia.

di erential expression of Ibal, CD11b (microglia markers)an

GFAP, GLT1, Aquaporin 4 (astrocyte markers) was detected

(Figure Sland Table S). Second, a transcriptional analysis of[mplication of the GABAergic and VDCC

priAfg‘"Xy cortical gflgogs”a(;i‘é%a?'ed %r‘és:g;e;g mRZ'\‘A?S(_f_;“ ()Signaling Systems in  Toxoplasma -Induced
enzymes , , an Higure 2A), (ii . . .

GABA transporters GAT2, GAT4, and bestrophin 1 (BEST1 yper_lr_notllllty of I\r/]“(ﬁrog“a f . i b d

(Figure 28), (iii) 15 GABA-A R subunits 41-5,b1-3,g1-3,d,+ pon ?XOplasmaC ?t‘?”ge f° ngiog 'a'th""e. observe

r1-2) (Figure 20), (iv) CCCs including NKCC1-2, KCC1-4, and ranscriptional” upreguiation o _ SYNINesIs - enzymes
. o GADG65/67 and GABA transporters, with down-modulation

NCC (Figure 2D), and (v) 10 VDCC Ca subunits Figure 2B). ¢ GABA-d di GABA-T. To determine if this. |

Additionally, the expression of these components was asi;'ﬂfsse]? ‘1 'letg:ja. Tg elnzytme fGAI-BA o de ermmg ! K:‘t n

astrocytes and whole braiffrigures 2A—8. All the components ac I,BAiz'inS a“e into etevatl |oln 0 cantl ' vt\)/etgsst_esse e i

analyzed were detected in the whole brain samples. Further, E%A In cell supernatants. Importantly, both primary micrayi

and BV2 microglia cells challenged with gondiitachyzoites

analysis of the relative expression in astrocytes and miierog - - . .
revealed di erential expression of GABA-T, GAT1, GAT3, GA.|.4'exh|b|ted signi cantly_ elevated_ G_ABA concentrations ineth
supernatant, contrasting non-signi cant e ects upon chalign

BEST1, GABA-A R subunit, bl, andd, and a VDCC channel with heat-inactivated tachyzoites or LPS-igqure 5A and
Ca, 2.3 (Table S3. Two of the GABA transporters, GAT1 _. - o
& (r 3. Tw P gégure S2B. In addition to the enzymes GADG65/67 that

and GAT3, were undetectable in microglia whereas BEST1 w - . .

undetectable in astrocytes. Additionally, the relativaugtitative ?grns;[ll:g:eet:zey(;r?gge&tfgaécsﬁf g HS %’ ng;edsffg tHh&aly’ Ii:gvr\?nRtl(\)lA

expression of GABA-T, GAT4, Ga2.3,a4, andbl GABA-A . ; Il ’ o .

R subunits was 40- to 60-fold higher in astrocytes Whereassynthesme GABA from putrescine by an alternative pathway in
astrocytes and neurons, were also detected in primary mierog|

the expression of thed GABA-A R subunit was 14-fold . o ; .
higher in microglia compared with astrocyte3aple S3. In (Figure 5B). Addmonally, T. gondiiinfection modulated their
expressionkigure 50).

general, microglia exhibited a broad expression of GABA-A Further, direct pharmacological inhibition of the GABA

R subunits with predominance of thie3 subunit Figure 20), synthesis enzymes, GADG5/67 by L-allylglyciRigares 5D,85

imilar he expression prole of r . In ition -
similar to the expression prole of astrocyles additio ’and ALDH1al and ALDH2 by DEABHigures 5D, abolished

immunocytochemical stainings were consistent with proteinh it h inhibit f MAO-B legeli
expression of tha3,a5, andb3 GABA-A R subunits in microglia ypermotiiity, whereas an innibitor o A (se_ege Ine,
0ac’ung upstream of ALDH2/ALDHlal) non-signicantly

(Figure 3). A similar setup of CCCs and VDCCs was transcribe . . o

in microglia, astrocytes, and brairFigures 2D,B, advocating re(:utged r;ype;.rmonflltg trl](ilt%ures 5D’Bt'. TT'S d":ﬁlcafg a
for constitutive roles in these cells and brain tissue. @llewe putﬁ ve a;: 'Vac;OATBZ N th € c:znven tlon? a2nOl € ad ma
conclude that primary microglia transcriptionally express thePdtway for synthesisK(m et al, » an €

necessary components to form functional GABAergic and VDC mpllc?tlon .02 GtAg’A.'n trll.e induction  of hypermotility in
signaling systems. oxoplasmanfected microglia.

Next, we assessed the implication of GABA-A Rs and VDCCs
. s by applying pharmacological antagonism. Indeed, antagonism
Cha”enge With T. go_nd” Modulates the of (i) GABA-A R by the direct channel pore blocker picrotoxin,
Expression GABAergic and VDCC (ii) NKCC1, a regulator of GABA-A R, by bumetanide, and (iii)
Signaling Components in Microglia VDCCs by the broad inhibitor benidipine and L-type inhibitor,
To address the impact of. gondiiinfection on the microglial nifedipine abolished hypermotility, with non-signi cant
GABAergic and VDCC signaling components, the mRNAe ects on the base-line motility of unchallenged microglia
expression was assessed at 2, 4, 12, and 24h post-infect{figures 5G,H. In contrast to DCs Kanatani et al., 20)7
and related to unchallenged microglia at the correspondinghe Cg/1.3 inhibitor CPCPT non-signi cantly impacted the
time point. The data revealed modulated expression ofiypermotility of Toxoplasmanfected microgliaFigures 5G,H.
multiple components. Shortly afteToxoplasmachallenge, We conclude that, uponToxoplasmachallenge, microglia
microglia upregulated the expression of the GABA synthesisecrete GABA and that inhibition of GABAergic signaling by
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Nuclei Merge - a.3/F-actin/Nuclei

Nuclei Merge - a.5/F-actin/Nuclei

B3 F-actin Nuclei Merge - (3/F-actin/Nuclei

FIGURE 3 | Immunostaining of GABA-A R subunits in primary microglia. Reesentative micrographs of unchallenged primary microgl stained with antibodies
against GABA-A R(A) a3 subunit, (B) a5 subunit, and (C) b3 subunit, respectively, together with Alexa Fluor 647 Phiaidin (F-actin) and DAPI (nuclei), as indicated
under Materials and Methods. Representative data is showndm 4 independent experiments. Scale bars, fo(A,B) D 10 nm, for (C) D 5mm.

targeting GABA synthesis, GABA-A R antagonism or regulatoacquired morphological characteristics and locomotiont thie
antagonism, and VDCC antagonism abolishes hypermotility. reminiscent of the high-speed amoeboid migration mode of
activated DCsl(ammermann et al., 200&@nd of hypermotile
Toxoplasmanfected DCs (Veidner et al., 2013; Kanatani
DISCUSSION et al., 201p Interestingly, similar morphological changes and
migratory activation were conrmed in the microglia cell
Previous work has established thatgondiitachyzoites induce line BV2 but were absent in primary astrocytes. In spite
a hypermigratory phenotype in parasitized DCs and monocyti¢hat primary microglia and astrocytes are similarly permissi
cells (ambert et al., 2006; Kanatani et al., 2017; Cook et ato Toxoplasmainfection in vitro (Dellacasa-Lindberg et al.,
2019. Yet, the impact offoxoplasmanfection on the migratory 2011, this underlines that the hypermigratory response di ers
functions of glial cells, that mediate immune surveillancéhie  between the two cell types. The data are in line with the
CNS, has remained unknown. previously observed enhanced transmigration Tgxoplasma
Our data demonstrate that a migratory activation ofinfected microglia, but not by astrocyte®dllacasa-Lindberg
primary cortical microglia sets in uporl. gondii infection, etal., 201)land also di erences among leukocyte typeaifibert
in both 2D and 3D matrix con nements. The onset of high- et al.,, 201). Also, microglia are highly migratory cells in
velocity locomotion was accompanied by the dissolution ofesponse to in ammatory cues while astrocytes have additiona
adhesion-mediating podosome structures and the acquisitioimportant structural functions in the CNS Spfroniew and
of rounded cell morphology. Thus, parasitized microgliaVinters, 201). Further, the nding that LPS, supernatants
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FIGURE 4 | Modulated transcriptional expression of GABAergic and VDC signaling components inToxoplasmachallenged primary microglia. The relative
expression (2 1 Ct) for each target gene inToxoplasma(PTG)-challenged primary microglia was normalized to thaff in unchallenged microglia and the differences are
represented as percentage increase (red color intensity sde) or decrease (blue scale) in the heat map. For both conéins, unchallenged and
Toxoplasmachallenged, data is represented as mean of 2—4 independergxperiments at indicated time points. The modulation of mMRN expression is shown for(A)
GABA synthesis and degrading enzymes(B) GABA transporters,(C) GABA-A R subunits,(D) CCCs, and (E) VDCCs.

from infected microglia or heat-inactivated tachyzoitegrer GABA-A R subunits, all consistent with the existence of a
unable to induce hypermotility in microglia indicates that GABAergic system.
the migratory activation was linked to the presence of We show that both primary cortical microglia and a
intracellular T. gondii In inammatory conditions, highly microglia cell line (BV2) respond toloxoplasmainfection
migratory amoeboid microglial cells (AMC) have been repdrte with GABA secretion and hypermotility. Primary microglia
(Deng et al., 2009 However, contrasting with the classical transcriptionally expressed the enzymes that constitute the
activation observed for AMC, a down-modulation of actiwati conventional pathway of GABA synthesis (GAD 65/67) and
markers, e.g., MHC Il and CD86, was observed oxoplasma upon challenge withToxoplasmaboth GAD65 and GAD67
infected microglia Dellacasa-Lindberg et al.,, 2011This mRNA exhibited a signi cant up-regulation (2- to 4-fold).
indicated that alternative activation mechanism(s) lieehind Somewhat in contrast, only GAD65 mRNA was detected in
Toxoplasmanduced hypermaotility. infected DCs Fuks et al.,, 20)2and the mRNA of the
We report that GABAergic signaling is implicated in GABA catabolic enzyme ABAT was more strongly expressed
the Toxoplasmanduced hypermotility of primary cortical in astrocytes compared with microglia 44-fold di erence).
microglia. In relation to neurotransmission, the GABAergi Jointly, this is indicative of di erences in GABA metabolism
systems of neurons and astrocytes have been extensivelgtween the two cell types. Further, pharmacological intobit
studied (ee et al., 2011; Kilb, 2012However, because of GAD65/67 inhibited Toxoplasméanduced hypermotility in
chiey immune surveillance functions have been attributedmicroglia but required high concentrations of the inhibito
to microglia, their GABAergic potential has remained However, pharmacological inhibition of the alternative patty
unexplored Barragan et al., 20J5Human microglia have enzymes ALDH2/ALDH1al also inhibited hypermaotility. Jointly
been previously reported to express GABA-Transaminasihis advocates that the conventional and alternative GABA
and 3 GABA-A R subunits g1, a3, and bl), indicating synthesis pathways cooperate in GABA production in microglia
GABAceptive functions lLee et al., 20)1 Notably, we and that GABA synthesis is necessary to maintain hyperntili
report that murine primary microglia secrete GABA upon as previously demonstrated in DCBuks et al., 2012; Kanatani
Toxoplasmachallenge, indicating they are GABAergic cellset al., 201). Also, similar to observations in DCs, supernatants
Additionally, microglia transcriptionally expressed GABAfrom infected microglia (containing secreted GABA) were
synthesis and degradation enzymes, GABA transporters andsu cient to induce hypermigration of naive microglia. THiis
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FIGURE 5 | GABA secretion and impact of GABAergic inhibitors iToxoplasma-challenged microglia.(A) GABA concentration in the supernatants from microglia

incubated with complete medium (CM), PRU tachyzoites, LPSLQ0 ng/ml) or heat-inactivated tachyzoites (HI) was quanti etby ELISA as indicated under Materials

and Methods. (B) The relative mRNA expression (2t CI) of the enzymes -Aldehyde dehydrogenases (ALDH1al, ALDH2ALDH9A1) and monoamine oxidases
(Continued)
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FIGURE 5 | (MAO-A, MAO-B) was analyzed in unchallenged microglia asditated under Materials and Methods.(C) Modulation of enzymes indicated in(B) in
Toxoplasmachallenged microglia in comparison to unchallenged micrglia is presented as percentage increase (red color intertgiscale) or decrease (blue scale) in a|
heat map at indicated time points.(D) Representative motility plots of microglia incubated witfPRU tachyzoites and treated for 4 h with L-allylglycine (L@®), DEAB,
and selegiline as indicated under Materials and MethodgE) Mean velocities of unchallenged andfoxoplasmachallenged microglia, as in(D), treated with GAD
inhibitor L-allylglycine (L-AG) at concentrations ranginfrom 62.5 to 1,000 mM. (F) Mean velocities of unchallenged andloxoplasmachallenged microglia, as in(D),
incubated with complete medium (CM), DEAB (161M) or selegeline (10nM). (G) Representative motility plots of microglia incubated witfPRU tachyzoites and treated
for 4 h with picrotoxin, benidipine or CPCPT(H) Mean velocities of unchallenged andloxoplasmachallenged microglia incubated with complete medium (CM)
picrotoxin (50mM), bumetanide (10mM), benidipine (10mM), nifedipine (10mM), or CPCPT (ImM). For(A,B,E,FH), bar graphs represent meanC SEM from 3
independent experiments. For(A), statistical signi cance was tested by Student'st-test and for (E,FH), by One-Way ANOVA with Dunnett'spost-hoc test. ns

p 0.05,* < 0.05, *p < 0. 01, *p < 0.001.

also in line with the concept that a live intracellular tachjyegdas ~ GABAergic signaling i oxoplasménduced hypermigration of
necessary to trigger the hypermigratory phenotypeks et al., primary microglia.
2012; Kanatani et al., 20)land may indicate that prior GABA-A Additionally, the parasite-derived 14-3-3 molecule hasnbee
R activation is necessary. linked to the hypermigratory phenotype in both DCs and
Another major di erence between microglia, astrocytes, andnicroglia (BV2), with sequestration of host-cell 14-3V8didner
DCs was the transcriptional expression of GABA transporterset al., 2015 14-3-3 is an abundant molecule in the CNS
While microglia preferentially expressed GAT2 (and GAT1 wagSluchanko and Gusev, 2Q1that can regulate GABA receptor
undetectable), astrocytes preferentially expressed GARllgw function (Laray et al., 201). Thus, future research needs to
BEST1 was undetectable). Additionally, microglia expbtise  address how 14-3-3 is implicatedTioxoplasmanduced GABA-
GABA regulators CCCs and VDCCs, with modulated expressiomediated hypermotility of microglia.
upon Toxoplasmahallenge. The nding that Toxoplasmainfection induces GABA
Further, the subunit repertoire of transcriptionally exprasse secretion by microglia raises additional questions in fefat
GABA-A R subunits by microglia was broader than that ofto infection in the CNS. As the neurotransmitter systems
myeloid DCs Fuks et al., 20)Zand remarkably similar to the are tightly regulated, any changes in the expression of
repertoire expressed by astrocytes, despite the di erent @rtimg components or the regulation of these systems might lead
origins of these two cell typesipchstim et al., 20083 However, to altered balance between excitation and inhibition in the
guantitative di erences were present. For example,dsebunit CNS GSemyanov et al., 20040ur data are well in line
exhibited 14-fold higher relative expression in microglia while with recent descriptions of GABAergic dysregulatioargoks
the a4 and bl subunits exhibited 40- to 60-fold higher et al., 201p and glutamatergic dysregulatiorDévid et al.,
relative expression in astrocytes. A caveat of the purigatio 201§ in murine neurotoxoplasmosis. Hypothetically, local
protocol is always the possibility of contaminating astreeyt elevations of GABA concentrations bloxoplasmainfection
derived mRNA in microglia purications and vice versa. may alter the neuronal functions, with impacts on normal
However, quantitative analyses based on transcriptionasfsital brain physiology and altered host behavioBrfoks et al.,
microglia and astrocyte markers showed that this contatiome.  2015. Additionally, GABA has been attributed chemokinetic
should be a minor contributor and cannot explain the overalland chemotactic e ects on migrating embryonic neurois(ar
qualitative and quantitative expression dierences betweert al., 1995 In DCs, a GABA-mediated motogenic e ect
microglia and astrocytes. Jointly, the data show that miiaog is observed but no chemotactic e ect was detectédikE
are GABAergic cells. Future research needs to determine how al., 201p Of note is that astrocytes, despite expressing
GABA receptors and other GABAergic components trac in GABA receptors and secreting GABA, did not respond
the infected cell and become activated and/or modulated bwith hypermotility upon Toxoplasmainfection. This may be
the infection. due to dierential composition of subunits or dierential
Importantly,  pharmacological antagonism targetingactivation prole (and therefore functionality) of GABA
various levels of the GABAergic motogenic axis, i.e., GABAeceptors or due to di erences in signaling downstream of GABA
synthesis, GABA-A R antagonism, GABA-A R regulatorreceptor activation, e.g., signal transduction via VDCCsl an
or VDCC antagonism, abolished Toxoplasmanduced other downstream signaling pathwaysanatani et al., 2037
hypermotility, concordant with results in DCsF(ks et al., Finally, mounting evidence implicates GABA in the immune
2012; Kanatani et al., 20)l7However, di erences also exist. functions of T cells and DCsBarragan et al., 20)5This
For example, a speci c inhibitor of the VDCC subtype\da3 raises the question whether GABA should be considered a
abolished the Toxoplasmanduced hypermotility of DCs “neuro-immuno-transmittgras recently suggested for dopamine
(Kanatani et al., 20)7but non-signi cantly impacted on (Levite, 2015
the hypermotility of microglia. This corresponds well with  Based on the data at hand, we hypothesize that the induced
the predominant expression of G&.3 over other VDCC hypermigration of infected microglia may facilitate parasit
subtypes in DCs and the broader expression, ofyL& dispersion in the brain parenchyma. The ndings also open
but also additional VDCC subtypes, in cortical microglia.up for the speculation that GABA secretion Ayoxoplasma
Jointly, the data underline the functional implication of infected glial cells may have migratory e ects of surrourglin
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