Received: 14 February 2023

Revised: 16 June 2023

W) Check for updates

GLIA

Accepted: 22 June 2023

DOI: 10.1002/glia.24437

RESEARCH ARTICLE

WILEY

Lipopolysaccharide augments microglial GABA uptake by
increasing GABA transporter-1 trafficking and bestrophin-1

expression

Michael Di Palmal® |
Mariassunta De Luca? |
Cristina Limatola?*® |

1Department of Experimental and Clinical
Medicine, Section of Neuroscience and Cell
Biology, Universita Politecnica delle Marche,
Ancona, Italy

2Department of Physiology and Pharmacology,
Sapienza University of Rome, Rome, Italy

SPhysiological Institute, University of
Regensburg, Regensburg, Germany

4IRCCS Neuromed, Pozzilli, Italy

SCenter for Neurobiology of Aging, INRCA
IRCCS, Ancona, Italy

SFondazione di Medicina Molecolare,
Universita Politecnica delle Marche, Ancona,
Italy

Correspondence

Giorgia Fattorini, Department of Experimental
and Clinical Medicine, Section of Neuroscience
and Cell Biology, Universita Politecnica delle
Marche, Ancona 60026, Italy.

Email: g.fattorini@univpm.it;
g.fattorini@inrca.it

Funding information

Ministero della Salute, Grant/Award Number:
RF-2018-12366215; Ministero dell'Universita
e della Ricerca, Grant/Award Numbers: PRIN
2010/2011: 2010JFYFY2_006, PRIN 2015:
2015E8EMCM, PRIN 2020: 2020Z73J5A;
PNRR: RomeTechnopoleFlagship7

1 | INTRODUCTION

Microglial cells, the brain resident mononuclear phagocytes, account

for between 5% and 20% of the glial cell population, depending on
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Abstract

Gamma-aminobutyric acid (GABA), the principal inhibitory neurotransmitter in the
brain, affects numerous immune cell functions. Microglia, the brain's resident innate
immune cells, regulate GABA signaling through GABA receptors and express the
complete GABAergic machinery for GABA synthesis, uptake, and release. Here, the
use of primary microglial cell cultures and ex vivo brain tissue sections allowed for
demonstrating that treatment with lipopolysaccharide (LPS) increased microglial
GABA uptake as well as GABA transporter (GAT)-1 trafficking. This effect was not
entirely abolished by treatment with GAT inhibitors (GAT-Is). Notably, LPS also
induced microglial upregulation of bestrophin-1 (BEST-1), a Ca?*-activated CI~ chan-
nel permeable to GABA. Combined administration of GAT-Is and a BEST-1 inhibitor
completely abolished LPS-induced microglial GABA uptake. Interestingly, increased
microglial GAT-1 membrane turnover via syntaxin 1A was detected in LPS-treated
cultures after BEST-1 blockade. Altogether, these findings provided evidence for a
novel mechanism through which LPS may trigger the inflammatory response by
directly altering microglial GABA clearance and identified the GAT-1/BEST-1 inter-

play as a potential novel mechanism involved in brain inflammation.
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the region (Colonna & Butovsky, 2017; Pelvig et al., 2008). They
constitute the brain's innate immune cell population and act as
sentinels, detecting signals of invasion or tissue damage (Ginhoux
et al, 2013; Ginhoux & Prinz, 2015; Thion et al., 2018). Under
inflammatory conditions, they are involved in repair processes, thus
limiting central nervous system (CNS) damage and playing a crucial
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role in the pathophysiology of numerous CNS diseases (Colonna &
Butovsky, 2017). Such a highly dynamic role is underpinned by their
ability to undergo morphological changes, migrate, and perform
phagocytosis (Davalos et al., 2005; Nimmerjahn et al., 2005), as well
as to switch from housekeeping (Kettenmann et al., 2011, 2013) to
adaptive response functions (Colonna & Butovsky, 2017).

Gamma-aminobutyric acid (GABA), the main inhibitory neuro-
transmitter in the brain (Cherubini & Conti, 2001), is a critical immuno-
modulator that influences the release of cytokines, phagocytosis,
proliferation, and electrophysiological properties of immune cells
(Bhandage & Barragan, 2021). Since microglial cells express the com-
plete GABAergic machinery (Bhandage et al., 2019; Bhandage &
Barragan, 2021), they synthesize, release, and take up GABA through
GABA metabolizing enzyme (GABA-T), GABA-A/B receptors (Lee
et al, 2011), and GABA transporters (GATs) 1 and 3 (Fattorini,
Catalano, et al., 2020). Su and colleagues have documented a recipro-
cal influence between the GABAergic system and microglia, showing
that production of the pro-inflammatory cytokines interleukin (IL)-1p
and tumor necrosis factor (TNF)-a upregulates GAT-1 and GAT-3
brain expressions (Su et al., 2015). Almost at the same time, Liu and
coworkers demonstrated that a selective GAT-1 inhibitor, tiagabine
(Borden et al., 1994), modulated microglial activities in a mouse model
of Parkinson's disease (Liu et al., 2015). Then, at a time when most
interactions among microglial cells and the GABAergic system were
held to be mediated by neurons and/or astrocytes, our group docu-
mented that microglial cells express GATs, highlighting a direct role of
microglia as GABA level tuners (Fattorini, Catalano, et al., 2020).
These findings suggest that the reciprocal influence of the GABAergic
system and microglia may be involved in modulating the local inflam-
matory response to acute or chronic adverse stimuli.

A widely used mouse model of peripheral inflammation is treat-
ment with lipopolysaccharide (LPS), an endotoxin derived from the
outer membrane of gram-negative bacteria, which causes brain
inflammation and induces an inflamed microglial phenotype, as seen
in human sepsis (Lemstra et al., 2007; Qin et al., 2007). In animal
models, LPS treatment also triggers the production of several markers
of neurodegenerative disorders, such as Parkinson's disease (Qin
et al., 2007), inducing the release of pro-inflammatory cytokines by
microglial cells as well as the overexpression of cyclooxygenase-2 and
inducible nitric oxide synthase (iNOS) (Catorce & Gevorkian, 2016;
Hoogland et al., 2015).

To gain a clearer understanding of the interaction between GABA
system and microglia during inflammation, we tested the hypothesis
that LPS-induced inflammation affects GAT-1-dependent microglial
GABA uptake.

2 | MATERIALS AND METHODS
21 | Animals and tissue preparation

Pup and adult C57BL6 wild type and cx3cr1*/8® mice were used for

gene expression, immunofluorescence, and functional studies. Their

care and handling were approved by the local animal research ethics
committee. Experiments were approved by the Italian Ministry of
Health, in accordance with European Directive 2010/63EU and Italian
legislative decree 26/2014 on the protection of animals used for sci-
entific purposes, and by the local veterinary service. Animals were
kept under a 12-h dark-light cycle with free access to food and water.
Mice (8-16 weeks) received an intraperitoneal injection of LPS (from
Escherichia coli O55:B5, Sigma-Aldrich, Milano, Italy, 1 mg/kg) (Jung
et al., 2000). After 24 h, they were deeply anesthetized and perfused
transcardially with a flush of saline followed by freshly depolymerized
4% paraformaldehyde in phosphate buffered saline (PBS; 0.1 M). The
brains were removed, postfixed in the same fixative for 2-24 h at
4°C, and cut with a vibratome into 20-40 um thick sections for immu-
nofluorescence studies. For gene expression investigations, animals
were deeply anesthetized and perfused transcardially with a flush of
phosphate buffer (PB); after the brains had been removed, CD11b™
cells were isolated (Grimaldi et al., 2016) and lysed in Trizol reagent
(Invitrogen, Milano, Italy) for RNA extraction and PCR analysis.

2.2 | Antibodies
The sources, concentrations, and characterization data of the anti-
bodies used in the study are listed in Table 1.

2.3 | Isolation of CD11b™ cells

Brain tissue was digested with trypsin (0.25 mg/mL). The tissue sus-
pension was placed in a 30 um cell strainer, labeled with CD11b
MicroBeads (Miltenyi Biotec, Calderara di Reno, Italy), and isolated

according to the manufacturer's instructions.

24 | Microglial cultures

Mixed cortical glia cultures were obtained from pO to p1 mice, whose
cerebral cortices were chopped and digested in 20 U/mL papain for
40 min at 37°C. Cells (5-105 cells/cm?) were plated on dishes coated
with poly-L-lysine (100 mg/mL) in DMEM supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin.
After 7-9 days, cells were shaken for 2 h at 37°C to detach and col-
lect microglia. These procedures provided almost pure (<2% contami-
nation) microglial cell populations (Lauro et al., 2010). Cells were then
treated with LPS (100 ng/mL) for 24 h.

2.5 | Western blotting

Western blot experiments were carried out on lysates of primary
microglial cultures and CD11b" cells. The bicinchoninic acid (BCA)
protein assay (Thermo Fisher Scientific, Waltham, MA, USA) and a
SPECTROstar Nano microplate reader (BMG Labtech, Ortenberg,
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TABLE 1 Primary and secondary antibodies.

Primary antibodies

Antibodies Host Dilution Source Characterization RRID
GAT-1 R 1:200 (IF, isPLA); Kindly provided by Dr. N.C. Brecha (Department Minelli et al. (1995), AB_2313748
1:500 (WB) of Neurobiology, UCLA, Los Angeles, CA, USA) Guo et al. (2009)
GAT-3 R 1:100 (IF) Kindly provided by Dr. N.C. Brecha (Department Minelli et al. (1995), AB_2313749
of Neurobiology, UCLA, Los Angeles, CA, USA) Guo et al. (2009)
STX1A M N/A (isPLA) Synaptic System, Gottingen, Germany/110111 Varoqueaux et al. (2002) AB_887848
BEST-1 R 1:750 (IF) Kindly provided by Prof. K. Kunzelmann (Institute Barro Soria et al. (2009) N/A
of Physiology, Universitdt Regensburg,
Regensburg, Germany)
Secondary antibodies
Conjugated to React Dilution Source RRID
Cy™3 R 1:250 Jackson ImmunoResearch, West Grove, PA/711-166-152 USA AB_2313568
Duolink® PLA Probemaker—Plus N/A 1:40 Sigma-Aldrich/DUO92009-1KT N/A
Duolink® PLA Probemaker—Minus N/A 1:40 Sigma-Aldrich/DU0O92010-1KT N/A
Peroxidase R 1:1000 Jackson ImmunoResearch/711036-152 AB_2340590

Abbreviations: IF, immunofluorescence; isPLA, in situ Proximity Ligation Assay; M, mouse; R; rabbit; WB, western blotting.

Germany) were used to determine the total amount of protein in each
lysate (3-4 measurements per lysate). As housekeeping proteins (such
as a-actin and p-tubulin) are sensitive to experimental treatments (par-
ticularly to pharmacologic treatments) and several physiological condi-
tions, and have therefore some limitations as internal standards
(Ferguson et al., 2005), 3-6 measurements were made for each sam-
ple. To minimize procedural variables, homogenates from treated and
control experimental groups were loaded onto the same gel
(Bragina et al., 2006; Marcotulli et al., 2017). Lysates were resolved
by SDS-PAGE. Proteins were separated on 4%-15% polyacryl-
amide gels (Mini-PROTEAN® TGX™ Precast Gels, Bio-Rad Labora-
tories GmbH, Munchen, Germany). Stain-Free imaging was
performed using ChemiDoc MP Imager (Bio-Rad) and Image Lab
4 software (Bio-Rad) with a 5 min stain activation time, and total
protein images were therefore obtained. Proteins were then trans-
ferred to 0.2 um nitrocellulose sheet (Midi Nitrocellulose Transfer
Kit, Bio-Rad) using Trans-Blot Turbo Transfer System (Bio-Rad).
The quality of transfer was controlled by imaging membranes using
Stain-Free technology. For quantitative analysis, we drew standard
curves of increasing concentration of total protein from controls to
define a linear range for immunoblot densitometric analysis
(Bragina et al., 2006); for optimal resolution, western blotting stud-
ies were performed in primary cultures lysates with 25 pg of total
proteins and 10 pug for CD11b" cells. Nitrocellulose membranes
were finally probed with primary antibody at dilution as reported in
Table 1. After exposure to appropriate secondary antibodies
(Table 1), bands were visualized by Bio-Rad Chemidoc and Image
Lab 4 software using the Clarity™ Western ECL (Bio-Rad) chemilu-
minescent substrate (Bragina et al., 2006). Quantitation of immuno-
reactive bands was performed using Image Lab 4 (Bio-Rad) and
Stain-Free total protein amount technology was used for protein

normalization.

2.6 | Immunofluorescence

Cortical brain sections and microglial cells from cx3cr1*/&® mice (the
strain used to visualize microglia) were incubated for 1 h in 10% nor-
mal donkey serum (NDS) in PB and then in primary antibodies (GAT-1
or bestrophin [BEST]-1), for 2 h at room temperature and then over-
night at 4°C (Table 1). The next day, samples were incubated for
30 min in 10% NDS in PB and subsequently in a mixture of appropri-
ate secondary fluorescent antibodies (Table 1). They were then
mounted, air-dried, and coverslipped using Vectashield mounting
medium (H-1000; Vector Laboratories, Burlingame, CA). Images were
acquired using a Leica SP2 confocal microscope (Leica Microsystems,
Wetzlar, Germany). Samples incubated only with the secondary anti-

body, used as control, revealed no cross-reactivity.

2.7 | In situ proximity ligation assay

Microglial cells were used for direct in situ proximity ligation assays
(isPLAs) (Alam, 2018; Borroto-Escuela et al, 2011; Borroto-Escuela
et al.,, 2013, 2016; Di Palma et al., 2020). Custom is PLA probes were
created (Alam, 2018) using Duolink PLA Probemaker kit (Sigma-Aldrich)
according to the manufacturer's instructions. Primary antibodies (1 mg/
mL; Table 1) were used to create the Plus and Minus isPLA probes
(GAT1 and syntaxin 1A [STX1A], respectively). The experiments were
then performed according to the manufacturer's protocol.

2.8 | Reverse transcription-PCR

Total RNA was extracted from primary microglia and CD11b" cells

using Trizol reagent. DNA contamination was removed by treatment
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TABLE 2 Qrt-PCR primer sequences.

Gene Forward Reverse

Gapdh TCGTCCCGTAGACAAAATGG TTGAGGTCAATGAAGGGGTC
Cx3crl TGACTGGCACTTCCTGCAGA AGGGCGTAGAAGACGGACAG
I11b GCAACTGTTCCTGAACTCAACT GCAACTGTTCCTGAACTCAACT
Cd86 AGAACTTACGGAAGCACCCA AGAACTTACGGAAGCACCCA
Tnfo GTGGAACTGGCAGAAGAG CCATAGAACTGATGAGAGG
Gat-1 TAACAACAACAGCCCATCCA GGAGTAACCCTGCTCCATGA
Best-1? GGATCTGGTTGTGCCTGTCT AAGTTCTGGTGCATCCCATC

?Best-1 validated primer sequences (Jo et al., 2014).

with DNase | (Invitrogen), according to the manufacturer's recommen-
dations. RNAs extracted from all samples were quantified and reverse
transcribed using lIscript Reverse Transcription Supermix (Bio-Rad,
Munchen, Germany). The products were used as templates for PCR
amplification. PCR was carried out in an MJ-Mini-Personal Thermal
Cycler (Bio-Rad) using Dream Taq Green PCR Master Mix (Thermo
Scientific, Monza, Italy). The reagents were added to the reaction
tubes according to the manufacturer's instructions, and primers were
added at a final concentration of 0.5 mM. The primer sequences for
Best-1, cx3crl, and Gapdh are reported in Table 2. Gapdh was used
as a loading control and Cx3crl as a microglia marker. The PCR reac-
tion was as follows: 95°C for 75's, 62°C for 30 s, 35 cycles of 72°C
for 45 s, and a final extension step at 72°C for 15 min. The amplifica-
tion product was analyzed on 1.5% agarose gel and photographed

under an ultraviolet transilluminator.

2.9 | Real-time reverse transcription-PCR

Real-Time Quantitative Reverse Transcription PCR (RT-qgPCR) was
performed in an iCycler iQ Multi-Color Real Time PCR Detection Sys-
tem using SsoAdvanced Universal SYBR Green Supermix (both from
Bio-Rad). The PCR protocol consisted of 40 cycles of denaturation at
95°C for 30 s and annealing/extension at 58°C for 30 s. The Ct values
of each gene were normalized to the Ct value of Gapdh in the same
RNA sample (ACt). Relative quantification was performed using the
2*AACt

method and expressed as fold increase. The primer sequence

details are reported in Table 2.

3 | DATACOLLECTION AND ANALYSIS

3.1 | Confocal microscopy and 3D IMARIS
reconstruction

GAT-1, BEST-1, and GAT-1-STX1A (isPLA) immunofluorescence from
mouse brain sections and cx3cr1*/&® microglial cells were analyzed
with a Leica SP2 TCS-SL confocal microscope. For 3D reconstruction,
Z-stack images (9-30 um depth, 0.87-1.36 um steps) were acquired

with a planapo 63x objective (numerical aperture 1.4, pinhole 1.0,

image size 512 x 512 pixels, yielding a frame of 79.35 um). Signal
acquisition was optimized; photomultiplier gain was set so that the
brightest pixels were just slightly below saturation and offset
such that the darkest pixels were just above zero. To avoid bleed-
through between green and red fluorescence, images were acquired
sequentially. To improve the signal/noise ratio, 8-10 frames/image
were averaged. Raw LEI files were used for further analysis using
Bitplane IMARIS software (v. 7.4.2, Oxford Instruments, Schlieren,
Switzerland). First, the software was used to reconstruct the micro-
glial, GAT-1, BEST-1, and isPLA product surfaces using an optimized
custom setting for each target. After surface reconstruction, the filter
function was applied to remove non-specific background signal. All
microglia with incomplete somata were manually removed using the
cut function and excluded from further analysis. All images contained
at least three microglial cells per field. Fused microglia falsely recog-
nized as one entity by the software were manually separated using
the cut function or removed from the sample if the separation was
not feasible. For the brain sections, further processing steps were
employed to explore microglial complexity and microglia-GAT-1 and
microglia-BEST-1 colocalization and topography (Figure S1). Cell com-
plexity was assessed by Sholl analysis. To do this, the microglial sur-
face was used as a template for filament reconstruction adopting the
default settings. Seed points were manually corrected, either placed in
or removed from the center of the soma if the IMARIS algorithm
placed them incorrectly. The filament reconstructions were used to
compute the total number of Sholl intersections per microglial cell.
Microglial complexity was evaluated as the total number of Sholl
intersections and peak number for Sholl intersections (computed as
the sum of all intersections/microglial cell) and as peak number for
Sholl intersections per microglial cell (the highest numerical value
of a sphere intersecting a microglial process) (Althammer
et al., 2020). Topographical analyses between the microglial center
of mass and colocalized surfaces were performed using the “dis-
tance transformation” extension (Figure S2). The extension was
also used to compute the distance between the cell surface and
intracellular surfaces (GAT-1, BEST-1, or isPLA products) in micro-
glial cell cultures. Finally, all surfaces and filament parameters were
exported to separate Excel files and used for data and statistical
analysis. Image processing, 3D reconstruction, and data analysis

were always performed blindly.
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3.2 | [H]-GABA uptake assays

The uptake of [*H]-GABA was evaluated as described previously
(Fattorini, Catalano, et al., 2020). To identify the more suitable time
point for inhibitor application, that is, the first time point with a sig-
nificant uptake variation compared to the control condition, pri-
mary microglial cells were incubated with [*H]-GABA (0.1 mM) and
GABA (10 mM) for 5-60 min at 37°C in saline solution containing
140 mM NaCl, 5mM KCI, 2mM MgCl,, 2mM CaCl,, 10 mM
HEPES, and glucose 4.5 g/L (pH 7.4) or in Na*-free buffer, where
sodium was replaced with an equimolar concentration of choline.
Inhibitors of GAT-1 (NNC-711, 1 mM), GAT-2/3 (SNAP-5114,
100 mM, both from Tocris Bioscience), BEST-1 (NPPB, 100 mM),
and STX1A (BoNT/C1, 1 ng/mL) were added at appropriate time
points as specified in the relevant figure captions. Samples were
tested for radioactivity and protein content was evaluated by BCA
assay. The uptake rate for each well was expressed as pCi of [°H]-
GABA per ug of protein. Data obtained in Na*-free buffer were
subtracted from treated samples. Data were obtained from at least

three independent experiments.

3.3 | Statistical analysis

Data distribution was explored using the Shapiro-Wilk normality test
to establish whether parametric or non-parametric statistics were
appropriate. The homoscedasticity/homogeneity of variance means
was examined using Levene's test. Data were analyzed using Graph-
Pad Prism 9 (GraphPad Software, San Diego, CA, USA). Significance
was accepted at p <.05. The statistical design for each analysis is
detailed in the corresponding figure legend.

—~
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~—
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4 | RESULTS

41 |
uptake

LPS treatment affects microglial GABA

mRNA analysis of LPS-treated primary microglial cells demonstrated a
significant increase in the expression of [11f and iNos pro-
inflammatory genes (Figure S3), in line with the phenotype known to
be elicited by this treatment (Golia et al., 2019; Hoogland et al., 2015).
To determine whether the neuroinflammatory response affects micro-
glial Gat-1 expression and function, control (CTRL) and LPS-treated
cells were subjected to Qrt-PCR, western blotting, and morphological
and functional analyses.

LPS treatment did not affect Gat-1 gene expression (fold change:
CTRL =1 +0.01 vs. LPS = 1.19 + 0.15; Figure 1a, inset), and GAT-1
total protein amount assessed by western blotting analyses (fold
change: CTRL = 100 + 16.93 vs. LPS = 121.7 + 15.12; Figure S4).
However, immunofluorescence data revealed a significant increase in
GAT-1 expression when normalized to cell volume upon LPS treat-
ment compared to CTRL (% of cell volume: CTRL = 1.40 + 0.47
vs. LPS = 2.63 + 0.46; p = .04; Figure 1a-c and Figure S5).

Since GAT-1/STX1A interaction is crucial in regulating GAT-1
membrane expression (Fattorini, Catalano, et al., 2020; Quick, 2002;
Quick et al., 1997), we used isPLA analysis to quantify GAT-1/STX1A
heterocomplexes. We found that LPS-treated cells showed (i) a signifi-
cant increase of GAT-1/STX1A heterocomplexes/cell (LPS = 21.63
+1.63; CTRL=1296+270 isPLA p=.02;

Figure 2a-c and Figure Sé), and (i) a significantly shorter distance of

products/cell;

the heterocomplexes from the cell membrane (peak distance from
plasma membrane: LPS = 0.4 um vs. CTRL = 1.4 um; Figure 2d). A
radiolabeled transmitter uptake assay, performed to determine

fold change
(relative to control)
-

CTRL LPS

\
.
"

<
> TR
ELT o

N
|

% of cell volume
i

*
u]
u]
idj
o

—_
|

CTRL LPS

FIGURE 1

Localization of GAT-1 immunoreactivity in control and LPS-treated cx3cr1+/8® primary microglial cell cultures. Qrt-PCR of Gat-1

gene in primary microglial cells (a, inset, N = 10). Representative 3D surface volume reconstructions of cx3crl /& microglial cells (green) and
GAT-1 staining (red) in control (a) and LPS-treated (b) cultures. Percentage of cell volume colocalized with GAT-1 staining in control (gray) and
LPS-treated (red) cells (c; Mann-Whitney U = 17, *p = .04, N = 9). Data are expressed as mean + SEM. Scale bar: 10 um.
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FIGURE 2

time (min)

Effect of lipopolysaccharide (LPS) treatment on microglial GAT-1 expression and gamma-aminobutyric acid (GABA) uptake.

Representative 3D surface volume reconstructions of cx3cr1™/8™ microglial cells (green) and GAT-1-STX1A heterocomplexes (red) in control

(a) and LPS-treated (b) cells. Quantitative analysis of GAT-1-STX1A heterocomplexes expressed as number of positive isPLA products per cell
(isPLA products/cell) in control (gray) and LPS-treated (red) cells (c; unpaired student's t-test t = 2.884, df = 7, *p = .02, CTRL N = 4 and LPS

N = 5). Percent frequency distribution of GAT-1-STX1A heterocomplexes as a function of the intracellular distance from the cell surface (um
from plasma membrane). Arrows indicate the CTRL (gray) and LPS (red) data distribution peaks. Dashed line represents non-linear fit for CTRL
(gray) and LPS-treated (red) cells (d; Gaussian-fit different curve for each data-set, F = 28.27, DFn = 3, DFd = 228, p < .001). Time course of
Na*-dependent GABA uptake in CTRL (gray) and LPS-treated (red) cells (e; Kruskal-Wallis test x* = 123, p < .001). Na*-dependent GABA
uptake in CTRL (gray) and LPS-treated (red) cells at 15 min (f; data represent GABA uptake as pCi/ug of protein, CTRL: 0.89 + 0.09, N = 38; LPS:
1.70 £ 0.27, N = 26, Mann-Whitney U = 336, *p = .03). Data are expressed as mean + SEM. Scale bar: 10 um.

whether the increased GAT-1 expression was paralleled by increased
microglial GABA uptake, demonstrated significantly increased Na'-
dependent GABA uptake (192.08 + 29.91% compared to CTRL;
p = .03) 15 min after LPS treatment (Figure 2e,f).

4.2 | The LPS-induced GABA uptake increase is
partly mediated by GATSs

To establish whether the LPS-induced increase in GABA uptake was
GAT-mediated, we conducted radiolabeled transmitter uptake assays
using selective inhibitors of GAT-1 and GAT-2/3, respectively NNC-
711 and SNAP-5114 (Borden, 1996; Borden et al., 1994; Fattorini,
Catalano, et al., 2020) (Figure 3a). In line with our previous work
(Fattorini, Catalano, et al., 2020), we found that in untreated cultures
the GAT-Is reduced GABA uptake by 80% compared to CTRL at
15 min (p = .039; Figure 3b), whereas in LPS-treated cells the reduc-
tion was only 60% (p < .001; Figure 3b).

These findings suggest the action of a GAT-independent mecha-
nism on GABA uptake in LPS-treated cells.

4.3 | The LPS-induced GABA uptake increase
involves BEST-1

The Ca®*-activated Cl~ channel BEST-1 is permeable to GABA
(Kwak et al.,, 2020; Lee et al., 2010), and microglial cells express
BEST-1 transcript (Bhandage et al, 2019; Song et al., 2020). We,
therefore, investigated whether BEST-1 contributes to LPS-induced
GAT-independent microglial GABA uptake.

We first confirmed that primary microglial cells express Best-1
mRNA, and actually extended previous findings (Bhandage
et al, 2019; Song et al., 2020) by demonstrating BEST-1 protein
expression in both primary microglial cells and isolated CD11b + cells
(Figure 4a,b). In primary microglial cells, LPS treatment significantly
increased Best-1 mRNA levels (fold change: CTRL =1+ 0.01
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FIGURE 3 Lipopolysaccharide (LPS)-induced non-GAT-mediated
gamma-aminobutyric acid (GABA) uptake in microglial cells.
Treatment scheme of microglial cell cultures with the GAT-Is. Na*-
dependent GABA uptake (basal: white box, blue line) in presence of
NNC-711, a selective GAT-1 inhibitor, and of SNAP-5114, a selective
GAT-2/3 inhibitor; green box, GAT-Is) (a). Data represent GABA
uptake as pCi/ug of protein at 15 min in CTRL (gray) and LPS-treated
(red) cultures; Kruskal-Wallis test )(2 = 76.13, p < .001, Dunn's post
hoc pairwise comparison *p = .039; ***p < .001 (b; CTRL: 0.50 + 0.05,
N = 19; CTRL GAT-Is: 0.09 + 0.01, N = 18; LPS: 2.13 + 0.15,N = 19;
LPS + GAT-Is: 0.85 + 0.03, N = 32). Data are expressed as

mean = SEM.

vs. LPS = 2.60 + 0.46; p < .001; Figure 5a), and protein expression (%
of cell volume: CTRL =1.11 +0.36 vs. LPS =294 +0.64; p = .03;
Figure 5b-d inset), and reduced the distance of BEST-1 protein from
the cell surface (distribution peak distance: CTRL =1 um
vs. LPS = 0.4 um; Figure 5d).

Next, to determine whether BEST-1 mediates GABA influx into
LPS-treated microglial cells, we measured radiolabeled transmitter
uptake using both the GAT-Is and the BEST-1 inhibitor NPPB (Kwak
et al., 2020; Lee et al., 2010) (Figure 6a). In untreated cultures, GABA
uptake was not affected by NPPB and there were no significant
differences between GAT-Is and NPPB+GAT-Is cultures (GAT-Is:
14.70 + 1.40%; NPPB: 107.70 + 9.63%; NPPB+GAT-Is: 23.10 + 2.84%
vs. CTRL at 15 min; Figure 6b), suggesting negligible BEST-1 plasma
membrane expression in these conditions. In LPS-treated cells, GABA
uptake was unaffected by NPPB (81.73 + 6.55% compared to LPS at
15 min, Figure 6c); however, use of NPPB+GAT-Is virtually abolished

GABA uptake, thus removing all residual GAT-independent uptake
(NPPB+GAT-Is: 6.88 + 0.62% vs. LPS at 15 min; LPS vs. NPPB+GAT-
Is, p <.001; GAT-Is vs. NPPB, p <.001; GAT-Is vs. NPPB-+GAT-Is,
p = .001; Figure 6c).

In a previous work, we showed that inhibition of non-GAT-
1-mediated GABA uptake leads to increased microglial STX1A/GAT-1
membrane expression (Fattorini, Catalano, et al., 2020). The negligible
GABA uptake measured in the NPPB+GAT-Is cultures suggested to
us that, in LPS-treated microglial cultures, BEST-1 inhibition may
increase STX1A/GAT-1 membrane expression, thus accounting for
the unchanged GABA uptake measured in NPPB experimental group.
To test this hypothesis, we used botulinum toxin C1 (BoNT/C1),
which specifically cleaves STX1A (Deken et al., 2000; Schiavo
et al., 1995). Indeed, BoNT/C1 strongly reduced the effect of NPPB
on GABA uptake (36.63 + 2.636% compared to NPPB in basal condi-
tion at 15 min, p = .033; Figure 6d), and completely abolished it when
BoNT/C1 was followed by GAT-Iss (6.01 + 0.678% compared NPPB
in basal condition at 15min vs. NPPB + BoNT/C1, p =.033;
Figure 6d), indicating that in LPS-treated microglia GABA uptake was
sustained almost equally by GATs and BEST-1.

44 | LPS affects GAT-1 cellular distribution profile
in microglia in vivo

Next, we evaluated whether GAT-1 and BEST-1 expression in mice is
modulated by LPS treatment. To assess the efficacy of LPS treatment,
mRNA analysis was carried out in microglial cells (CD11b™) isolated
from untreated (CTRL) and LPS-treated mice. A significant increase of
I11p, Cd86, and Tnfa transcripts, detected in cells from LPS-treated
mice (Figure 7a), confirmed treatment efficacy. LPS treatment also
altered cortical microglia morphology, as evaluated by Sholl analysis
(Althammer et al., 2020), since 3D quantitative morphometric analysis
showed significantly reduced peak number (Figure 7b) and total num-
ber of Sholl intersections (Figure 7c) in LPS-treated mice compared to
controls. In addition, a Sholl analysis plot (Figure 7d) illustrated that
the branching profile of LPS-treated microglial cells was shifted to the
left, indicating decreased branching as a function of distance from the
soma compared to control mice.

Once established that LPS treatment did affect the microglial
phenotype, we investigated whether it also impacted gene expression
and the cellular distribution of microglial GAT-1 and BEST-1 proteins.
In line with the in vitro experiments (Figure 1a), LPS did not affect
Gat-1 transcript (Figure 7e), whereas 3D morphometric analysis of
microglial cells confirmed a redistribution of GAT-1 immunostaining
after LPS treatment, with GAT-1-positive puncta being detected sig-
nificantly closer to the plasma membrane compared to untreated ani-
mals (Figure 7f-h; 0.2 um from surface in LPS-treated vs. 0.4 pm from
the surface in CTRL). LPS treatment also induced a significant increase
in Best-1 mRNA, mirroring the data obtained in the primary microglial
cultures, whereas BEST-1 immunostaining was not affected
(Figure 7j-I). The latter findings demonstrate that LPS treatment mod-
ulates GAT-1 and BEST-1 also in vivo.
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FIGURE 4 BEST-1 expression in primary microglial cells and cx3cr1*/&® mice. Best-1 mRNA expression in primary microglial cell cultures and
in CD11b* cells from adult cx3cr1*/8® mice. MRNA expression was determined by RT-PCR. Best-1: 150 bp; Cx3crl: 180 bp; and Gapdh: 132 bp

(a). Raw image of a single confocal plane of BEST-1 immunostaining in microglial cultures (b). BEST-1 immunostaining (red: not colocalized puncta;
white: colocalized puncta) in brain sections from adult cx3cr1*/8® mice (c). Scale bar: 10 um.
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FIGURE 5 Effect of lipopolysaccharide (LPS) treatment on microglial BEST-1 expression. Qrt-PCR of Best-1 gene in primary microglial cells

(Mann-Whitney U = 0, N = 10, ***p < .001; a). Representative 3D surface volume reconstructions of cx3cr1™/8® microglial cells (green) and
BEST-1 (color bar) in control (b) and LPS-treated (c) cells. Percentage of cell volume colocalized with BEST-1 staining in control (gray) and LPS-
treated (red) cells (Mann-Whitney U = 51, *p = .031, N = 14; d inset). Percent frequency distribution of BEST-1 immunostaining as a function of
the intracellular distance from the surface of cx3cr1 /8™ microglial cells. Arrows indicate the CTRL (gray) and LPS (red) data distribution peaks.
Dashed lines represent non-linear fit for CTRL (gray) and LPS (red) conditions (d; Gaussian-fit different curve for each data-set, F = 10.16,

DFn = 3, DFd = 654, p < .001). Data are expressed as mean + SEM. Scale bar: 10 um; color bar: 0-4.2 um from plasma membrane.

5 | DISCUSSION

Our experiments showed that LPS treatment of microglial cells
increased microglial GABA uptake, GAT-1 trafficking, and BEST-1
protein expression. They also showed for the first time that GAT-1
membrane trafficking was modulated by BEST-1 inhibition, thus dem-
onstrating a novel functional interplay between the two protomers in
microglial GABA signaling regulation in inflammatory conditions.

GABA, the main CNS inhibitory neurotransmitter, plays a critical
role in immunomodulation (Bhandage & Barragan, 2021; Crowley
et al,, 2016; Guyon et al., 2013; Jin et al., 2013; Liu et al., 2016). In the
brain, inflammatory conditions, including LPS treatment, induce an
excitation-inhibition imbalance (Falco et al, 2014; Garcia-Oscos

et al., 2015; Rossi et al., 2011, 2012; Yan et al., 2015), and are associ-
ated with reduced GABA signaling (Crowley et al., 2016). One mecha-
nism underpinning reduced GABA signaling in such conditions is the
loss of GABA neurons in multiple brain regions (Crowley et al., 2016).
The consequent reorganization of the astrocytic and microglial
GABAergic machinery also affects the inflammatory response (Lee
et al.,, 2011; Su et al., 2015). For example, microglial production of the
pro-inflammatory cytokines IL-1p and TNF-a results in GAT-1 and
GAT-3 upregulation in neuronal and glial cells of different brain
regions (Su et al., 2015). Although GAT-1 has long been considered as
a primarily neuronal transporter, the demonstration that microglial
cells are endowed with a complete GABAergic machinery
(Bhandage & Barragan, 2021; Bhandage et al., 2019; Lee et al., 2011),
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including GAT-1 and GAT-3 (Fattorini, Catalano, et al., 2020; Fattorini,
Melone, & Conti, 2020), and express functional GABAg receptors,
thus sensing neuronal activity (Favuzzi et al., 2021; Kuhn et al., 2004;
Lee et al., 2011; Logiacco et al., 2021), means that the classic GAT-1
“neurocentric view” is no longer tenable (Fattorini et al., 2017;
Fattorini, Catalano, et al., 2020; Melone et al., 2015). Here, we postu-
late a novel mechanism through which LPS may trigger an inflamma-
tory response by directly affecting microglial GABA clearance. In this
regard, the LPS-induced increase in GAT-1 trafficking, and the possi-
ble consequent reduction in GABA tone, may provide a mechanism
that potentiates the inflammatory response, curbing the inhibitory
effect of GABAg activity (Kuhn et al., 2004; Lee et al., 2011).

This notion is supported by the present in vivo findings of
increased GAT-1 trafficking to the plasma membrane in neocortical
microglial cells after systemic LPS treatment. These data suggest that,
by increasing GAT-1 trafficking, LPS sustains the inflammatory
response, swamping or hampering the homeostatic action of local
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environmental signals. In line with this hypothesis, reduced LPS-
induced NF-kB activation and nitric oxide production by microglial
cells have been described after tiagabine blockade of GAT-1 activity
in a mouse model of Parkinson's disease (Liu et al., 2015).
Tiagabine also conferred partial protection on the nigrostriatal axis,
alleviating the motor deficits, and its protective function was abol-
ished in GAT-1 knockout mice challenged with 1-methyl 4-phenyl
1,2,3,6-tetrahydropyridine (MPTP). Our findings suggest that such
protective effects may partially depend on a direct action on
microglial GAT-1.

Importantly, the GABAergic signaling modulation described in
inflammatory conditions may be region-dependent and cytokine-
specific. Indeed, Jiang and coworkers recently reported that acute
LPS treatment potentiated the amplitude and frequency of minia-
ture inhibitory postsynaptic currents in glutamatergic neurons of
the medial prefrontal cortex (mPFC), it increased microglial cell

body size and CDé68 expression, and augmented abnormal
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FIGURE 7 Effect of lipopolysaccharide (LPS) treatment on GAT-1 and BEST-1 expression in microglial cells of adult cx3cr1*/&® mice. Qrt-
PCR of I11-B, Cd86, and Tnf-a genes in CD11b™ cells (a; II-1p, Mann-Whitney U = 0, N = 10, ***p < .001; Cd86, Mann-Whitney U = O, N = §,
***p < .001; Tnf-a, Mann-Whitney U = 0, N = 8, ***p < .001). Peak number (b; the highest numerical value of a sphere intersecting a microglial
process, CTRL: 53 + 4 um, LPS: 36 + 2 um, Mann-Whitney U = 4983, ***p < .001) and total number (c; the sum of all the intersections per
individual microglial cell, Mann-Whitney U = 4713, ***p < .001) of Sholl intersections in CTRL (gray) and LPS-treated (red) conditions. Mean
distribution plots of the number of Sholl intersections as a function of the distance from the microglial soma. Arrows indicate the fitting peak for
CTRL (gray) and LPS-treated (red) conditions, respectively (d; LogNormal-fit different curve for each data-set, F = 39.97, DFn = 3, DFd = 674,

p < .001). Qrt-PCR of Gat-1 gene in CD11b" cells (e). Representative 3D surface reconstructions of GAT-1 colocalized volume (color bar) with
microglial cells (green surfaces) in CTRL (f) and LPS (g) conditions. Percent frequency distribution of GAT-1 (h) immunostaining as a function of
the distance from the microglial plasma membrane. Arrows indicate the CTRL (gray) and LPS (red) data distribution peaks. Dashed line represents
non-linear fit for CTRL (gray) and LPS-treated (red) conditions (h: Lognormal-fit different curve for each data-set, F = 8.946, DFn = 3,

DFd = 2008, p < .001). Qrt-PCR of Best-1 gene in CD11b" cells (i; Mann-Whitney U = 0, N = 8, ***p < .001). Representative 3D surface
reconstructions of BEST-1 (j, k) colocalized volume (color bar) with microglial cells (green surfaces) in CTRL (j) and LPS-treated (k) conditions.
Percentage frequency distribution of BEST-1 (I) immunostaining as a function of the distance from the microglial plasma membrane. Dashed line
represents non-linear fit for both CTRL (gray) and LPS-treated (red) conditions (I: LogNormal-fit one curve for all data-set, F = 0.43, DFn = 3,
DFd = 650, p = .73). N = 18-33 reconstructed cell surfaces from 3 to 4 animals/experimental condition, N ~ 800 puncta/experimental
condition; data are expressed as mean = SEM. Scale bar: 10 pum; color bar: 0-2.606 um from plasma membrane for GAT-1 and 0-2.116 um from
plasma membrane for BEST-1.

exploratory behavior (Jiang et al., 2022). Interestingly, tiagabine microglial cells, suggests a role for microglial GAT-1 trafficking in
pretreatment prevented the effects of LPS on mPFC microglial the inflammatory response.
cells, on behavior, and on GABA signaling, which is consistent with Unexpectedly, our in vitro functional data showed that the GAT

a direct effect on microglial GAT-1. This evidence, combined with blockade did not completely abolish GABA uptake in LPS-treated
the increase in GAT-1 trafficking detected in our LPS-treated microglial cells. This finding suggests the action of a non-
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GAT-mediated microglial GABA clearing mechanism, which further
strengthens the role of microglia as GABA level tuners in triggering
and maintaining neurotransmission as well as the inflammatory
response. In several brain areas, astroglial processes are enriched in
the GABA-permeable Ca®*-activated CI~ channel BEST-1 (Lee
et al., 2010), which is involved in the fine-tuning of GABA transmis-
sion (Kwak et al., 2020; Lee et al., 2010). Also, a transient increase in
renal BEST-1 protein expression has been described in LPS-treated
animals (Aldehni et al., 2009). Here, we demonstrate that in LPS-
treated microglia BEST-1 is involved in non-GAT mediated GABA
uptake.

BEST-1 expression and function are related to intracellular cal-
cium transients (Park et al., 2009). LPS activates several toll-like recep-
tors (TLRs; Chung et al., 2010; Olson & Miller, 2004), including TLR4
in microglial cells (Bettoni et al., 2008). Through mitogen-activated
protein kinases, TLRs activate a signaling pathway, which in turn
results in NF-kB activation (Nicotra et al., 2012; Schroder et al., 2006).
Under inflammatory conditions this pathway induces activation of
Orail (a key member of the calcium release-activated calcium chan-
nels; Kraft, 2015) in astrocytes, resulting in increased intracellular cal-
cium levels (Birla et al., 2022). Since microglia also express Orail, it is
conceivable that a similar mechanism modulates the LPS-mediated
BEST-1 upregulation (Michaelis et al., 2015).

The GAT-1 membrane turnover is highly dynamic (Horton &
Quick, 2001; Quick, 2002) and we have previously described STX1A-
mediated microglial GAT-1 trafficking after GAT-3 blockade (Fattorini,
Catalano, et al., 2020). Here, we describe how BEST-1 blockade allowed
identifying a similar STX1A-mediated mechanism, since our in vitro data
showed that the increased membrane permeability to GABA, observed
in LPS-treated microglial cells, also triggered a BEST-1/GAT-1 interplay.
This finding contributes to unravel the complex modulation of GAT-1
microglial membrane expression in inflammation.

Finally, we provide in vivo evidence that LPS treatment also modu-
late Best-1 mRNA, albeit not its protein. Even though technical limita-
tions cannot be excluded, intraperitoneal administration of LPS clearly
has the potential to induce peripheral effects that modulate the CNS
(micro)environment, further differentiating it from in vitro system.
These issues need to be addressed if we are to gain further insight into

the complex microglial modulation of BEST-1 in inflammation.
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