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Abstract

Interaction between autoreactive immune cells and astroglia is an important part of the
pathologic processes that fuel neurodegeneration in multiple sclerosis. In this inflammatory
disease, immune cells enter into the central nervous system (CNS) and they spread through CNS
parenchyma, but the impact of these autoreactive immune cells on the activity pattern of
astrocytes has not been defined. By exploiting naive astrocytes in culture and CNS infiltrated
immune cells (CNS IIC) isolated from rat with experimental autoimmune encephalomyelitis
(EAE), here we demonstrate previously unrecognized properties of immune cell-astrocyte
interaction. We show that CNS IIC but not the peripheral immune cell application, evokes a
rapid and vigorous intracellular Ca’" increase in astrocytes by promoting glial release of ATP.
ATP propagated Ca®’ elevation through glial purinergic P2X7 receptor activation by the
hemichannel-dependent nucleotide release mechanism. Astrocyte Ca*" increase is specifically
triggered by the autoreactive CD4" T cell application and these two cell types exhibit close
spatial interaction in EAE. Therefore, Ca®" signals may mediate a rapid astroglial response to the
autoreactive immune cells in their local environment. This property of immune cell-astrocyte

interaction may be important to consider in studies interrogating CNS autoimmune disease.

Significance statement

In multiple sclerosis and experimental autoimmune encephalomyelitis, autoreactive immune
cells infiltrate into the central nervous system (CNS) that is contiguously tiled by the glial cells
astrocytes. However, astroglial pattern of activity in the presence of autoreactive immune cells in
their local environment has not been determined. We show that astrocytes within seconds
robustly elevate their intracellular Ca*" when they encounter CNS-infiltrated immune cells in
their close proximity. This Ca*" elevation is under the control of glial ATP-mediated signaling.
Thus, astrocytes may respond rapidly to the nearby autoreactive immune cells, and this could

contribute to neuropathology of CNS autoimmune disease.



90

91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

106
107
108
109
110
111
112
113
114
115
116
117
118

Introduction

In the inflammatory demyelinating disease multiple sclerosis (MS), interactions between
autoreactive immune cells infiltrating the brain and spinal cord and glial cells resident in the
central nervous system (CNS), create an inflammatory environment that drives disease processes
causing neurodegeneration (Mayo et al., 2012; Dendrou et al., 2015; Baecher-Allan et al., 2018).
Astrocytes are an important component of this neuropathologic process. These glial cells have
been shown to respond to the inflammatory mediators released by the immune cells, and in turn
to produce pro-inflammatory molecules for feedback signaling to the immune cells
(Rothhammer and Quintana, 2015; Colombo and Farina, 2016; Brambilla, 2019). These complex
dependencies are coupled to the cellular hypertrophy and enhanced proliferation of astrocytes in
the pathological sequelae of MS (Brambilla, 2019; Yi et al., 2019). In disease, autoreactive
immune cells spread through CNS parenchyma, and they embed into the astroglial network that
almost completely covers the CNS (Voskuhl et al., 2009). However, we know little about the
activity pattern of astrocytes in the presence of immune cells in their local environment,
information that is important to further our understanding of the pathologic processes in an

autoimmune disease.

Because of their wide distribution and their dense meshwork in the CNS, astrocytes are ideally
suited to receive and integrate numerous signals in their local environment and respond to them
by releasing transmitters such as ATP and glutamate, to signal to each other and to neighboring
cells in the CNS (Haydon, 2001; Parpura et al., 2012; Araque et al., 2014). Astrocytes express a
wide range of receptors for transmitters and ion channels that upon activation cause transient
increase in their intracellular Ca®* concentration either by regulating Ca®" entry into the cell or its
liberation from intracellular stores (Fumagalli et al., 2003; Hamilton et al., 2008; Panatier et al.,
2011; Shigetomi et al., 2013). This generates Ca’" responses on a time scale of seconds and
enables these glial cells to rapidly interact with neighboring cells in the CNS in physiological
and pathological states (Bazargani and Attwell, 2016; Verkhratsky et al., 2019), indicating that
Ca”" signaling represents a fundamental property of astrocyte physiology. Nevertheless, Ca*"
dynamics of astrocytes and the role of Ca>" signals in mediating interaction between astrocytes

and autoreactive immune cells infiltrated into the CNS have not been determined.
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Here, we exploited in vitro system and performed Ca®" imaging to selectively define activity
pattern of cultured naive astrocytes upon application of the CNS infiltrated immune cells (CNS
IIC) isolated from the spinal cord of rat with experimental autoimmune enchephalomyelitis
(EAE), a commonly used animal model of MS. Our results reveal previously unrecognized CNS-
immune system interaction, and demonstrate that CNS IIC can trigger a rapid Ca’" increase in

astrocytes through a mechanism involving astroglial purinergic signaling.
Materials and Methods

Experimental subject details

Dark Agouti rat strain was used in all experiments. Animals were housed under standard
laboratory conditions in a 12 h light/dark cycle at 22-24 °C in regularly cleaned cages, and food
and water was provided ad libitum. All animals were healthy with no obvious behavioral
phenotype prior to EAE induction. EAE was induced in 2-3 months old rats of both sexes
(weight: ~150 g for females and ~200 g for males, RRID:RGD 21409748). Females and males
were kept in separate cages, 4 animals per cage maximum. Totally 12 females and 13 males were
used in experiments: 8 females and 6 males for Ca*” imaging experiments; 4 females and 4 males
for ATP measurement experiments; 3 males for immunohistochemistry. Dark Agouti 1-3 days
old pups (~1-3 g weight, RRID: RGD 21409752), were used to prepare cultures of the spinal
cord astrocytes (Naive astrocytes, i.e. astrocytes from a healthy animal), totally 20 pups were
used for experiments (2-3 pups per culture preparation). CNS IIC isolated from females and
males were examined for sex-specific effects on astrocyte Ca®" level. Animals were randomly
allocated to Ca’" imaging, ATP measurement and immunohistochemistry experiments.
Experiments were conducted and analyzed blind when possible (i.e. Ca®" imaging data were
analyzed in a blind manner; ATP measurements were conducted and analyzed in a blind manner;
immunohistochemistry staining was analyzed in a blind manner for GFAP signal). No animals
were excluded from analysis. Animal procedures were carried out in accordance with the strict
protocols of the Ethical Committee for the Use of Laboratory Animals of the Institute of
Biological Research Sinisa Stankovi¢ and Faculty of Biology, University of Belgrade, Serbia and
in the compliance with the EU Directive (2010/63/EU) on the protection of animals used for

scientific purposes.
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Induction of EAE

EAE was induced in Dark Agouti strain (Miljkovi¢ et al., 2011b) with rat spinal cord
homogenate (SCH) in phosphate buffer saline (PBS, 50% w/v) mixed with an equal volume of
complete Freund’s adjuvant (CFA, Difco Detroit, MI, USA) supplemented with up to 5 mg/ml of
M. tuberculosis H37Ra (Difco). Animals were injected intradermally in the hind footpad with
100 pl of SCH + CFA as previously described (Miljkovic et al., 2006). Animals were monitored
daily for EAE signs, and disease score was estimated according to the following scale: no
clinical signs -score 0, flaccid tail -score 1; hind limb paresis -score 2; severe hind limb paralysis
-score 3. Animals were sacrificed at the late onset (10-12 days post immunization; EAE score 1)

or at the peak of EAE (13-15 days post immunization, EAE scores 2 and 3).

Immune cell isolation

CNS IIC were isolated from the spinal cords of EAE rats transcardially perfused with cold sterile
PBS. Each spinal cord was first homogenized by passing the tissue through the 40 um stainless
steel mesh in 5 ml of PBS supplemented with 3% of fetal calf serum (FCS) (PAA Laboratories,
Pasching, Austria). Next, homogenate was centrifuged (100 x g, 10 min, at +4 °C) and the pellet
was resuspended in 3 ml of 30% Percoll (Sigma-Aldrich, Sigma-Aldrich, St. Louis, MO, USA)
and overlaid on 3 ml of 70% Percoll gradient. Following centrifugation at 850 x g for 40 min,
the CNS IIC were recovered from the 30%/70% Percoll interface and washed in RPMI-1640
medium (Sigma-Aldrich) supplemented with 5% FCS. Peripheral lymph node immune cells
(Peripheral IC) were isolated by mechanical disruption of the cervical lymph nodes through a 40
um stainless steel mesh in 5 ml of PBS supplemented with 3% FCS. CNS IIC and Peripheral IC
were isolated from the same animals throughout experiments. As previously described, CNS IIC
isolate contains predominantly T cells, and in lower percentages macrophages, monocytes,
granulocytes and NK cells (Miljkovi¢ et al., 2011a). To further purify infiltrated CD4" T cells
(CD4" CNS ITC) from this CNS IIC population we used biotin conjugated antibody specific for
CD4 (Thermo Fisher Scientific, Cat# MA5-17388, RRID:AB_2538778) and IMag SAv particles
plus (BD Biosciences, Cat# 557812, RRID:AB 10050580). Quantification and purity of the
CD4" CNS ITC was determined by the flow cytofluorometry analysis on a CyFlow Space flow
cytometer (Partec, Munster, Germany). There was > 95% of CD4" T cells in the purified CNS
IIC population. After CD4" CNS ITC purification, the rest of the CNS IIC population was
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collected (CNS IIC without CD4" ITC). All isolated immune cells were kept in the RPMI-1640

medium on ice and maintained under the same conditions until further use.

Spinal cord astrocyte culture preparation

After isolation of the spinal cord, meninges were carefully removed and the tissue was
mechanically dissociated under sterile conditions in the ice-cold Dulbecco’s modified Eagle
medium-low glucose (DMEM, Sigma-Aldrich). After two centrifugation washing steps at 500 x
g for 4 min, cells were passed through sterile 21G and 23G needles 3-5 times, followed by
centrifugation washing step at 500 x g for 4 min. Cells were resuspended in DMEM
supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scintific, MA, USA), D-
glucose in final concentration of 25 mM/1 (Sigma-Aldrich), 100 IU/ml penicillin and 100pg/ml
streptomycin (Gibco), afterwards seeded (2 to 3 spinal cords per culture preparation) in a 60 mm
Petri dish and grown in a humidified atmosphere of 5% CO,/95% air at 37 °C. Culture medium
was replaced every 2-3 days until cells reached 80% confluence (after 7 to 10 days in vitro). Cell
culture was then washed with DMEM medium using pipette to mechanically remove loosely
attached glial cells. Underlying layer of astrocytes was trypsinized (0.25 % trypsin and 0.02 %
EDTA, Sigma-Aldrich) and plated in a Petri dish at a low 10* cells/cm” density. Next, after
reaching 50% confluence, during each medium replacement cell culture was repeatedly washed
with DMEM to minimize contamination of astroglial layer with other types of glia. Upon
reaching 80% confluence (after 14 to 20 days in vitro), astrocytes were collected after
trypsinization, and seeded on 7 mm circular glass coverslips (MenzelGlasser, Braunschweig,
Germany) coated with poly-L-lysine (50 pg/ml, Sigma-Aldrich) at the density of 5 x 10° cells

per coverslip, and used for imaging 48 to 72 h later.

Assessment of culture purity

Applied culturing procedure yielded cells that had typical morphology of astrocytes. Rarely, we
observed few microglial cells that were clearly morphologically different from astrocytes, and
were not included in analysis. To assess the culture purity, routine immunostaining was
performed. Coverslips with seeded cells were rinsed in PBS, fixed in 4% paraformaldehyde
(PFA, Sigma-Aldrich) for 20 min, and rinsed in PBS again. Then to prevent binding of
antibodies to non-specific epitopes, coverslips were incubated for 60 min at room temperature in

a blocking buffer (0.1% Triton X-100, 10% normal donkey serum and 10% bovine serum

7
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albumin (Sigma-Aldrich) in PBS)). For immunolabeling, coverslips were incubated with primary
antibodies diluted in blocking buffer overnight at 4 °C. After rinsing with PBS, coverslips were
incubated with fluorescent dye-conjugated secondary antibodies diluted in blocking buffer for
2.5 h in dark at room temperature. Following rinsing in PBS, cells were incubated with a nuclear
counterstain 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI; 1:4000, Thermo Fisher
Scientific, Cat# D1306, RRID:AB 2629482) or Hoest 33342 (1 pg/ml, Thermo Fisher Scientific,
Cat# H3570) for 10 min, rinsed in PBS, and mounted with Mowiol (Sigma-Aldrich). Primary
antibody used: rabbit anti-GFAP (1:300, Agilent, Cat# Z0334, RRID:AB_10013382), goat anti-
Ibal (1:200, Abcam, Cat# ab5076, RRID:AB 2224402), mouse anti-CNPase (1:200, Millipore,
Cat# NE1020-100UL, RRID:AB_10682518). Secondary antibodies used (raised in donkey):
Alexa Fluor 555- (1:200, Thermo Fisher Scientific Cat# A-31572, RRID:AB_162543), Alexa
Fluor 488- (1:200, Molecular Probes, Cat# A-11055, RRID:AB 2534102), Alexa Fluor 647-
(1:200, Molecular Probes, Cat# A-31571, RRID:AB_162542) conjugated secondary antibodies
to rabbit, goat or mouse. Images were acquired on a confocal laser scanning microscope (LSM
510, Carl Zeiss GmbH, Jena, Germany) using 40X DIC oil objective and monochrome camera
AxioCam ICml (Carl Zeiss, GmbH, Germany) and inverted epifluorescent microscope
AxioObserver Al (Carl Zeiss, Oberkochen, Germany). Cells were analyzed using Fiji Image]
software (www.fiji.sc, RRID:SCR_002285). The presence of GFAP", Ibal’, and CNPase" cells

was determined relative to the total number of nuclei (DAPI staining) in the field of view.

Time-lapse Fluorescence Imaging

Fluorescence changes arising from Fluo-4 AM (Molecular Probes, Eugene, OR, USA) were
recorded from individual spinal cord astrocytes in culture. Astrocytes were loaded with the Ca*"
indicator Fluo-4 AM (5 pM) at room temperature for 30 min in extracellular solution (ECS)
containing (in mM): 140 NaCl, 5 KCl, 2 CaCl,, 2 MgCl,, 10 D-glucose (all from Sigma-
Aldrich), and 10 HEPES (Biowest, Nuaill¢, France), pH 7.4, 300 mOsm. After rinsing, cells
were kept in ECS for 15-30 min to allow Fluo-4 AM de-esterification. Time-lapse Ca®" imaging
was carried out by using a AxioObserver Al microscope with a LD LCI Plan-Apochromat
25X/0.8NA water immersion objective lens (Carl Zeiss), a “evolve”-EM 512 Digital Camera

®

System (Photometrics, Tucson, AZ, USA), and VisiView high performance software

(VisiChrome, Visitron Systems GmbH, Puchheim, Germany). Fluo-4 fluorophore was excited at
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480 nm using Xenon Short Arc lamp (Ushio, Japan) coupled to the VisiChrome Polychromatic
[Mlumination System (Visitron Systems). Excitation and the emission light passed through the
FITC filter set (Chroma Technology Inc., VT, USA). Frame scanning mode was performed at a
frequency of 1 Hz. During experiments astrocytes were perfused with ECS at perfusion speed of
4 ml/min. Isolated immune cells were first centrifuged at 500 x g, then resuspended in ECS and
maintained at +4 °C. Immune cells were placed for at least 15 min at room temperature before
further use. Isolated immune cells were bath applied for 20-30 s in the close vicinity of
astrocytes using custom made perfusion system. Application system was positioned at the edge
of the field of view, 1 mm above the coverslip surface and at the angle of 45°. To confirm that
applied isolated immune cells reached astrocytes with this application system, in a subset of
experiments we loaded only CNS IIC with Fluo-4 AM for purpose of visualization. The
procedure for labeling CNS IIC with Fluo-4 AM was the same as for astrocytes, except that
before the incubation step with Fluo-4AM and rinsing step, CNS IIC were first centrifuged at
500 x g.

CNS IIC were applied at concentrations of 5x10°, 25x10° and 50x10° cells/ml, in the range of
infiltrating immune cell concentrations measured in the spinal cord parenchyma of EAE rat
(Schlager et al., 2016). Experiments using different CNS IIC concentrations were randomly
interleaved. Peripheral IC were applied at the 25x10° cells/ml concentration. In a subset of
experiments astrocytes were imaged upon application of CNS IIC or their ECS that has been
conditioned by soluble factors released by the immune cells within 1-4 h (CNS IIC-conditioned
medium). To obtain CNS IIC-conditioned medium we removed CNS IIC by centrifugation at
500 x g and collected their ECS. Experiments with CNS IIC or their matched conditioned
medium were randomly interleaved. Experiments with CD4" CNS ITC and CNS IIC without
CD4" ITC were randomly interleaved with the total CNS IIC population from which they were
purified (each applied at the concentration of 25 x 10° cells/ml). In experiments using inhibitors
of astrocyte receptors, astrocytes were first incubated for 10 min in each drug to produce an
effective receptor block, and then the drugs were bath applied during the course of experiments.
In a set of experiments when we interrupted vesicular ATP release, astrocytes were preincubated
in brefeldin A (2 pg/ml, Sigma-Aldrich), an inhibitor of vesicular trafficking for 60 min (Bowser

and Khakh, 2007). Data in the presence of the drugs were compared with randomly interleaved
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control data obtained without the drugs. ATP (200 uM, Sigma-Aldrich) was applied at the end of

each experiment to check the viability of astrocytes.

The following drugs were used in experiments: MPEP (2-Methyl-6-(phenylethynyl)pyridine
hydrochloride) to block mGIluRS, MRS2179 (2'-Deoxy-N6-methyladenosine 3',5'-bisphosphate
tetrasodium salt) to block P2Y'1 receptors and A967079 (1E,3E)-1-(4-Fluorophenyl)-2-methyl-1-
pentene-3-one oxime) to block TRPA1 channels (all from Abcam, Cambridge, UK); CPCCOEt
(7-(Hydroxyimino)cyclopropa[b]chromen-1a-carboxylate ethyl ester) to block mGluR1, PPADS
(Pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid tetrasodium salt) to block P2, A438079
(3-[[5-(2,3-Dichlorophenyl)-1H-tetrazol-1-ylJmethyl Jpyridine hydrochloride) to block P2X7,
BzATP (2'(3")-O-(4-Benzoylbenzoyl)adenosine-5'-triphosphate tri(triethylammonium) salt) to
activate P2X7 receptors (all from Tocris Bioscience, Bristol, UK); Brefeldin A
(1,6,7,8,9,11ap,12,13,14,140a-Decahydro-18,13a-dihydroxy-6 3-methyl-4H

cyclopent(f)oxacyclotridecin-4-one) and Carbenoxolone (3f3,20p3)-3-(3-Carboxy-1-oxopropoxy)-

11-oxo0o0lean-12-en-29-oic acid disodium) were from Sigma-Aldrich.

Analysis of Ca’" signals

Ca’" signals were quantified by measuring the pixel intensity of region of interest (ROI)
corresponding to the individual astrocytes using Fiji Image] software (www.fiji.sc,
RRID:SCR _002285). Normalized changes in Fluo-4 AM fluorescence were expressed as AF/F=
(F—Fy)/Fy, i.e. the difference between Fluo-4 signal (F) and baseline Fluo-4 fluorescence (F)),
divided by Fjy. ROIs were established based on the morphology of astrocytes observed in
response to ATP. Astrocyte Ca®* signals were defined as immune cell-evoked if the change in F
relative to Fy was greater than 3 X s.d. of the baseline signal for at least 5 s and these glial cells
are named responders. To compare the magnitude of Ca®" signals evoked by immune cells with
the baseline Ca®" signals without biased selection of the threshold values, we integrated the
consecutive AF/F, signals as follows: 100 s before and 100 s from the start of immune cell
application. Experimental values are expressed as AF/F(-s in all graphs. Areas of all the AF/F)
signals were calculated in Clampfit software, VI11.0.3 (www.moleculardevices.com,

RRID:SCR_011323).

10
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ATP measurement

ATP release from Peripheral IC and CNS IIC was measured using a luciferin-luciferase assay
ATPLite kit as described in manufacturer protocol (PerkinElmer, Boston, USA), and
bioluminescence was quantified using a Chameleon plate reader (Cole-Parmer, IL, USA).
Peripheral IC and CNS IIC were maintained under the same conditions. Prior to experiments the
cells were centrifuged at 500 % g and resuspended in ECS. The same number of Peripheral IC
and CNS IIC (50 000 cells each per well) were placed in 96-well dark plate. Absolute values of
extracellular ATP were obtained from ATP standards prepared on the day of the experiment and

measured at the same time as samples.

Immunohistochemistry and analysis

For confocal microscopy EAE rats were deeply anesthetized with Zoletil®50 (Virbac; 30 mg/kg
1.p) and transcardially perfused with 0.9% NaCl. Perfused spinal cords were dissected, and
lumbar parts further processed: fixation (4% PFA (Sigma-Aldrich) in 0.1 M PBS, pH 7.4
overnight at 4 °C) and cryoprotection (increasing concentrations of sucrose (Sigma-Aldrich)
solutions, 10-30% in 0.1 M PBS, pH 7.4). Tissues were frozen in 2-methylbutane and stored at -
80 °C. 20 um thick transverse sections were cut using a cryostat. Before immunostaining
sections were 3x rinsed in PBS. Then to prevent binding of antibodies to non-specific epitopes,
sections were incubated for 30 min at room temperature in a blocking solution containing
Normal Donkey Serum (10% in PBS; Santa Cruz Biotechnology, Cat# sc-2044,
RRID:AB 10188561). For immunolabeling, sections were incubated with primary antibodies
overnight at 4 °C. After rinsing at room temperature with PBS 3x for 5 min each, sections were
incubated with a secondary antibodies for 2 h at room temperature. After rinsing 3x in PBS,
sections were mounted on glass-slides and coversliped in Mowiol (Calbiochem, Millipore,
Darmstadt, Germany). Primary antibodies used: mouse anti-CD4 (1:200, Sigma-Aldrich, Cat#
SAB4700733, RRID:AB 2828023), rabbit anti-GFAP (Glial Fibrillary Acidic Protein, 1:400,
Agilent, Cat# Z0334, RRID:AB _10013382). Secondary antibodies: donkey anti-mouse Alexa
Fluor 568 (1:250; Thermo Fisher Scientific Cat# A10037, RRID:AB 2534013), donkey anti-
rabbit Alexa Fluor 488 (1:250, Thermo Fisher Scientific, Cat# A-21206, RRID:AB_2535792).
Sections were first immunolabeled with antibody against CD4 and afterwards against GFAP.

Sections incubated with appropriate secondary antibodies without the primary antibodies were

11
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used as negative controls. Images were acquired using a Leica DMI 6000 confocal microscope

(TCS SPs5 11, Leica Microsystems, Wetzlar, Germany).

Images were processed with Fiji ImageJ software. 3-4 spinal cord sections were imaged and
analyzed per animal. The number of infiltrated CD4" T cells in the spinal cord was manually
counted in the white and grey matter from the images representing maximum intensity
projections having a z step size of 0.9 pm. Proximity analysis of the interaction between CD4" T
cells and GFAP immunolabeled astrocytes in the white and grey matter was next performed. On
the basis of CD4 staining, CD4 " T cells were identified as small spheres of approximately 6 pm
diameter. Analysis was done on the maximum z-projection (6.3 um z-stack) consisting of 7
consecutive planes with z step size of 0.9 um: 3 planes above and below the focal plane of the
CD4" T cell. The same planes of GFAP signal were used for analysis. The ROI was established
according to the size of CD4" T cell. Then the radial distance between the center of the ROI and
intersection with GFAP signal in the 0.5 pm step size up to 10 um radius was automatically
measured using Sholl analysis plugin of Fiji Imagel software (https://imagej.net/Sholl Analysis).
Cells were considered to interact if the intersection with GFAP signal was detected at the ROI
border (CD4" T cell surface), measured 3 um from the ROI center. The number of CD4" T cells

was counted manually from each section analyzed.

Statistical analyses

Data  were analyzed and  plotted  using SigmaPlot Software, VI11.0
(www.sigmaplot.com/products/sigmaplot/, RRID:SCR_003210) and GraphPad Prism Software,
V6.01 (www.graphpad.com/, RRID:SCR_002798). No data were removed prior to statistical

analysis. All datasets were tested for Gaussian distribution with the Kolmogorov-Smirnov
normality test. If compared datasets passed the normality and equal-variance tests, a two-tailed
unpaired Student’s t test was used to compare the significance difference in the means between
the two groups, otherwise a nonparametric Mann-Whitney test was chosen. When experiments
were performed on the same cell, then a Paired two-tailed Student’s t test (for data that passed
normality test) or nonparametric Wilcoxon Signed Rank test (for data that did not pass normality
test) were carried out. For multiple group datasets that did not pass normality test, one-way
ANOVA analysis on Ranks was used (Kruskal-Wallis test), followed by Dunn’s post hoc test for

multiple comparisons of means of datasets of unequal size. Full reports of statistical tests used to
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measure significance, along with the corresponding significance levels (P value), are indicated in
figures and figure legends. P values were considered significant if they were less than 0.05. All
experimental conditions were repeated with CNS IIC that were isolated from at least three
animals with EAE. CNS IIC effects were replicated in at least three independent experiments
conducted on minimum two different astrocyte culture preparations, and number of independent
experiments for each experimental condition is reported in figure legends. n represents number
of astrocytes, while N represents number of animals with EAE in experiments, and their exact
values are given in Figures and Figure legends. An estimate of the sample size needed for most
of the conducted experiments is as follows: for a control response of 100% (i.e. in the presence
of CNS IIC), a typical response SD of 40%, a response in a specific experimental condition of
30% (with various drugs), a power of 80% and P < 0.05, seven astrocytes per coverslip are
needed (http://www.biomath.info/power/ttest.htm) in each of the experimental groups. The exact
numbers depend on the drug effect size and standard deviation of data. Data are presented as
mean + SD scatter plots, and box and whisker plots. In box plots central line shows the median,
central dot shows the mean, the edges of the box define the upper and lower quartile values, and
whiskers show the minimum-maximum range. Figures were made with CoreIDRAW Graphics

Suite Software, V14.0 (www.coreldraw.com, RRID:SCR _014235).

Results

CNS IIC induce Ca*" elevation in astrocytes

Continuous cross-talk between the cells in the CNS present challenges for defining astrocyte
Ca’" dynamics during specific interaction with the CNS IIC. To achieve unambiguous astrocyte-
immune cell interaction analysis, we used an experimental system in which we monitored Ca*"
level of cultured naive spinal cord astrocytes in response to the brief bath application of the CNS
IIC isolated from the spinal cord of rats with EAE (Figure la). Rats developed an acute
monophasic EAE characterized by severe limb paralysis as previously described by (Miljkovi¢ et
al., 2011b), and CNS IIC were obtained when animals were at the late onset or at the peak of
disease. These CNS IIC isolates contain different immune cell populations, predominantly CD4"

T cells, that were recruited from the periphery into the CNS during EAE (Miljkovi¢ et al.,
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2011a). To visualize and track intracellular Ca*" dynamics of astrocytes in pure culture (Figure
S1), we used cell-permeable fluorescent Ca”" indicator Fluo-4. Initially, we monitored astrocyte
Ca’" level in response to the application of the CN'S IIC at increasing concentrations, in the range
of those reported for the pathological state of EAE (Schlédger et al., 2016). We found that CNS
IIC applied at the concentration of 5 x 10° cells/ml triggered a small Ca>" elevation in minority
of monitored astrocytes, whereas application at increasing concentrations of 25 x 10° cells/ml
and 50 x 10° cells/ml evoked robust Ca®" elevations in numerous astrocytes (Figure 1b). The
magnitude of astroglial Ca*" change increased with rising CNS IIC concentrations (Figure lc),
indicating that Ca®" signals mediate astrocyte interaction with the CNS IIC. A more moderate
concentration of 25 x 10° cells/ml of CNS IIC that was sufficient to trigger prominent Ca*"

increase in vast majority of astrocytes, was used in further experiments.

To determine if astrocyte Ca" increase is triggered specifically by the immune cells infiltrated in
the CNS, we next subjected astrocytes to the immune cells isolated from the cervical lymph node
of EAE rat (Peripheral IC). Time-lapse Ca®" imaging revealed a striking difference between
astrocyte responsiveness to the immune cells: astrocytes did not exhibit a Ca®" change in
response to the Peripheral IC application, while they responded to the subsequently applied CNS
IIC with a large Ca®" elevation (Figure 1d-1f). These CNS IIC-evoked Ca”" transients exhibited
similar waveforms, began at the onset delay of 11.312 + 6.760 s (mean + SD, n = 32 astrocytes)
and persisted for many seconds after the cessation of CNS IIC application. Moreover, astrocytes
exhibited a large and stable Ca®" increases in response to the consecutive CNS IIC applications
(Figures 1g, 1h), indicating that interaction between astrocytes and CNS IIC is consistent. In
addition, CNS IIC isolated from EAE rats of both sexes triggered Ca®* responses in a comparable
number of astrocytes, and similarly enhanced astroglial Ca** (Figure S2), suggesting that sex
difference does not affect the ability of CNS IIC to stimulate Ca*" elevation in astrocytes in our

experimental system.

To assess whether astrocyte Ca*" increase is evoked by the CNS IIC or immune cells-derived
soluble factors which define a significant part of immune cell intercellular signaling in the CNS
autoimmunity (Goverman, 2009; Mayo et al., 2012), we next monitored Ca* dynamics of
astroglia during application of the CNS IIC or their conditioned medium (Figure 1i). Removal of

the CNS IIC and application of the CNS IIC-conditioned medium promoted Ca** change in
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minority of astrocytes, relative to the CNS IIC presence in the matched interleaved control
triggering Ca”" increase in numerous glial cells (Figure 1j). Moreover, astrocytes in which we
detected a response in the CNS IIC-conditioned medium had a 52% smaller Ca®" elevation than
that evoked when the CNS IIC were present (Figure 1k). These results indicate that CNS IIC in

close proximity to astrocytes dominate a rapid intracellular Ca’" increase in these glial cells.

CNS IIC-induced increase in astrocyte Ca’" does not require metabotropic

glutamate receptors or TRPA1

Many mechanisms leading to an intracellular Ca*" increase in astrocytes have been described.
An important role has been assigned to the metabotropic group I receptors for glutamate
(mGluR1 and mGluR5), a G-protein coupled receptors that liberate Ca*" from internal stores
(Araque et al., 2014). A non-selective transient receptor potential A1 (TRPA1) cation channels
have also been implicated in contributing to the astroglial Ca®" increase by regulating Ca®" influx
into the astrocytes (Shigetomi et al., 2013). We assessed whether inhibition of these plasma
membrane proteins on astrocytes attenuated Ca*" change induced by the CNS IIC application
(Figure 2a). However, in our experiments CNS IIC-triggered astrocytic Ca®" changes were not
affected by bath applied blockers of mGluR1 (blocked by 100 uM CPCCOEt; Fig. 2b-2d) and
mGIuRS receptors (blocked by 50 uM MPEP; Figure 2e-2h), or the TRPA1 blocker A967079
(10 uM; Figure 2i-2k). Astrocytes displayed robust transient Ca®" increases in response to the
CNS IIC application as those we measured in the interleaved Control experiments without the
blockers (Figure 2d, 2h, 2k). Furthermore, blockers of tested receptors and channels did not alter
the proportion of responding astrocytes relative to their interleaved Controls (Figure 2b, 2f, 21i).
These results indicate that CNS IIC-evoked increase in astroglial Ca** is a phenomenon that does
not result from the activation of mGluR1, mGIluR5 or TRPAI1, and that there is another

mechanism that enables Ca”" change in these glial cells.

CNS IIC induce Ca’" elevation in astrocytes via P2X7 receptor activation

Purinergic signaling is the most widespread mean of astroglial intercellular communication
(Butt, 2011). In addition, astrocyte response to the pathophysiological stimuli is often associated

with a intracellular Ca*" increase mediated by the P2 purinergic receptors (Franke et al., 2012),
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raising the possibility that these receptors may contribute to the CNS IIC-induced Ca®" elevation
in astrocytes. To explore this possibility, we next blocked purinergic receptors on astrocytes and
monitored the response of glial cells to the CNS IIC application (Figure 3a). Blocking glial P2
receptors with a non-selective blocker PPADS (50 puM) strongly reduced the proportion of
astrocytes that responded to the applied CNS IIC by 56% (Figure 3b). Moreover, the fraction of
astrocytes in which we detected a Ca®" change with PPADS present, had a 60% smaller Ca*"
elevation relative to the interleaved Control (Figure 3c, 3d), indicating that purinergic receptors
participate in the CNS IIC-induced Ca®" change in astroglial cells. To define the receptor
subtypes responsible, in the next experiments we applied selective purinoreceptor antagonists to
astrocytes. Blocking metabotropic G-protein coupled P2Y1 receptors, a highly potent stimulant
of Ca*" release from intracellular stores (Butt, 2011) with MRS 2179 (10 pM), however, did not
affect CNS IIC-induced astroglial Ca*" increase, and the proportion of astrocytes responding to
the CNS IIC application was the same as in the interleaved Control (Figure 3e-3g). Previous
studies have implicated P2X7 receptors as an important component of astroglial response to the
inflammatory conditions in MS (Narcisse et al., 2005; Amadio et al., 2017). Given that P2X7
receptors are ATP-gated cation channels controlling Ca®* entry into astrocytes (Fumagalli et al.,
2003; Hamilton et al., 2008), we next determined whether this receptor type plays a role in
regulating astroglial Ca®" dynamics during interaction with the CNS IIC. Block of the P2X7
receptors with A438079 (10 uM), reduced the proportion of astrocytes that responded to the
CNS IIC application by 72%, and Ca*" change of a few cells detected in this antagonist was 74%
smaller relative to that measured in the interleaved Control (Figure 3h-3j). Short application of
BzATP at a low concentration (5 pM, for 5 s) (Khadra et al., 2013), an agonist of P2X7
receptors, produced P2X7 receptor-dependent transient Ca>" increase in astrocytes similar to that
triggered by the CNS IIC (Figure 3k, 31). Together, these results indicate that CNS IIC-induced

Ca”" increase in astrocytes occurs primarily due to the activation of astroglial P2X7 receptors.

CNS IIC-induced P2X7 receptor activation and Ca’" increase in astrocytes depend

on astroglial hemichannels

Astrocytes are the main source of ATP in the CNS (Franke et al., 2012), but immune cells can

also release this purine (Burnstock and Boeynaems, 2014), creating new challenges for
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assessment of the mechanism of P2X7 receptor-mediated astroglial Ca®" increase induced by the
CNS IIC. To determine if the CNS IIC-derived ATP activates glial P2X7 receptors, we next
quantified release of this purine from the CNS IIC and the Peripheral IC using luciferin-
luciferase chemiluminescence bioassay (Figure 4a). Given previous reports of increased ATP
secretion from activated immune cells (Schenk et al., 2008; Ledderose et al., 2018; Dosch et al.,
2019), and the complete absence of astrocyte response to the Peripheral IC application (see
Figure le), we predicted that CNS IIC would activate astroglial purinergic receptors by releasing
more ATP. Unexpectedly, concentration of extracellular ATP released by the CNS IIC was
similar to that measured for the Peripheral IC (Figure 4a), suggesting that immune cell-derived

ATP did not induce P2X7 receptor activation in astrocytes.

Astrocyte-derived ATP has been shown to act as a signaling molecule which activates purinergic
receptors in an autocrine or paracrine manner (Figueiredo et al., 2014; Shen et al., 2017; Nikolic
et al., 2018), providing a means to assess this role of astroglial ATP in activating P2X7 receptors
during interaction with CNS IIC. To achieve this assessment, in the following experiments we
disrupted mechanisms of ATP release from astrocytes (Figure 4b). To inhibit vesicular ATP
release, we incubated glial cells in brefeldin A (Bref. A, 2 pg/ml). Although this manipulation
has been reported to inhibit ATP-dependent Ca®" elevation in astrocytes (Bowser and Khakh,
2007), astrocyte response to the CNS IIC application persisted, with the proportion of responding
glial cells and average magnitude of their Ca®" change unaltered relative to the interleaved
control (Figure 4c-4¢). In marked contrast, carbenoxolone (CBX, 50 uM) which inhibits release
of ATP through the astrocytic hemichannels (Kang et al., 2008; Chever et al., 2014; Delekate et
al., 2014), reduced the proportion of responding astrocytes by 56%, and reduced the magnitude
of their Ca>" increase by 65%, relative to the CNS IIC effect in the interleaved Control (Figure
4f-4h). Of note, CBX did not prevent Ca®" response of astrocytes to the subsequently applied
ATP, indicating that glial ability to react to ATP was not affected by this inhibitor (Figure 41).
Together, these results support the conclusion that CNS IIC application promotes astroglial
hemichannel-controlled ATP release which then activates P2X7 receptors and causes increase in

. 2+ .
cytosolic Ca” in astrocytes.
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CNS infiltrated CD4" T cells increase astroglial Ca®" activity and interact with

astrocytes during EAE

CD4" T cells mainly constitute CNS IIC isolate (Miljkovi¢ et al., 2011a), and are recognized to
be critical for the establishment and perpetuation of EAE (McFarland and Martin, 2007),
providing a means to determine whether CNS IIC-induced Ca®" increase in astrocytes is
specifically CD4" T cell-associated. To assess this effect, we next purified CD4" CNS infiltrated
T cells (CD4" CNS ITC) from the rest of the CNS IIC population (CNS IIC without CD4" ITC)
isolated from the spinal cord of EAE rat, and monitored astrocyte Ca®" level upon application of
these two groups of CNS IIC. The proportion of CD4" CNS ITC measured by the flow
cytofluorometry (40.916% =+ 11.156%, mean + SD, N = 6 EAE rats, 6 independent
measurements), constituted approximately half of the CNS IIC population, thus, we applied
CD4" CNS ITC and CNS IIC without CD4" ITC at the same 25 x 10° cells/ml concentration,
which we found to induce reliable Ca®" increase in astrocytes (see Figure 1h). Remarkably, CD4"
CNS ITC application evoked a vigorous Ca®" increase in a majority of monitored astrocytes,
whereas subsequently applied CNS IIC without CD4" ITC induced Ca** change in a minor
portion of the glial cells (Figure 5a, 5b). Notably, Ca®" increase in astrocytes induced by the
CD4" CNS ITC was 9.1x higher relative to that detected with the CNS IIC without CD4" ITC
(Figure 5¢). Indeed, astrocytes displayed robust Ca®" increase in the presence of CD4" CNS ITC
that was remarkably similar to the Ca®" elevation observed in the interleaved Control experiment
when the total population of the CNS IIC was applied (Figure 5c). Together, these results

indicate that autoreactive CD4" T cells are sufficient to induce Ca®" increase in astroglial cells.

Infiltrated CD4" T cells have been shown to exhibit random walk behavior in EAE (Schliger et
al., 2016) and they may often interact with astrocytes in situ, accounting for the abundance of
these glial cells and their almost complete coverage of the CNS. To visualize spatial distribution
of CD4" T cells relative to astrocytes, we performed immunolabeling of these two cell types in
the spinal cord of EAE rat. Immunolabeled CD4" T cells were scattered deeply in the spinal cord
parenchyma and neighbored by the meshwork of astrocytes immunostained for GFAP (Figure
S3). By using proximity analysis we found that a substantial portion of the CNS infiltrated CD4"
T cells interact with a GFAP labeled astrocytes during EAE (Figure 5d, 5e). These results
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suggest that interaction between astrocytes and CD4" T cells in the glial local environment

occurs in the inflamed CNS, as indicated by our Ca*" imaging data.

Discussion

This work shows that Ca*" signals mediate rapid astroglial interaction with the CNS IIC. We
reveal here that brief application of autoreactive immune cells isolated from the CNS of rat with

EAE induces a rapid purinergic receptor-dependent Ca>" elevation in cultured naive astrocytes.

In the setting of autoimmune inflammatory disease such as MS, interactions between many cell
types of the immune and CNS systems create an inflammatory CNS environment that drives
demyelination rendering neurons susceptible to degeneration. These interactions occur between
immune cells and glial cells, including astrocytes (Kang et al., 2010; Mayo et al., 2014, 2016),
microglia (Carson, 2002; Heppner et al., 2005) or oligodendrocyte precursor cells (Kirby et al.,
2019). In addition, astrocytes engage in interaction with oligodendrocyte progenitors and
microglia in this disease, a cellular dialogues through which astrocytes can promote inhibition of
remyelination (Kirby et al., 2019), and gain ability to induce the death of neurons (Liddelow et
al., 2017). Because of these complex astroglial interactions with many cell types, it is difficult to
obtain an insight into the astroglial activity pattern specifically in response to the autoreactive
immune cells which are considered to mediate early steps of MS and EAE pathology (McFarland
and Martin, 2007). To overcome these limitations, we performed imaging of cultured astrocytes
Ca’" dynamics upon application of the CNS IIC isolated from the rat with EAE, allowing

visualization of the CNS IIC-evoked changes in astroglial activity pattern on a fast time scale.

Astrocytes exhibit dynamic changes in their activity and structure on a temporal scale that spans
several orders of magnitude, from miliseconds to days, enabling them to respond to the
requirements of their environment in physiological and pathological conditions (Anderson et al.,
2014; Nimmerjahn and Bergles, 2015). In EAE, immune cell-derived inflammatory mediators
have been shown to induce profound changes in the expression of inflammation-associated genes
in astrocytes (Qian et al., 2007; Mayo et al., 2016; Prajeeth et al., 2017). These changes induced
by the inflammatory factors are commonly associated with a long-lasting astroglial modifications
that involve cellular hypertrophy and proliferation (e.g. reactive astrogliosis) (Anderson et al.,

2014). Our studies indicate that immune cell-astrocyte interaction can also occur on a faster time
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scale. By imaging intracellular Ca®" in astrocytes we reveal that autoreactive CNS IIC and not
the Peripheral IC in close proximity to astrocytes within seconds induce a robust and transient
astroglial Ca®" elevation. Our results also reveal that this interaction is consistent, and indicate
that astrocytes would exhibit a transient Ca*" increase each time they encounter autoreactive
immune cells in their local environment. Moreover, we show that astroglial Ca’" increase is
primarily induced by the application of autoreactive CD4" T cells, an immune cell type that has a
critical role in pathogenesis of CNS autoimmunity (Goverman, 2009), and astrocyte-CD4 " T cell
interaction appears to be effective in the spinal cord of rat with EAE. Together, these results
indicate that in addition to the immune cell-promoted long-lasting phenotypic changes in
astrocytes in EAE (Brambilla, 2019), autoreactive immune cells can evoke a rapid change in the

fundamental, Ca®" based aspect of astrocyte physiology.

CNS IIC-induced Ca®" increase in astrocytes was markedly attenuated after the specific block of
P2X7 receptors, and was mimicked by the stimulation of this glial receptor with a low
concentration of agonist, suggesting that P2X7 receptor-dependent signaling primarily mediates
CNS IIC-astrocyte interaction in our studies. Our data also reveal that activation of P2X7
receptors is regulated mainly within astrocytes, because blocking the hemichannel-dependent
ATP release in these glial cells strongly reduced Ca®" increase induced by the CNS IIC
application. Of note, Ca”" increase in astrocytes was detected ~10 s after the onset of the CNS
IIC application, presumably reflecting the steps required to promote ATP release from
hemichannels to activate P2X7 receptors on astrocytes. These initial steps remain unknown but
may be mediated by integrins, adhesion molecules mediating cell-cell communication that are
upregulated on T cells infiltrated into the CNS in MS and EAE (Archelos et al., 1999). Indeed,
integrin engagement has been linked to the astrocyte P2X7 receptor activation (Henriquez et al.,
2011) by the hemichannel-derived ATP and to the subsequent increase in the intracellular Ca**in
these glial cells (Alvarez et al., 2016). Our data conclusively demonstrate that P2X7 receptor-
dependent signaling dominates CNS IIC-induced Ca®’ elevation in astrocytes. This could
contribute to the release of signaling molecules from astrocytes and accelerate neurodegenerative
processes in CNS autoimmunity. Indeed, activation of astroglial P2X7 receptors is closely
associated with a downstream cytokine, glutamate and reactive oxygen species release from
astrocytes, a processes that drive neuroinflammation and neuronal damage (Burnstock and

Knight, 2018).
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Our data indicate that astrocyte interaction with the immune cells infiltrated into the CNS shares
some key features of the signaling these glial cells utilize to communicate with their CNS-
resident neighbors, namely the increase in intracellular Ca®" regulated by purinergic receptor
activation. Indeed, purine-mediated signaling has been considered to be a dominant form of
astrocyte intercellular communication in the CNS, by virtue of these cells to release purines to
modulate neuronal activity, to communicate among each other and with other types of glia
(Fields and Burnstock, 2006; Butt, 2011). Moreover, purine-mediated astroglial signaling is
enhanced in pathological states such as epilepsy (Alvarez-Ferradas et al., 2015), Alzheimer’s
disease (Delekate et al., 2014) or cerebral ischemia (Kuboyama et al., 2011). In MS, increase in
the expression of P2X7 receptor has been observed in hypertrophic astrocytes in the frontal
cortex parenchyma of MS patients (Amadio et al., 2017), and our data suggest that signaling
mediated by this purinergic receptor may be important for astrocyte intercellular communication

with a nearby autoreactive immune cells in CNS autoimmunity.

Essential aspects of the intracellular Ca®" signals described in cultured astrocytes (Cornell-Bell et
al., 1990), have been substantiated in acute brain slices (Porter and McCarthy, 1996), as well as
in vivo (Hirase et al., 2004; Wang et al., 2006). However, caution should be exercised in
extrapolating the results of this study to EAE and MS. We have shown that CNS IIC-induced
astroglial response is rapid and consistent, leading us to favor the idea that in the inflamed CNS,
CNS IIC in astroglial local environment may frequently induce Ca*" increase in these glial cells.
A part of astroglial response is most likely mediated by the CNS IIC-derived inflammatory
mediators. Indeed, we have observed that application of the CNS IIC-conditioned medium
induced Ca’" increase in a minor fraction of glial cells and of a lower magnitude, and previous
studies have shown that astrocytes exhibit Ca*" elevation in response to the application of
inflammatory cytokines (Domercq et al., 2006; Nikolic et al., 2018). However, we do not rule
out the possibility that astrocyte-immune cell interaction revealed in these studies may be shaped
by the inputs from other cells in the neuroinflammatory CNS environment, predominantly that
from activated microglia. Indeed, proinflammatory cytokines derived from activated microglia
can affect not only the response of the CNS infiltrating CD4" T cells in EAE by regulating their
expansion and differentiation (Li et al., 2003; Dong and Yong, 2019), but can also promote
neurotoxic astroglial activity in MS (Liddelow et al., 2017). Consequently, the net effect of these

microglial inputs on the astrocyte-immune cell interaction in EAE is difficult to predict. Future

21



636
637
638

639
640
641
642
643
644
645
646
647

648

649
650

651

652
653
654
655
656
657
658
659

660

661
662
663
664

studies involving selective manipulation of individual cell type’s activities will help to clarify the
actual outcome of this intercellular crosstalk on the immune cell-induced astrocyte Ca®"

signalling in CNS autoimmunity.

Our studies have focused primarily on understanding of the CNS IIC effect on astroglial pattern
of activity which is important to understand how astrocytes respond to the autoreactive immune
cells present in their local environment in CNS autoimmunity. Our results establish a sequence
of events that control CNS IIC-evoked rapid Ca’" increase in astrocytes, and offer new
conceptual framework for studying astrocyte-immune cell interaction in CNS autoimmunity.
Further studies will help define the roles of these astroglial Ca®" changes with early and
persistent neurodegenerative processes in EAE. This analysis may reveal new strategies for

ameliorating neuroinflammation in an autoimmune disease.
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Application of the central nervous system (CNS) infiltrated immune cells induces a rapid
increase in intracellular Ca®" in cultured naive astrocytes through glial purinergic receptor-
mediated signaling. This provides an insight into the astroglial response to the immune cells in
their local environment in CNS autoimmunity.
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Figure legends

Figure 1.

CNS IIC application induces astroglial Ca** elevation.

(a) Upper: Cartoon of experimental approach for Ca®" imaging of cultured naive spinal cord
astrocytes during bath application of CNS infiltrated immune cells (CNS IIC) isolated from the
spinal cord of rat with EAE. Lower: First raw of images show purified cultured astrocytes
immunostained for GFAP (green), Hoechst was used to stain the cell nuclei (blue), scale bar 50
um; Bottom raw of images illustrate applied CNS IIC (yellow) in close proximity to astrocytes in
the experimental set up, scale bar 20 um. (b) Upper: Example traces of astroglial Ca®" increases
(Fluo-4 fluorescence) induced by the CNS IIC applied at concentrations of 5 x 10° cells/ml (left),
25 x 10° cells/ml (middle) and 50 x 10 cells/ml (right). Lower: Fractions of astrocytes
responding to the applied CNS IIC. Graphs represent mean + SD, number of responders out of
total number of monitored astrocytes from 3 independent experiments is shown for each CNS
IIC concentration applied, N = 3 EAE rats. (¢) Summary graph comparing astrocyte Ca®’
changes from experiments shown in b (One-way ANOVA analysis on Ranks, Kruskal-Wallis
test; P < 0.001; Dunn’s post hoc test: P = 0.036 for 5 x 10* cells/ml versus 25 x 10° cells/ml, P
<0.001 for 25 x 10° cells/ml versus 50 x 10° cells/ml, P <0.001 for 5 x 10% cells/ml versus 50
x 10°/ml). n represent number of responders. (d) Time-lapse images of Fluo-4 fluorescence in
astrocytes before (left) and during application of immune cells isolated from the cervical lymph
node (Peripheral IC, middle) and from the CNS (CNS IIC, right) of EAE rat (each applied at 25
x 107 cells/ml concentration). Scale bar: 20 pm. (e) Left: Fractions of astrocytes responding to
the Peripheral IC and CNS IIC. Graph represents mean = SD, number of responders out of total
number of monitored astrocytes from 4 independent experiments is shown, N = 4 EAE rats.
Right: Green trace represents mean Ca® change in all responders (n = 32 astrocytes). Bottom:
Ca®" changes in individual astrocytes color-coded according to the fluorescence change. (f)
Summary graph comparing astroglial Ca*” changes from experiments shown in e (Wilcoxon
Signed Rank Test; z = 4.937; P < 0.001). Data are shown as mean £ SD, n is number of
responders. (g) Left: Schematic illustrating 2 consecutive applications of CNS IIC on astrocytes
(CNS IIC concentration is 25 x 10’ cells/ml). Right: Example traces from 12 astrocytes showing
Ca®" changes resulting from 1% and 2" application of the CNS IIC. (h) Summary graph
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comparing astroglial Ca®" elevations induced by the 1% and 2nd application of the CNS IIC
(Wilcoxon Signed Rank Test; n = 31 astrocytes from 3 independent experiments; z = 1.470; P =
0.144). Data are shown as mean =+ SD. (i) Schematic illustrating measurement of astrocyte Ca*"
level in the presence of the CNS IIC or their matched conditioned medium (CNS IIC-conditioned
medium). (j) Left: Images of Fluo-4 fluorescence in astrocytes during application of CNS IIC
and CNS IIC-conditioned medium. Right: Fractions of responders. Graph represents mean + SD,
number of responders out of total number of monitored astrocytes from 5-6 independent
experiments for each condition is shown, N = 4 EAE rats (Unpaired two-tailed Student’s t test;
1¢=5.413; P < 0.001). Scale bars: 20 um. (k) Example traces and summary graph showing Ca*"
changes in astrocytes induced by the CNS IIC and by the CNS IIC-conditioned medium (Mann-
Whitney test; U = 159.000; P = 0.005). n is number of responders. In box and whisker plots,
central line shows the median, central dot shows the mean, the edges of the box define the upper
and lower quartile values, and whiskers show the minimum-maximum range. Open circles
represent independent experiments. Grey circles represent astrocytes. Grey rectangles depict

immune cell application.

Figure 2.

CNS IIC-evoked Ca®" increase in astrocytes persists in the presence of mGluR group I
receptors and TRPA1 channels inhibitors.

(a) Schematic: Imaging of astroglial response to the CNS IIC application (25 % 10° cells/ml) in
the control ECS and ECS containing blockers (100 uM CPCCOEt, 50 uM MPEP or 10 uM
A967079). (b) Images of Fluo-4 fluorescence (left) and fractions of astrocytes (right) responding
to the applied CNS IIC in interleaved Control and after the block of astroglial mGluR1 with
CPCCOEt. Graph represents mean = SD, number of responders out of total number of monitored
astrocytes from 4 independent experiments for each condition is shown, N = 3 EAE rats
(Unpaired two-tailed Student’s t test; #,=1.284; P = 0.247). Scale bars: 20 um. (¢) Example traces
showing characteristics of astroglial Ca®* changes induced by the CNS IIC in interleaved Control
and in the presence of CPCCOE. (d) Summary graph comparing CNS IIC-evoked Ca®" changes
in astrocytes from experiments shown in b (Unpaired two-tailed Student’s t test; #;9,=0.117; P =
0.907). n is number of responders. (e) Images of Fluo-4 fluorescence in astrocytes during

application of the CNS IIC in interleaved Control and after the block of astroglial mGIuRS with
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MPEP. Scale bars: 20 um. (f) Fractions of astrocytes responding to the applied CNS IIC in
interleaved Control and in the presence of MPEP. Graph represents mean = SD, number of
responders out of total number of monitored astrocytes from 5 independent experiments for each
condition is shown, N = 3 EAE rats (Unpaired two-tailed Student’s t test; z5=1.403; P = 0.198).
(g, h) Example traces (in g) and summary graph (in h) showing Ca*" changes in astrocytes
evoked by application of the CNS IIC in interleaved Control and with MPEP (in h: Mann-
Whitney test; U = 1226.000; P = 0.266). n is number of responders. (i) Images of Fluo-4
fluorescence (left) and fractions of astrocytes (right) responding to the CNS IIC application in
interleaved Control and after the astroglial TRPA1 channels block with A967079. Graph
represents mean = SD, number of responders out of total number of monitored astrocytes from 4
independent experiments for each condition is shown, N = 4 EAE rats (Mann-Whitney test; U =
7.500; P = 0.886). Scale bars: 20 um. (j) Example traces of Ca*" changes in astrocytes induced
by the CNS IIC in interleaved Control and in the presence of A967079. (k) Summary graph
comparing astroglial Ca*" elevations from experiments in i (Mann-Whitney test, U = 665.000; P
= 0.477). n is number of responders. Box and whisker plots as defined in Figure 1. Open circles

represent independent experiments. Grey rectangles depict immune cell application.

Figure 3.

P2X7 receptor-mediated signaling is required for CNS IIC-induced Ca’" increase in
astrocytes.

(a) Schematic: Imaging of astrocyte Ca*" level during application of CNS IIC (25 x 10° cells/ml)
in the control ECS and ECS containing the blockers of astroglial purinergic receptors (50 uM
PPADS, 10 pM MRS2179 receptors or 10 pM A438079). (b) CNS IIC-induced Ca** changes in
individual astrocytes color-coded according to the fluorescence change from interleaved Control
and after application of PPADS. Bottom: Fractions of responders. Graph represents mean + SD,
number of responders out of total number of monitored astrocytes from 4-5 independent
experiments for each condition is shown, N = 3 EAE rats (Unpaired two-tailed Student’s t test;
17=5.447; P < 0.001). (¢) Example traces showing characteristics of Ca®" elevations in astrocytes
evoked by the CNS IIC from interleaved Control and after the block of P2 receptors with
PPADS. (d) Summary graph comparing CNS IIC-evoked Ca*" changes in astrocytes from
experiments shown in b (Mann-Whitney test, U = 70.000; P < 0.001). n is number of responders.
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(e) CNS IIC-induced Ca®" changes in individual astrocytes color-coded according to the
fluorescence change from interleaved Control and after application of MRS2179. Bottom:
Fractions of responders. Graph represents mean + SD, number of responders out of total number
of monitored astrocytes from 3 independent experiments for each condition is shown, N =3 EAE
rats (Unpaired two-tailed Student’s t test; #,=0.133; P = 0.901). (f) Example traces displaying
Ca®" changes in astrocytes evoked by the CNS IIC from interleaved Control and after the block
of P2Y1 receptors with MRS2179. (g) Summary graph comparing astroglial Ca*’ changes from
experiments shown in e (Mann-Whitney test, U = 366.000; P = 0.418). n is number of
responders. (h) Left: CNS IIC-induced Ca*" changes in individual astrocytes color-coded
according to the fluorescence change from interleaved Control and after application of A438079.
Right: Fraction of responders. Graph represents mean £ SD, number of responders out of total
number of monitored astrocytes from 3 independent experiments for each condition is shown, N
= 3 EAE rats (Unpaired two-tailed Student’s t test; £,=7.228; P = 0.002). (i) Example traces
displaying Ca®" elevations in astrocytes evoked by the CNS IIC from interleaved Control and
after application of A438079 to block P2X7 receptors. (j) Summary plot comparing astrocyte
Ca’" changes from experiments shown in h (Mann-Whitney test, U = 10.000; P < 0.001). n is
number of responders. (k) Example trace showing astroglial Ca®" increase evoked by application
of BzATP (depicted with blue rectangle) to activate astroglial P2X7 receptors. (I) Graph
comparing astrocyte Ca>" changes induced by BzATP and CNS IIC in interleaved experiments
(Mann-Whitney test, U = 562.000; P = 0.541), 3 EAE rats, n is number of astrocytes from 3
independent experiments for each condition. Box and whisker plots as defined in Figure 1. Open

circles represent independent experiments. Grey rectangles depict immune cell application.

Figure 4.

CNS IIC-induced P2X7 receptor activation and Ca’" increase in astrocytes depend on
astroglial hemichannels.

(a) Schematic of experimental approach for quantitative measurement of ATP from CNS IIC and
Peripheral IC using Luciferin-luciferase bioluminescence assay. Right: Graph comparing ATP
release from CNS IIC and Peripheral IC (Unpaired two-tailed Student’s t test; N = 8 EAE rats; 8
measurements for each immune cell group; #;, = 0.582; P = 0.570). (b) Schematic: Imaging of

astrocyte Ca*" level during application of the CNS IIC in control ECS and with brefeldin A (2
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pg/mL Bref. A) or carbenoxolone (50 uM CBX) to disrupt ATP release from astrocytes. (¢) Left:
Images of Fluo-4 fluorescence in astrocytes during application of the CNS IIC in interleaved
Control and after treatment with Bref. A. Scale bars: 20 um. Right: Fractions of responders.
Graph represents mean + SD, number of responders out of total number of monitored astrocytes
from 3-4 independent experiments for each condition is shown, N = 3 EAE rats (Unpaired two-
tailed Student’s t test; £5=0.924; P = 0.398). (d) Example traces of Ca’" elevations in astrocytes
induced by the CNS IIC in interleaved Control and in Bref. A. (e) Summary graph comparing
CNS IIC-evoked Ca”" changes in astrocytes from experiments shown in ¢ (Mann-Whitney test,
U = 507.000; P = 0.510). n is number of responders. (f) Left: Images of Fluo-4 fluorescence in
astrocytes during application of the CNS IIC from interleaved Control and with CBX. Scale bars:
20 um. Right: Fractions of responders. Graph represents mean + SD, number of responders out
of total number of monitored astrocytes from 3-4 independent experiments for each condition is
shown, N = 3 EAE rats (Unpaired two-tailed Student’s t test; #5=3.858; P = 0.012). (g) Example
traces showing Ca®" changes in astrocytes induced by the CNS IIC in interleaved Control and
with CBX. (h) Summary plot comparing CNS IIC-evoked Ca*" changes in astrocytes from
experiments shown in f (Mann-Whitney test, U = 47.000; P = 0.004). n is number of responders.
(i) Example traces from 5 astrocytes showing characteristics of Ca®” changes evoked by the CNS
IIC and ATP (depicted by blue rectangle) with CBX present. CNS IIC are applied at 25 x 10°
cells/ml concentration. Box and whisker plots as defined in Figure 1. Open circles represent

independent experiments. Grey rectangles depict immune cell application.

Figure 5.

CNS infiltrated CD4" T cells specifically increase astroglial Ca** and interact with
astrocytes during EAE.

(a) Time-lapse images of Fluo-4 fluorescence in astrocytes before (left) and during application of
CD4" CNS infiltrated T cells (CD4" CNS ITC, middle) and the rest of the CNS infiltrated
immune cell population (CNS IIC without CD4" ITC, right) isolated from the spinal cord of EAE
rat (each applied at 25 x 10° cells/ml concentration). Scale bar: 50 pm. (b) Left: Fractions of
astrocytes responding to the applied CD4™ CNS ITC and CNS IIC without CD4" ITC. Graph
represents mean = SD, number of responders out of total number of monitored astrocytes from 3

experiments is shown, N = 3 EAE rats (Paired two-tailed Student’s t test; #,=6.608; P = 0.022).
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Right: Green trace shows a mean Ca®" change in all responders to the CD4" CNS ITC and to the
subsequently applied CNS IIC without CD4" ITC (n = 36 astrocytes). Bottom: Ca>" changes in
individual astrocytes color-coded according to the fluorescence change. (¢) Summary graph
comparing astrocyte Ca’" levels after application of the CD4™ CNS ITC and CNS IIC without
CD4" ITC (Wilcoxon Signed Rank Test; z = 5.232; P < 0.001) and after application of the CNS
IIC in the interleaved experiments (Mann-Whitney test, U = 495.000; P = 0.323). Data are
shown as mean + SD, n represent number of responders. (d, e) Confocal z-projection (in d) and
orthogonal view (in e) images of CD4 labeled T cells (magenta) and GFAP labeled astrocytes
(green) from grey (in red rectangle) and white (in blue rectangle) matter of the EAE rat spinal
cord. Images are maximum intensity projections of 6.3 um z-stack. Scale bars: 10 um. Average
fraction of CD4" infiltrated T cells interacting with GFAP labeled astrocytes in the spinal cord of
EAE rat (white and grey matter) is shown in e (bottom). Graph represents mean + SD; N = 3
EAE rats, 3-4 spinal cord sections per animal were analyzed (depicted with squares). Box and
whisker plots as defined in Figure 1. Open circles represent independent experiments. Grey

rectangles depict immune cell application. Grey circles represent astrocytes.

Figure S1: Assessment of culture purity (Related to Figure 1).

Confocal images show cultured cells immunostained for astrocyte-specific marker (anti-GFAP,
GFAP, green), microglia-specific marker (anti-Ibal, Ibal, magenta), and oligodendrocyte-
specific marker (anti-CNPase, CNPase, grey). Cell Nuclei were stained with DAPI (blue). Graph
shows % of GFAP", Ibal” and CNPase' cells (485 nuclei were analyzed from 6 coverslips).
GFAP" astrocytes constitute more than 90% of cultured cells (447 out of 485 cells), while the
remaining cells represent Ibal” microglia (23 out of 485 cells). CNPase' oligodendrocytes were
not detected (0/485 cells). In box and whisker plots, central line shows the median, central dot
shows the mean, the edges of the box define the upper and lower quartile values, and whiskers

show the minimum-maximum range. Scale bar: 20 pm.

Figure S2: Ca®" responses of astrocytes induced by the CNS IIC isolated from female and
male rats with EAE (related to Figure 1).
(a) Fractions of astrocytes responding with a Ca®" increase to the applied CNS IIC isolated from

the female (N = 8 EAE rats) and male (N = 6 EAE rats) rats with EAE. Graph represents mean +
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SD, number of responders out of total number of monitored astrocytes from 8-10 experiments is
shown (Unpaired two-tailed Student’s t test; #;,~=0.721; P = 0.481). Open circles represent
independent experiments. (b) Graph comparing astroglial Ca®" changes induced by the CNS IIC
of female and male EAE rats (Mann-Whitney test; U = 4253.000; P = 0.977). n is number of
responders. CNS IIC are applied at 25 x 10° cells/ml concentration. In box and whisker plots,
central line shows the median, central dot shows the mean, the edges of the box define the upper

and lower quartile values, and whiskers show the minimum-maximum range.

Figure S3: Immunohistochemistry of the spinal cord of rat with EAE (related to Figure 5).
Confocal images show maximum z-projection of EAE rat spinal cord immunostained for CD4" T
cells (anti-CD4, CD4, magenta) and surrounding astrocytes (anti-GFAP, GFAP, green).
Infiltrated CD4" T cells are spread in the parenchyma and surrounded by astrocytes. Scale bar:
20 pm. Graph shows density of CNS infiltrated CD4" T cells in the spinal cord of EAE rat (N =
3 EAE rats). Data are shown as mean = SD. 3-4 spinal cord sections per animal were analyzed

(depicted with squares).
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