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Abstract:  31 

Astrocytes have prominent roles in central nervous system (CNS) function and disease, with 32 

subpopulations defined primarily by morphologies and molecular markers often determined in cell culture.  33 

Here, we identify an in vivo astrocyte subpopulation termed “ieAstrocytes (immediate-early astrocytes)” 34 

that is defined by functional c-Fos activation during CNS disease development. An unbiased screen for 35 

CNS cells showing c-Fos activation during experimental autoimmune encephalomyelitis (EAE), a mouse 36 

model for multiple sclerosis (MS), was developed by using inducible, TetTag c-Fos reporter mice that label 37 

activated cells with a temporally stable, nuclear green fluorescent protein (GFP). Four-dimensional (3-D 38 

over time) c-Fos activation maps in the spinal cord were produced by combining tissue clearing (iDISCO) 39 

and confocal microscopy that identified onset and expansion of GFP
+
 cell populations during EAE.  Over 40 

95% of the GFP
+
 cells showed glial fibrillary acidic protein (GFAP) immunoreactivity – in contrast to 41 

absent or rare labeling of neurons, microglia, and infiltrating immune cells – which constituted ieAstrocytes 42 

that linearly increased in number with progression of EAE.  ieAstrocyte formation was reduced by either 43 

astrocyte-specific genetic removal of sphingosine 1-phosphate receptor 1 (S1P1) or pharmacological 44 

inhibition by fingolimod (FTY720), an FDA-approved MS medicine that can functionally antagonize S1P1.  45 

ieAstrocytes thus represent a functionally defined subset of disease-linked astrocytes that are the first and 46 

predominant CNS cell population activated during EAE, and that track with disease severity in vivo.  Their 47 

reduction by a disease-modifying agent supports their therapeutic relevance to MS and potentially other 48 

neuroinflammatory and neurodegenerative diseases. 49 

 50 

Significant Statement: A new, functionally defined in vivo subpopulation of astrocytes termed 51 

“ieAstrocytes (immediate-early astrocytes)” was identified as the first and predominant CNS cell type 52 

showing c-Fos activation, in an animal model of multiple sclerosis (MS).  ieAstrocytes track with disease 53 

severity. The approved MS drug, fingolimod (FTY720, an S1P receptor modulator) reduced ieAstrocyte 54 
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formation as well as clinical disease.  Agents that prevent or reduce ieAstrocytes could represent a new 55 

strategic target for treating MS and other neuroinflammatory and neurodegenerative brain disorders. 56 

 57 

Introduction:  58 

Neuroinflammation in the central nervous system (CNS), as epitomized by multiple sclerosis (MS), 59 

involves activation of resident immune-competent cells, including astrocytes (Cekanaviciute and 60 

Buckwalter, 2016), along with infiltration of peripheral immune cells (Gonzalez and Pacheco, 2014), which 61 

have been associated with multiple CNS pathologies such as MS (Noseworthy et al., 2000), Alzheimer’s 62 

disease (Acosta et al., 2017), and neuropsychiatric disorders (Trepanier et al., 2016).  MS is a prototypical 63 

neuroinflammatory disease that also includes demyelination and neurodegeneration in the CNS 64 

(Noseworthy et al., 2000). Its cause is unclear, however in animal models like experimental autoimmune 65 

encephalomyelitis (EAE), immune cells, particularly CD4
+
 T cells, infiltrate the CNS to initiate 66 

demyelination and neurodegeneration.  Both EAE and human MS can be therapeutically treated by the 67 

FDA-approved medicine, fingolimod (FTY720) (Chun and Brinkmann, 2011; Chun and Hartung, 2010; 68 

Herr and Chun, 2007; Lee et al., 2010; Noguchi and Chun, 2011). 69 

 70 

FTY720 is a chemical analog of a naturally occurring lipid, sphingosine.  It can be phosphorylated by 71 

endogenous sphingosine kinases to produce FTY720-phosphate (FTY720-P) that is an analog of the 72 

bioactive lysophospholipid known as sphingosine 1-phosphate (S1P).  S1P signals through five receptor 73 

subtypes (S1P1-5), all of which are G protein-coupled receptors (GPCRs) (Kihara et al., 2014) that can have 74 

roles in neuroinflammation (Gardell et al., 2006; Herr and Chun, 2007; Moon et al., 2015; Proia and Hla, 75 

2015; Tsai and Han, 2016).  FTY720-P also signals through S1P receptors, engaging four of the five known 76 

subtypes (S1P1, 3, 4, and 5) (Kihara et al., 2015).  In particular, S1P1 is thought to be mechanistically important 77 

in MS in that a functional antagonism of S1P1 reduces lymphocyte egress from secondary lymphoid organs, 78 
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resulting in a decreased number of pathogenic lymphocytes entering the CNS (Arnon et al., 2011; Mandala 79 

et al., 2002).  Complementing these immune effects, a direct CNS mechanism of action (MOA) for 80 

fingolimod has been implicated (Choi et al., 2011), which also involves functional antagonism of S1P1 81 

expressed by astrocytes, based upon similar results observed following the genetic removal of S1P1 from 82 

astrocytes, which both resulted in reduced EAE severity and elimination of FTY720 efficacy, despite intact 83 

lymphocyte-trafficking effects (Choi et al., 2011).  S1P signaling is also implicated in controlling astrocyte 84 

functions that include gap-junction formation (Rouach et al., 2006), migration (Mullershausen et al., 2007), 85 

cytokine production (Dusaban et al., 2017), and nitric oxide production (Colombo et al., 2014) via S1P1 86 

and/or S1P3, all of which support S1P-mediated roles for astrocytes in EAE and MS. 87 

 88 

To identify CNS cell types altered during neuroinflammatory processes, we developed an unbiased in vivo 89 

screen based upon transcription of c-Fos (Bullitt, 1990), an immediate-early gene (IEG) that is rapidly 90 

transcribed in response to cellular stimuli, independent of de novo protein synthesis (Lau and Nathans, 91 

1987). c-Fos can be activated in astrocytes (Anderson et al., 1994; McNaughton and Hunt, 1992; Morishita 92 

et al., 2011; Yester et al., 2015), microglia (Eun et al., 2004) and oligodendrocytes (Muir and Compston, 93 

1996), as well as within neurons associated with memory (Matsuo et al., 2008).  We adapted a conditional 94 

c-Fos reporter mouse that historically marks cells with nuclear GFP, which could be followed in four-95 

dimensional (3D over time) analyses.  Remarkably, over 95% of disease-activated cells in vivo were 96 

astrocytes that we named “immediate-early astrocytes” (“ieAstrocytes”).  Here, we describe the in vivo 97 

screen used to identify the ieAstrocytes produced by EAE challenge, including their temporal and spatial 98 

patterns, and their quantitative modification by S1P receptor signaling, demonstrated through the use of 99 

genetic and pharmacological interventions.   100 

 101 

Materials and Methods:  102 
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Mice. All animal protocols were approved by the [Author Institute] IACUC and conformed to National 103 

Institutes of Health guidelines and public law. The TetTag-cFos mice were generated by crossing Tg(Fos-104 

tTA)1Mmay (MGI:5014071) and Tg(tetO-HIST1H2BJ/GFP)47Efu/J (RRID:IMSR_JAX:005104) mice, 105 

which expressed a green fluorescent protein-histone H2B fusion protein (GFP-H2B) under a tetO promoter 106 

controlled by a c-Fos inducible tetracycline transactivator (tTA) protein as described earlier (Tayler et al., 107 

2011). S1P1
flox/flox

:hGFAP-cre mice (Choi et al., 2011) were crossed with TetTag mice for multiple 108 

generations to generate astrocyte-specific S1P1 deletion (S1P1-AsCKO
fos

, TetTag:S1P1
flox/flox

:hGFAP-cre) 109 

and their littermate controls (WT
fos

, TetTag:S1P1
flox/flox

). TetTag-cFos mice were maintained on 110 

doxycycline chow (DOX, 40 mg/kg; Bio-Serv) throughout breeding, birth, and development to prevent 111 

GFP-H2B expression until experimental examination.  112 

 113 

EAE. EAE was induced in 7- to 13-wk old female mice (Kihara et al., 2009). Briefly, mice were 114 

immunized subcutaneously with 150 µg MOG35-55 (MEVGWYRSPFSRVVHLYRNGK, EZBiolab) in PBS 115 

and complete Freund’s adjuvant containing 4 mg/mL M. Tuberculosis H37Ra (Difco) with or without 116 

intraperitoneal injection of 250 ng pertussis toxin (List Biological Laboratories) on day 0 and day 2.  Daily 117 

clinical scores corresponding to the most severe sign observed were given as follows: 0, no sign; 0.5, mild 118 

loss of tail tone; 1.0, complete loss of tail tone; 1.5, mildly impaired righting reflex; 2.0, abnormal gait 119 

and/or impaired righting reflex; 2.5, hind limb paresis; 3.0, hind limb paralysis; 3.5, hind limb paralysis 120 

with hind body paresis; 4.0, hind and fore limb paralysis; and 4.5, death or severity necessitating 121 

euthanasia. FTY720 was administered via gavage (1 mg/kg; Novartis). 122 

 123 

Histological analyses (cryosectioning). Mice were euthanized with an overdose of isoflurane followed by 124 

rapid dissection of spinal cords (SCs). SCs were cut in 3 sections and embedded in Tissue-Tek Optimal 125 

Cutting Temperature (OCT; Ted Pella Inc) compound, and frozen on crushed dry ice. Cryostat sections (16 126 

μm) were collected on Superfrost Plus microscope slides (Fisher Scientific) and fixed (10 min) with freshly 127 



 

 6 

prepared 4% paraformaldehyde (PFA; Sigma) in PBS. Sections were washed for three times in TBS with 128 

0.3M glycine, permeabilized with 0.1% triton x-100 in TBS, blocked with species-appropriate serum, and 129 

immunolabeled with chicken anti-GFAP (1:1000  dilution, Neuromics, Cat #CH22102, 130 

RRID:AB_10014322), rabbit anti-NeuN (1:400 dilution, Millipore, Cat #MABN140, Clone #27-4, 131 

RRID:AB_2571567), mouse anti-Olig1,2,3 (1:100 dilution, Neuromics, Cat #MO15059, Clone #257224, 132 

RRID:AB_1620409), rabbit anti-Iba1 (1:500 dilution, Wako, Cat #019-19741, Clone #NCNP24, 133 

RRID:AB_839504), and hamster anti-CD3e (1:500 dilution, BD Biosciences, Cat# 553057, Clone #145-134 

2C11, RRID:AB_394590). Antigen retrieval with Diva Decloaker (Biocare) as per manufacturer’s 135 

instructions was performed in place of permeabilization for Olig1,2,3 staining. Sections were washed in 136 

PBS, labeled with secondary antibodies conjugated with Alexa Fluor 568 (1:2000 dilution, Thermo Fisher 137 

Scientific; Cat# A-11041, RRID:AB_2534098; Cat# A-11031, RRID:AB_144696; Cat# A-11036, 138 

RRID:AB_10563566) or DyLight 649 (1:2000 dilution, Biolegend, Cat# 405505, RRID:AB_1575122), 139 

counterstained with DAPI (1:10,000 dilution, Thermo Fisher Scientific, Cat# D1306, RRID:AB_2629482), 140 

and coverslipped with Vectashield Antifade Mounting Medium (Vector). Sections were visualized and 141 

images acquired on either a Zeiss Imager 1D microscope (Axiovision 4.8, RRID:SCR_002677), a Zeiss 142 

ApoTome.2 (Zen 2 Blue Edition, RRID:SCR_013672), or a Nikon A1
+
 (NIS-Elements v4.4, 143 

RRID:SCR_014329).  144 

 145 

Histological analyses (iDISCO). Immunolabeling-enabled three-dimensional imaging of solvent-cleared 146 

organs (iDISCO) was employed to visualize GFP-H2B in intact SCs (Renier et al., 2014). Mice were 147 

euthanized with an overdose of isoflurane anesthesia, then fixed by intracardiac perfusion of PBS followed 148 

by 4% PFA in PBS. SCs were dissected out, post-fixed overnight in 4% PFA in PBS, washed in PBS, 50% 149 

methanol in PBS, 80% methanol in PBS, 100% methanol, and bleached in 20% dimethyl sulfoxide 150 

(DMSO) in methanol containing 5% H2O2 at 4C. Samples were washed again in 100% methanol, 20% 151 
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DMSO in methanol, 80% methanol in PBS, 50% methanol in PBS, PBS, PBS containing 0.2% Triton X-152 

100, and incubated at 37C in PBS containing 0.2% triton X-100/20%DMSO/0.3 M glycine.  Samples were 153 

blocked in PBS containing 0.2% Triton X-100/10% DMSO/6% goat serum at 37°C, washed in PBS 154 

containing 0.2% Tween-20 and 10 µg/ml heparin (PTwH), and incubated in a rabbit anti-GFP antibody 155 

(1:1000 dilution, MBL International Cat# 598, RRID:AB_591819) in PTwH at 37C. Samples were 156 

washed in PTwH, then incubated in anti-rabbit Alexa Fluor-488 (1:1000 dilution, Thermo Fisher Scientific 157 

Cat# A-11008, RRID:AB_143165). Samples were washed again in PTwH before tissue clearing. SC 158 

samples were incubated in 50% v/v tetrahydrofuran/H2O (THF, Sigma), 70% THF in H2O, 80% THF in 159 

H2O, 100% THF, dichloromethane (Sigma), and finally in dibenzyl ether (DBE). Cleared SCs were placed 160 

in a microscope chamber made with 2-3 stacked Fastwells (Research Products Int.), filled with DBE, and 161 

coverslipped. The intact SCs were imaged on a Nikon A1
+
 confocal microscope using z-steps of 10 µm 162 

under 10x objective. NIS-Elements (v4.3, RRID:SCR_014329) was used to three-dimensionally reconstruct 163 

the entire SC. Obtained images were analyzed with ImageJ (RRID:SCR_003070) to count the number of 164 

signals, areas, and average area of signals. 165 

 166 

Flow cytometry. SCs were rapidly dissected and frozen in liquid nitrogen. Samples were equilibrated to 167 

4C and dounce-homogenized in a nuclei extraction buffer made with 0.32 M sucrose/5 mM CaCl2/3 mM 168 

Mg(CH3COO)2/0.1 mM EDTA/20 mM Tris-HCl pH 8.0/0.1% Triton X-100 in DEPC-treated H2O. 169 

Homogenized samples were filtered (50m) (Celltrics, Sysmex) and washed in DEPC-treated PBS 170 

containing 2 mM EDTA (PBSE-d). Nuclei were purified by centrifugation at 3250g for 12 m in an 171 

isosmotic iodixanol gradient made of a 35%, 10%, and 5% OptiPrep (Sigma) in DEPC-treated H2O 172 

containing 20 mM tricine-KOH (pH 7.8), 25 mM KCl, and 30 mM MgCl2 (Graham, 2001). Nuclei were 173 

recovered in the 35%-10% interface, washed in PBSE-d and immunolabeled with rabbit anti-NeuN 174 

antibody (1:400 dilution, Millipore, Cat #MABN140, Clone #27-4, RRID:AB_2571567) in 1% bovine 175 
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serum albumin (BSA)/PBSE-d for 20 m. Samples were washed in PBSE-d and labeled with a goat anti-176 

rabbit APC-conjugated secondary antibody (1:500 dilution, Thermo Fisher Scientific, Cat# A10931, 177 

RRID:AB_10562534) and DAPI (1:5000 dilution, Thermo Fisher Scientific, Cat# D1306, 178 

RRID:AB_2629482) in 1%BSA/PBSE-d for 10 m. Samples were washed in PBSE-d and suspended in 179 

PBSE-d. Nuclear populations were analyzed and sorted on a BD FACSAria II. Gating was performed as 180 

follows: (i) DAPI positive, (ii) size and granularity consistent with nuclei by forward-scatter area (FSC-A) 181 

and side-scatter area (SSC-A), and (iii) single nuclei selected by both FSC-A and forward-scatter height 182 

(FSC-H), and SSC-A and side-scatter height (SSC-H). Analysis was performed on FlowJo (10.0.8r1, 183 

RRID:SCR_008520).  184 

 185 

Statistical analysis. Results are expressed as means ± SEM. Data were analyzed statistically by means of 186 

ANOVA with indicated post-hoc tests as appropriate, using GraphPad PRISM software 187 

(RRID:SCR_002798). Values of p < 0.05 were considered to be statistically significant. 188 

 189 

Results: 190 

A new, in vivo, c-Fos screen detects CNS cells activated by neuroinflammation 191 

We hypothesized that EAE would induce c-Fos expression in key, disease-relevant cells. An unbiased 192 

screen was developed using the c-Fos-inducible and doxycycline-regulated TetTag cFos system that labels 193 

cell nuclei with GFP permanently (Fig. 1a). This system was used previously to identify neurons involved 194 

in learning and memory (Matsuo et al., 2008). TetTag cFos reporter mice, immunized with myelin 195 

oligodendrocyte glycoprotein 35-55 (MOG35-55) peptide, showed robust GFP signals in the spinal cord (SC) 196 

5 days after removal of doxycycline (Fig. 1b-f). The increase was detected only in the symptomatic EAE 197 

mice (Fig. 1c and f), indicating that EAE insults produced c-Fos activation in the CNS. To understand the 198 

spatio-temporal c-Fos activation pattern, EAE SCs were processed by a tissue-clearing technique, iDISCO 199 
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(Renier et al., 2014), combined with serial confocal images (Fig. 2a-h; Movies). Control SC from naïve 200 

mice displayed sparse GFP signals even 5 days after doxycycline removal (Movie 1). After 1-day post-201 

onset (1-dpo), GFP
+
 nuclei appeared in the periphery of white-matter tracts near associated blood vessels 202 

(Movie 2). The GFP signals expanded along the rostral-caudal axis and penetrated into the white matter 203 

parenchyma over time, appearing most prominently near anatomically known major blood vessels 204 

including the anterior, posterior and posterolateral spinal vessels (Fig. 2, Movie 3 and 4). Importantly, the 205 

number of GFP
+
 nuclei (Fig. 2i and j) and the average size of GFP

+
 signals (Fig. 2k and l) increased 206 

significantly over time, revealing that GFP
+
 nuclei aggregated to form clusters in EAE SCs at 5-dpo. These 207 

results identified robust c-Fos activation in cells near major CNS blood vessels in peripheral white-matter 208 

tracts, followed by inward expansion centrally, into grey matter. 209 

 210 

c-Fos
+
 cells are astrocytes: “ieAstrocytes” 211 

To determine the identities of GFP
+
 cell types, immunolabeling for various cellular markers was performed 212 

on 5-dpo SC sections. Strikingly, a vast majority of GFP
+
 nuclei (95.09 ± 0.73%, n = 3) was found to co-213 

label with glial fibrillary acidic protein (GFAP) (Fig. 3 and Extended data 3-1). By contrast, less than 1% 214 

of GFP
+
 nuclei (0.66% ± 0.14%, n = 3) co-localized with a neuronal nuclear marker (NeuN). Other 215 

assessed cell types included microglia, oligodendrocytes and T lymphocytes, none of which showed co-216 

localization with GFP signals (Fig. 3), whereas GFP
+
CD3

+ 
T cells were found outside of the CNS within 217 

the peripheral lymph nodes of EAE mice, demonstrating their ability to report c-Fos (data not shown). The 218 

dominance of EAE-induced GFP
+
 astrocytes that reported transcription of the c-Fos IEG during disease 219 

development supported a functional classification for these astrocytes, which were therefore called 220 

“immediate-early astrocytes (ieAstrocytes).” At any given time following EAE challenge, ieAstrocytes 221 

could be distinguished from cells that did not show evidence of c-Fos activation, “quiescent astrocytes” 222 

(qAstrocytes). 223 
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 224 

S1P1 inhibition reduces formation of EAE-induced ieAstrocytes 225 

To test whether S1P1 signaling influenced formation of ieAstrocytes, we crossed astrocyte-specific S1P1-226 

KO mice (S1P1-AsCKO; S1P1
flox/flox

 mice harboring human GFAP promoter-driven Cre transgene) (Choi et 227 

al., 2011) with the TetTag-c-Fos reporter mice to produce S1P1-AsCKO
fos

 (S1P1-AsCKO x 228 

TetTag/S1P1
flox/flox

) and WT
fos

 (TetTag/S1P1
flox/flox

) mice, which were then challenged with EAE. For the 229 

FTY720 treatment group, FTY720 (1.0 mg/kg) was orally administered from defined days post-onset (dpo 230 

= 0, clinical score ≥ 1.0). GFP
+
 signals at 5-dpo in S1P1-AsCKO

fos
 and FTY720-treated WT

fos
 231 

(WT
fos

+FTY720) mice were attenuated as compared to WT
fos

 controls (Fig. 4a-f and Movie 5-7). GFP
+
 232 

signals were observed in grey matter of WT
fos

 controls (Fig. 4b and Movie 5), while they were rarely found 233 

in in S1P1-AsCKO
fos

 and WT
fos

+FTY720 mice (Fig. 4d, f, Movie 6 and 7). These were accompanied by a 234 

significant loss of ieAstrocyte numbers (Fig. 4g) and the ieAstrocyte clusters (Fig. 4h and i) in S1P1-235 

AsCKO
fos

 and WT
fos

+FTY720 mice as compared to WT
fos

 controls. Flow-cytometric (FCM) analysis of 236 

ieAstrocytes (DAPI-gated, NeuN
-
GFP

+
 populations) from the SCs of EAE mice revealed a significant 237 

decrease of ieAstrocytes (Fig. 4j) and a linear correlation of increasing ieAstrocytes with worsening clinical 238 

scores (Fig. 4k). These results link ieAstrocyte formation to EAE disease progression, both of which can be 239 

modified by S1P1 signaling.  240 

  241 

Discussion: 242 

The present study identified a functionally defined in vivo population of astrocytes, ieAstrocytes, as the 243 

earliest and predominant cell type responding to EAE insult. Surprisingly, other cell types were not 244 

functionally activated to a similar extent within the CNS. Moreover, ieAstrocyte formation increased with 245 

disease severity, and in part required S1P-S1P1 signaling.  246 
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 247 

IEGs as typified by c-Fos have been used as functional markers of cellular activation (Herrera and 248 

Robertson, 1996), particularly in the nervous system, where c-Fos was used as a transynaptic marker for 249 

neuronal activity (Bullitt, 1990), and most commonly relied on immunolabeling. In the present study, we 250 

utilized a TetTag c-Fos reporter system that is remarkable in tracking historical neural activity by labeling 251 

cells with stable GFP, as compared to merely capturing momentary snapshots by classical c-Fos 252 

immunolabeling. This system historically traced the cells that experienced c-Fos expression during 253 

challenges, which identified a functional subset of neurons in learning and memory (Matsuo et al., 2008; 254 

Tayler et al., 2011) and functional astrocytes in EAE (Fig. 2). Although several studies identified c-Fos 255 

immunoreactivity in neurons with exclusion of c-Fos expression in astrocytes (Lecrux et al., 2011; Staiger 256 

et al., 2002; Wang et al., 2009), it was demonstrated in cultured astrocytes stimulated with excitatory amino 257 

acids (McNaughton and Hunt, 1992) and S1P (Yester et al., 2015), as well as in in vivo astrocytes, such as 258 

in electrical sensorimotor cortex stimulation (Morishita et al., 2011) and Alzheimer’s brains (Anderson et 259 

al., 1994). Moreover, results from direct activation of engineered Gi-coupled GPCRs expressed in in vivo 260 

astrocytes using designer receptors exclusively activated by designer drugs (DREADDs) (Chai et al., 2017), 261 

concur with our results that Gi-coupled S1P1 signaling functionally activates c-Fos in astrocytes in vivo 262 

(Fig. 3). 263 

 264 

Astrocytes are the most abundant cells in the CNS (Burda and Sofroniew, 2014; Farmer and Murai, 2017). 265 

They have been widely considered as bystanders in neuroinflammatory diseases (Rossi et al., 2007), 266 

responding secondarily under disease conditions to become reactive astrocytes that were originally defined 267 

by their hypertrophic morphology and increased GFAP expression, as compared to quiescent qAstrocytes 268 

(Burda and Sofroniew, 2014; Hubbard, 2016).  A recently proposed classification of A1 reactive astrocytes 269 

added transcriptomic signatures to the reactive astrocyte populations (Liddelow et al., 2017). By contrast, 270 
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ieAstrocytes are defined 1) functionally (via c-Fos expression) and 2) in vivo during EAE development and 271 

progression (Fig. 4). Considering the nature of immediate-early and transient c-Fos expression (Herrera and 272 

Robertson, 1996), ieAstrocytes appear to differ from reactive astrocytes, possibly representing an 273 

intermediate/transition state between qAstrocytes and reactive astrocytes, which moreover is partly driven 274 

by S1P signaling (Fig. 4).  A possible scenario is that during EAE development, blood-borne S1P carried 275 

by albumin and apolipoprotein M (Blaho et al., 2015) at sufficient concentrations (~µM) to activate S1P 276 

receptors (Tsai and Han, 2016) extravasates across a disrupted blood-brain barrier (BBB) (Alvarez et al., 277 

2011) to reach perivascular astrocytes in the spinal cord (Fig. 2 and Movie 1-7), resulting in direct 278 

activation of qAstrocytes to initiate ieAstrocyte formation. An alternative but not mutually exclusive 279 

scenario is the formation of A1 reactive astrocytes requiring microglial cytokine production (IL-1, TNF, 280 

and C1q) to activate astrocytes secondarily (Liddelow et al., 2017), to give rise to both ieAstrocytes and 281 

reactive astrocytes. The determination of the involved activation pathways will require further study.  282 

 283 

Therapeutic reduction of S1P1 signaling is thought to reduce pathogenic lymphocyte trafficking into the 284 

brain, which has been proposed as the immunological MOA of fingolimod (Arnon et al., 2011; Chun and 285 

Hartung, 2010; Chun, 2018; Cohen and Chun, 2011; Mandala et al., 2002).  However, a direct CNS MOA 286 

involving astrocytes (Choi et al., 2011; Groves et al., 2013) receives further support through the dominant 287 

presence of ieAstrocytes, whose increasing numbers correlated with disease severity (Fig. 4k), and from the 288 

fact that genetic removal or pharmacological inhibition by fingolimod of S1P1 signaling (Choi et al., 2011; 289 

Groves et al., 2013) reduced both ieAstrocytes and disease severity.  Notably, complete S1P1 removal did 290 

not eliminate ieAstrocytes, indicating that other factors must be involved in their activation. In this light, 291 

other MS drugs that have been proposed to access a direct CNS MOA distinct from S1P receptor 292 

modulation in EAE, including interferon β (IFN-β) (Rothhammer et al., 2016) and dimethyl fumarate (Al-293 

Jaderi and Maghazachi, 2016), might also reduce ieAstrocyte formation. Although these relationships 294 
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remain to be determined, they theoretically support combination therapies that could more completely 295 

prevent ieAstrocyte formation.  A next-generation S1P receptor modulator, siponimod (BAF312), that also 296 

engages S1P1 (and S1P5), showed positive results in a Phase III secondary progressive MS trial (Kappos et 297 

al., 2018), which is consistent with a CNS MOA involving ieAstrocytes, while other related agents like 298 

ozanimod (Cohen et al., 2016), etrasimod (Buzard et al., 2014), and ponesimod (Bolli et al., 2010; 299 

Vaclavkova et al., 2014) -- having similar, albeit distinct, S1P receptor engagement properties -- may also 300 

have direct CNS effects in MS through ieAstrocytes.  Overall, our results support a previously 301 

unrecognized pathogenic role of functionally defined astrocytes in vivo, which could reveal new disease 302 

mechanisms and therapeutic targets accessed through ieAstrocytes.  303 
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Fig. 1. c-Fos reporter mice display increased c-Fos activation in EAE spinal cords (SCs). a, Schematic 435 

representation of doxycycline (dox)-controlled GFP-H2B expression. Dox removal (off dox) allows tTA 436 

(tetracycline-transactivator) expression under a c-Fos promoter to drive fused green fluorescent protein-437 

human histone H2B (GFP-H2B) expression. b, Experimental scheme of 5-day dox removal period. 438 

Average onset of EAE in WT
fos

 controls was 10.6 ± 1.07 days post-immunization (dpi) (n = 7). c, GFP-439 

H2B
+
 population in the spinal cord was determined by FCM (n = 4 animals, mean ± SEM, * p < 0.05, one-440 

way ANOVA with Bonferroni’s post-hoc test).  d-l, Representative spinal cord coronal sections. In the 441 

naïve SC, DOX inhibited extra-experimental tagging of GFP
+
 cells. Virtually no GFP-H2B was observed 442 

(d-f). Upon DOX removal there were sparse and dispersed GFP
+
 cells in the naïve SC over 5 days (g-i). 443 

EAE induced robust GFP signals in the SC at 5-dpo that were clustered in lesions and along the periphery 444 

(j-l). Scale bar, 500 μm.  445 
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Fig. 2. c-Fos activation is temporally and spatially propagated in EAE SC. a-h, Representative 3D 446 

imaging of lower (lumbar region) SCs in naïve (a and b) and EAE-induced reporter mice of 1 (c and d), 3 447 

(e and f), and 5 (g and h) days post-onset (dpo, n = 2-5 animals for each dpo). a, c, e, g: 3D-reconstructed 448 

images. b, d, f, h: coronal sections. Scale bar, 500 m.  i, The number of GFP-H2B
+
 nuclei in the SCs 449 

(mean ± SEM, * p < 0.001 vs. Naive, Kruskal–Wallis test with Dunn’s post-hoc test, data were compiled 450 

from 273, 149, 185, and 381 z-slices from 3, 2, 2, and 4 animals, respectively). j, Distribution of the 451 

number of GFP-H2B
+
 nuclei per z-slices as shown in i. Lines represent gaussian fits to the data. k, Average 452 

size of GFP-H2B
+
 signals (mean ± SEM, * p < 0.001 vs. Naive, Kruskal–Wallis test with Dunn’s post-hoc 453 

test, data were compiled from 273, 149, 185, and 381 z-slices from 3, 2, 2, and 4 animals, respectively). l, 454 

Distribution of the average size of GFP-H2B
+
 signals per z-slice shown in k. Lines represent gaussian fits 455 

to the data. 456 

  457 
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Fig. 3. Immunolabeling identifies astrocytes as major c-Fos-activated cells in EAE SC.  458 

Immunolabeling for GFAP (Extended data figure 3-1), NeuN, Olig1,2,3, Iba1, CD3 and GFP on SC 459 

sections, as indicated. Percent overlap as indicated. N.D., not detected. n = 3 animals. Scale bar, 100 m 460 

(GFAP, NeuN, and Olig1,2,3) and 50 m (Iba-1 and CD3).   461 

  462 
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Fig. 4. Genetic and pharmacological removal of S1P1 suppresses ieAstrocyte formation.  a-f, 463 

Representative 3D imaging of lower (lumbar region) SCs in EAE-induced WT
fos

 (a and b), S1P1-AsCKO
fos

 464 

(c and d) and WT
fos

+FTY720 (e and f) mice of 5-dpo. a, c, e; 3D-reconstructed images. b, d, f; coronal 465 

sections. Scale bar, 500 m. g, Area of GFP-H2B
+
 signals in the spinal cords (mean ± SEM, data were 466 

compiled from 303, 151 and 273 z-slices from n = 3, 2 and 3 animals, * p < 0.01 vs. WT
fos

, Kruskal–Wallis 467 

test with Dunn’s post hoc test). h, Average size of GFP-H2B
+
 signals (mean ± SEM, * p < 0.001 vs. WT

fos
, 468 

Kruskal–Wallis test with Dunn’s post-hoc test, data were compiled from 303, 151, and 273 z-slices from 3, 469 

2, and 3 animals, respectively). i, Distribution of the average size of GFP-H2B
+
 signals per z-slice shown in 470 

h. Lines represent gaussian fits to the data. j, ieAstrocyte (NeuN
-
GFP

+
) populations in EAE SCs were 471 

determined by FCM (mean ± SEM, n = 10, 9 and 9 animals, * p < 0.05 vs. WT
fos

 by one-way ANOVA with 472 

Bonferroni’s multiple comparisons test). k, Correlation between ieAstrocyte (NeuN
-
GFP

+
) populations and 473 

clinical score. Each point represents a single animal.  474 

 475 

Movie 1.  3-D movie of control spinal cord shown in Figure 2a and b. 476 

Movie 2.  3-D movie of EAE spinal cord at 1-dpo shown in Figure 2c and d.. 477 

Movie 3.  3-D movie of EAE spinal cord at 3-dpo shown in Figure 2e and f. 478 

Movie 4.  3-D movie of EAE spinal cord at 5-dpo shown in Figure 2g and h. 479 

Movie 5.  3-D movie of WT
fos

 EAE spinal cord at 5-dpo shown in Figure 4a and b. 480 

Movie 6.  3-D movie of S1P1-AsCKO
fos

 EAE spinal cord at 5-dpo shown in Figure 4c and d. 481 

Movie 7.  3-D movie of FTY720-treated WT
fos

 EAE spinal cord at 5-dpo shown in Figure 2e and f. 482 

 483 

Extended data figure 3-1. Lower magnification view of GFAP stained WT
fos

 EAE spinal cords. 484 

Immunolabeling identified astrocytes as the primary cell type in c-Fos-activated cells in EAE SC. Scale 485 

bar, 500 m. 486 
























