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Astrocytes are key players in the pathology of multiple sclerosis and can assume beneficial and detrimental roles during lesion

development. The triggers and timing of the different astroglial responses in acute lesions remain unclear. Astrocytes in acute

multiple sclerosis lesions have been shown previously to contain myelin debris, although its significance has not been examined. We

hypothesized that myelin phagocytosis by astrocytes is an early event during lesion formation and leads to astroglial immune

responses. We examined multiple sclerosis lesions and other central nervous system pathologies with prominent myelin injury,

namely, progressive multifocal leukoencephalopathy, metachromatic leukodystrophy and subacute infarct. In all conditions, we

found that myelin debris was present in most astrocytes at sites of acute myelin breakdown, indicating that astroglial myelin

phagocytosis is an early and prominent feature. Functionally, myelin debris was taken up by astrocytes through receptor-mediated

endocytosis and resulted in astroglial NF-kB activation and secretion of chemokines. These in vitro results in rats were validated in

human disease where myelin-positive hypertrophic astrocytes showed increased nuclear localization of NF-kB and elevated che-

mokine expression compared to myelin-negative, reactive astrocytes. Thus, our data suggest that myelin uptake is an early response

of astrocytes in diseases with prominent myelin injury that results in recruitment of immune cells. This first line response of

astrocytes to myelin injury may exert beneficial or detrimental effects on the lesion pathology, depending on the inflammatory

context. Modulating this response might be of therapeutic relevance in multiple sclerosis and other demyelinating conditions.
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Introduction
The prototypical inflammatory demyelinating disease of the

CNS is multiple sclerosis, a disease driven by an autoim-

mune response to self-antigens in genetically predisposed

individuals (Nylander and Hafler, 2012). The pathological

hallmark of multiple sclerosis is demyelinating lesions infil-

trated by T lymphocytes and macrophages (Lassmann

et al., 2007), yet the early events that lead to immune in-

filtration and subsequent inflammatory demyelination are

still not completely understood.

Contrary to previously held beliefs, astrocytes do not

merely respond to demyelination by forming a glial scar

in late postinflammatory stages, but are early and highly

active players during lesion development (Brosnan and

Raine, 2013). In acute lesions, astrocytes assume a hyper-

trophic morphology characterized by massive enlargement,

reduced process density, multiple nuclei. Due to their pres-

ence within acute lesions and at the active margin of sub-

acute lesions, astroglial hypertrophy is considered one of

the earliest events in the demyelinating process (Brosnan

and Raine, 2013). This notion is further supported by the

presence of reactive astrocytes and axonal damage before

significant numbers of immune cells infiltrate the paren-

chyma in experimental autoimmune encephalomyelitis

(EAE), an animal model of inflammatory demyelination

(D’Amelio et al., 1990; Wang et al., 2005; Pham et al.,

2009). It is therefore unclear whether early astroglial acti-

vation in nascent multiple sclerosis lesions is initiated by

the inflammatory environment generated by infiltrating

immune cells or by other triggers (Croitoru-Lamoury

et al., 2003).

Previous work has shown that hypertrophic astrocytes in

active multiple sclerosis lesions contain myelin fragments,

suggesting that myelin is phagocytosed by astrocytes (Lee

et al., 1990; Morcos et al., 2003). We hypothesized that

phagocytosing of damaged myelin by hypertrophic astro-

cytes is an early response that impacts on subsequent lesion

development. Moreover, as hypertrophic astrocytes have

been described in active zones of other CNS pathologies

associated with prominent myelin damage (Greenfield

et al., 2008), myelin uptake by astrocytes might be a uni-

versal response not restricted to multiple sclerosis. We ad-

dressed these questions by examining the prevalence and

distribution of myelin debris-containing astrocytes in aut-

opsy tissue of multiple sclerosis, progressive multifocal leu-

koencephalopathy, cerebral infarct and metachromatic

leukodystrophy. We also examined the functional conse-

quences of myelin uptake in primary astrocyte cultures

and in autopsy tissue. Our results provide compelling evi-

dence that uptake of myelin debris by astrocytes is a

common, if not consistent feature associated with myelin

breakdown and an important mechanism for immune cell

recruitment to the lesion site.

Material and methods

Tissue samples

Human CNS tissue was obtained at autopsy according to

Institutional Review Board-approved protocols. CNS tissue

was obtained from nine subjects with multiple sclerosis,

one subject with progressive multifocal leukoencephalopa-

thy, one subject with metachromatic leukodystrophy and

five subjects with subacute ischaemic infarct

(Supplementary Table 1). Post-mortem intervals ranged be-

tween 3 and 32 h. Brain tissue was fixed with 10% forma-

lin for 2 to 4 weeks and embedded in paraffin.

The multiple sclerosis patient cohort consisted of one

acute case who was biopsied (Patient MS1), five cases of

relapsing/remitting multiple sclerosis, two cases of second-

ary progressive multiple sclerosis and one case of asymp-

tomatic multiple sclerosis that was incidentally discovered

at autopsy (Patient MS9). Patient MS1 was a 62-year-old

female with one month disease duration. Patient MS2 was

a 50-year-old female with 13 years disease duration who

died of cardiopulmonary arrest. Patient MS3 was a 31-

year-old female with 8 years disease duration who died

of respiratory failure. Patient MS4 was a 32-year-old

male with 10 years disease duration who died of pneumo-

nia. Patient MS5 was a 50-year-old female with 10 years

disease duration who died of respiratory failure. Patient

MS6 was a 39-year-old male with 415 years disease dur-

ation who died of haemorrhagic bronchopneumonia.

Patient MS7 was a 65-year-old male with 30 years disease

duration who died of chronic cystitis. Patient MS8 was a

58-year-old male with 27 years disease duration with un-

known cause of death; and Patient MS9 was a 68-year-old

male with unknown disease duration who died of cardiac

arrhythmia. The expanded disability status scale (EDSS)

scores of the patients at the time of their deaths are not

known. We examined a total of 25 white matter lesions of

which 20 lesions were early or chronic active and five le-

sions were chronic silent.

The patient with progressive multifocal leukoencephalo-

pathy (Patient PML1) was a 55-year-old male with multiple

sclerosis of 6 years disease duration who subsequently de-

veloped and died of progressive multifocal leukoencephalo-

pathy after receiving treatment with natalizumab for

4 years. The patient with metachromatic leukodystrophy

(Patient MLD1) was a 3-year-old male with metachromatic

leukodystrophy who died in status epilepticus.

Infarct patient 1 (Patient CVA1) was 68-year-old male

with a 20-day-old infarct of the entire right middle cerebral

artery territory who died of brainstem compression. Infarct

patient 2 (Patient CVA2) was a 79-year-old male with a 2-

month-old infarct in the left middle cerebral artery territory

involving the superior and middle temporal gyri, who died

of sepsis. Infarct patient 3 (Patient CVA3) was 69-year-old
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male with multiple 2-week-old white matter watershed

infarcts, who died of acute myocardial infarction. Infarct

patient 4 (Patient CVA4) was 67-year-old female with an

18-day-old infarct of the entire left middle cerebral artery

territory who died of metastatic pancreatic adenocarcin-

oma. Infarct patient 5 (Patient CVA5) was a 48-year-old

male with a subacute infarct of the right frontal lobe

(middle cerebral artery territory) who died of sepsis.

Immunohistochemistry and
histochemistry

Formalin-fixed, paraffin-embedded (FFPE) sections were cut

at 5 -mm thickness. After quenching with 0.03% hydrogen

peroxide and blocking with normal serum, sections were

incubated with primary antibodies overnight

(Supplementary Table 2), processed with the appropriate

biotinylated secondary antibody and avidin/biotin staining

kit with diaminobenzidene and VIP as chromogens (Vector

ABC Elite Kit, DAB Kit and VIP Kit, Vector Laboratories),

and counterstained with haematoxylin (Pitt et al., 2003).

For fluorescence, sections were incubated with fluorescent-

labelled secondary antibodies and subsequently treated with

0.7% Sudan Black in ethanol and CuSO4 to quench auto-

fluorescence. Sections were counterstained with DAPI and

mounted with VectaShield mounting medium (VectaShield

Kit, Vector Laboratories). Adequate controls using isotype

control antibodies were performed with each primary

antibody.

For staining of myelin proteins with Luxol Fast Blue

(LFB), FFPE sections were incubated overnight with LFB

at 56�C and subsequently washed in 95% ethanol and

dH2O. The colour was discriminated in Li2CO3 solution

and differentiated in 70% ethanol. In formalin-fixed,

OCT-embedded sections, i.e. in tissue in which lipids are

not extracted through deparaffinization (Patient MS9),

myelin lipids were detected with Sudan Red 5B (Oil Red

O), which stains neutral lipids. Sections were incubated

with Oil Red O for 10min, washed with tap water, coun-

terstained with haematoxylin and cover-slipped with aque-

ous mounting medium without dehydration (Mehlem et al.,

2013). Both stains were combined with immunohistochem-

ical labelling against GFAP and CD68.

Brightfield images were acquired with a Leica DM5000 B

microscope using a Leica colour camera DFC310 Fx and

the Leica Application Suite (version 4.2.0) imaging soft-

ware. Fluorescent images were taken with an UltraVIEW

VoX (Perkin Elmer) spinning disc confocal Nikon Ti-E

Eclipse microscope. Image acquisition, visualization and

quantification were performed using the Volocity 6.3 soft-

ware (Improvision). Images were processed with the ImageJ

software (Schneider et al., 2012).

Nuclear localization of NF-kB and chemokine expression

levels of CCL3, CCL5, CCL20 and CXCL10 as well as

inducible nitric oxide synthase (iNOS) were quantified by

densitometric analysis of fluorescent immunoreactivity of

various cell types. Acquisition and analysis were performed

in a double-blinded manner. Statistical analysis was based

on expression levels of at least 20 cells per cell type per

case in four multiple sclerosis cases, two cerebral infarct

cases and one case of progressive multifocal

leukoencephalopathy.

Multiple sclerosis lesion
classification
For basic characterization, sections were immunolabelled

for myelin basic protein (MBP; myelin), glial fibrillary

acidic protein (GFAP; astrocytes), and CD68 (macrophages,

microglia). Multiple sclerosis lesions were categorized into

early active, chronic active and chronic silent lesions. Early

active lesions were characterized by hypercellularity,

oedema, lymphocytic and intense macrophage infiltration

with ongoing demyelination and astroglial hypertrophy.

Chronic active lesions were characterized by central chronic

demyelination and astrogliosis with active demyelination at

the lesion margin. Chronic silent lesions consisted of areas

of demyelination, astrogliosis and absence of inflammation

(Werner et al., 2001).

Myelin purification

Myelin was purified as described by Norton and Poduslo

(1973). In brief, adult male Sprague-Dawley rat spinal

cords were homogenized in 0.32 M sucrose using a

Dounce homogenizer. Myelin was recovered by three suc-

cessive sucrose gradient centrifugation steps and washed

extensively in Tris�Cl buffer, pH 7.4. The pellet was resus-

pended in 0.32 M sucrose, layered over 0.85 M sucrose

and subjected to centrifugation at 75 000 g for 30min.

Myelin was recovered and suspended in phosphate-buffered

saline (PBS) pH 7.4. Protein concentration of the prepar-

ation was analysed with a BCA-Kit (Pierce), according to

the manufacturer’s instructions.

Cell culture

Cultures of glial cells were prepared according to the

method of McCarthy and de Vellis (1980). Briefly, cerebral

cortex from postnatal Day 1 Sprague-Dawley rat pups was

isolated, minced, and digested for 30min at 37�C in

Hanks’ balanced salt solution (HBSS) containing 0.25%

trypsin (Life Technologies). Cells from each rat were

plated in separate 75 cm2 tissue culture flasks coated with

10 mg/ml of poly-L-lysine. Cultures were maintained in

Dulbecco’s modified Eagle medium (DMEM) with 10%

foetal bovine serum (FBS) and penicillin/streptomycin for

10 days. Flasks were agitated by rotation (180 rpm) for

30min at 37�C to detach and collect microglia. Finally,
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astrocytes were collected after Accutase� treatment and

were further purified with astrocyte-specific glutamate

transporter anti-glutamate aspartate transporter (GLAST)

antibodies linked to magnetic microbeads (Miltenyi

Biotec) according to the manufacturer’s instructions.

Astrocytes were plated in tissue culture dishes coated with

10 mg/ml of poly-L-lysine and cultured in DMEM with 10%

FBS and penicillin/streptomycin. To assess purity of the

primary cultures, immunostaining was performed using

cell-type-specific antibodies targeting isolectin B4 (micro-

glia) and GFAP (astrocytes).

Myelin uptake assays

Purified myelin was labelled with Oregon Green� 488 Dye

(Life Technologies) according to the manufacturer’s instruc-

tions. Myelin was incubated with cells for various dur-

ations ranging from 30min to 72 h at 37�C. For

quantification of myelin uptake by astrocytes, we washed

astrocytes three times with PBS to release surface-associated

myelin. We omitted pronase treatment of astrocytes sug-

gested in previous protocols (Gaultier et al., 2009) as the

washing step sufficiently removed myelin debris from astro-

glial cell surfaces, as demonstrated with confocal z-stack

images of astrocytes at various time points of myelin ex-

posure. Quantitative assessment of myelin uptake was per-

formed with a fluorescence plate reader (Infinite M1000

Pro, Tecan). Myelin uptake was assessed qualitatively up

to 24 h after incubation with fluorescence microscopy using

a spinning disc confocal Nikon Ti-E Eclipse microscope.

Images were processed using the ImageJ software

(Schneider et al., 2012). In some studies, LysoTracker� or

CellROX� (Life Technologies) was added 30min prior to

fixation.

Immunocytochemistry

After treatment, astrocyte cultures were washed with PBS,

fixed in 4% paraformaldehyde/PBS for 20min, washed,

blocked and permeabilized for 1 h in 10% goat serum,

1% bovine serum albumin, and 0.01% TritonTM X-100

at room temperature. Cultures were incubated in blocking

buffer with primary antibody (2 mg/ml) overnight at 4�C

and subsequently with fluorescent-labelled secondary anti-

body (1 mg/ml, Life Technologies) for 2 h at room tempera-

ture. Primary antibodies used to identify astrocytes and cell

organelles are listed in Supplementary Table 2. Cell nuclei

were visualized with Hoechst� dye 33 342 (1:100 000 in

PBS for 5min). Cultures were washed three times and

mounted in ProLong� Gold antifade reagent (Life

Technologies).

Flow cytometry, ELISPOT and
immunoblotting

Astrocytes were incubated with purified myelin ranging

from 15min to 2 h and dissociated with Accutase� (Life

Technologies) for flow cytometry analysis following pub-

lished procedures (Housley et al., 2011). Briefly, cells

were stained for 15min at room temperature with fluores-

cent-labelled primary antibodies, washed, and analysed on

either a FACSCaliburTM or a LSRII flow cytometer (BD

Biosciences). Cytokine release was quantified using an

enzyme-linked immunospot (ELISPOT) array (RAT

Cytokine Proteome Profiler, R&D Systems). Supernatants

from astrocyte cultures exposed previously to purified

myelin for 24–48 h were collected and centrifuged

(3000 rpm for 10min) before analysis. All assays were per-

formed according to the manufacturer’s instructions.

Immunoblotting was performed by published procedures

(Ponath et al., 2007). Briefly, following stimulation with

purified myelin, cultured astrocytes were lysed for whole

protein fractions in the presence of a proteinase inhibitor

cocktail. Sodium dodecyl sulphate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) was performed using NuPAGE�

10% Bis–Tris gels (Life Technologies) with MOPS running

buffer and subsequent transfer of blots on nitrocellulose

membranes. Primary antibodies used for immunodetection

are listed in Supplementary Table 2. After incubation with

secondary antibodies, proteins were visualized with an

enhanced chemiluminescence using an ImageQuantTM

LAS 4000 camera (GE Healthcare).

Extraction of total RNA and poly-
merase chain reaction array

For expression profiling of 84 key genes involved in auto-

immune and inflammatory immune responses, we used the

Rat Inflammatory Response & Autoimmunity RT2 Profiler

PCR Array (Qiagen), according to the manufacturer’s in-

structions. Astrocytes were incubated with 4 ng/ml purified

myelin for 4 h before total RNAs were extracted

(miRNeasy� Mini Kit; Qiagen). The PCR array was run

on a StepOneTM Real-time PCR system (Life Technologies).

Data were analysed using web-based software (http://pcrda-

taanalysis.sabiosciences.com /pcr/arrayanalysis.php), based

on the ��CT method with normalization of the raw data

to five housekeeping genes.

Statistical analysis

Results were expressed as standard deviation (SD) of the

mean. Data were analysed by one-way ANOVA followed

by the Tukey-Kramer multiple comparison test.

Study approval

Human CNS tissue was obtained according to Institutional

Review Board-approved protocols.

Yale’s Institutional Animal Care and Use Committee

(IACUC) granted approval for the use of animals in this

project (#2013-11543). Yale University has an approved

Animal Welfare Assurance (#A3230-01) on file with the
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NIH Office for Protection from Research Risks. The

Assurance was approved May 12, 2011.

Results

Astroglia containing myelin debris
are present in various demyelinating
CNS diseases

To investigate the prevalence of astrocytes with myelin debris

in diseases with prominent myelin injury, we examined aut-

opsy tissue from patients with multiple sclerosis, progressive

multifocal leukoencephalopathy, metachromatic leukodystro-

phy and subacute ischaemic infarct. The majority of astro-

cytes in acute multiple sclerosis lesions (biopsy, Fig. 1A–D)

and at the edges of ongoing demyelination in chronic active

lesions (Fig. 1E–N), had a hypertrophic morphology charac-

terized by a ballooned appearance with short, thickened pro-

cesses and enlarged, occasionally multiple nuclei. These

astrocytes contained LFB-positive inclusions and Oil Red

O-positive lipid droplets, suggesting presence of myelin

debris (Fig. 1C, G and H). Astrocytes in gliotic, inactive

lesion centres showed small nuclei and small amounts of

delicate fibrillary cytoplasm (Fig. 1B, C, E, F, I and L) and

were uniformly LFB/Oil Red O-negative (Fig. 1F and L).

Confocal microscopy confirmed that hypertrophic astrocytes

contained intracellular MBP- and PLP1-positive puncta (Fig.

1D, J and K), whereas fibrous astrocytes in normal-appearing

white matter or gliotic lesions were immunonegative for

myelin proteins. In addition, PLP-positive puncta within

astrocytes were located within lysosomal ring structures

visualized with the lysosomal marker, LAMP1 (Fig. 1D and

K). This finding further establishes the intracellular localiza-

tion of myelin debris and its degradation through the lyso-

somal pathway. Moreover, myelin debris co-localized with

the cell surface scavenger receptor low density lipoprotein

receptor-related protein 1 (LRP1; Fig. 1M), indicating that

myelin uptake is mediated by LRP1. The number of

myelin-containing, hypertrophic astrocytes was approxi-

mately one-third of myelin-laden macrophages; however,

the amount of myelin debris within astrocytes was only

5% of that in macrophages (Supplementary Fig. 1), suggest-

ing that the bulk of myelin is removed by macrophages. In

addition, we found that myelin-containing hypertrophic

astrocytes were present to a lesser degree in the perimeter

of active lesions, i.e. in normal-appearing white matter,

which contains scattered activated microglia but not

myelin-laden phagocytes (Supplementary Fig. 2).

We also studied progressive multifocal encephalopathy, a

demyelinating disease caused by JC virus (Boster et al.,

2013). Acute progressive multifocal leukoencephalopathy

lesions and occasionally adjacent brain tissue displayed nu-

merous hypertrophic astrocytes with enlarged, bizarrely

shaped nuclei, a characteristic feature of progressive multi-

focal leukoencephalopathy (Fig. 2A–C). The majority of

hypertrophic astrocytes within the demyelinating lesion

but not in adjacent white matter contained small LFB-posi-

tive inclusions (Fig. 2D and E). Confocal microscopy on

fluorescent-labelled sections confirmed the presence of

MBP in lesional hypertrophic astrocytes but not in astro-

cytes in normal-appearing white matter (Fig. 2F and G). In

progressive multifocal leukoencephalopathy, we observed a

population of myelin-negative hypertrophic astrocytes that

was not present in multiple sclerosis or cerebral infarcts.

This is unsurprising as astroglial hypertrophy is a hallmark

of progressive multifocal leukoencephalopathy presumably

caused by JC virus proliferating within astrocytes.

Furthermore, we examined CNS tissue from a case of

metachromatic leukodystrophy. Metachromatic leukody-

strophy is a U-fibre sparing leukodystrophy in which

sulphatide and lysosulphatide accumulate due to arylsul-

phatase A deficiency in lysosomes (Gieselmann and

Krageloh-Mann, 2010). Myelin loss along with axonal de-

struction, the pathological hallmark of metachromatic leu-

kodystrophy is thought to be caused by critical sulphatide

levels in oligodendrocytes and Schwann cells.

Immunolabelling with MBP and CD68 showed a gradient

of demyelination from near-intact U-fibres to myelin-

depleted white matter with diffuse macrophage infiltration

(Fig. 2H–K). As with multiple sclerosis and progressive

multifocal leukoencephalopathy, hypertrophic astrocytes

were present in zones of ongoing myelin destruction and

contained PLP-positive myelin debris (Fig. 2M and P). In

contrast, myelin-depleted white matter in metachromatic

leukodystrophy contained a dense gliotic mesh with infre-

quent and small astrocytic cell bodies from which myelin

debris was absent (Fig. 2N and Q). Reactive astrocytes in

subcortical areas with preserved myelin were also PLP-

negative (Fig. 2L and O).

Finally, we examined five cases of subacute cerebral in-

farcts ranging from 2 to 9 weeks in age. In all cases, the

necrotic core of the infarct was surrounded by a myelin-

depleted, reactive zone with hypertrophic (gemistocytic)

astrocytes (Fig. 3A–E and G). In areas of acute myelin

breakdown within the reactive zone, hypertrophic astro-

cytes but not activated astrocytes in the bordering myelin-

ated white matter contained PLP1-positive myelin debris

(Fig. 3F, G, I and J). In the necrotic core, no astrocytes

were present and myelin debris was found in infiltrating

macrophages (Fig. 3H and K). As with multiple sclerosis,

the ratio of myelin-containing astrocytes to macrophages

indicates that the majority of damaged myelin is cleared

by macrophages (Supplementary Fig. 1).

In summary, in all CNS diseases that we examined, hyper-

trophic astrocytes were the predominant astroglial phenotype

in areas of acute myelin breakdown of which the vast ma-

jority contained myelin debris. Reactive astrocytes in normal

appearing white matter and fibrotic astrocytes within gliotic

scars were uniformly myelin-negative. Moreover, intracellular

myelin debris was associated with LRP1 and with LAMP1

suggesting a receptor-based mechanism for astroglial myelin

uptake and lysosomal degradation.
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Astrocytes take up myelin debris in a
concentration-dependent manner

We modelled the functional impact of myelin uptake on

astrocytes by exposing cultured primary cortical rat astro-

cytes to purified myelin fragments. Differentiated astrocytes

(in vitro Day 14) were purified with GLAST antibodies

linked to magnetic microbeads (498% purity,

Supplementary Fig. 3) and cultured as a confluent mono-

layer and incubated with various concentrations of fluores-

cent-labelled myelin purified from rat spinal cord. Within

24 h, all myelin was cleared from the supernatant and was

Figure 1 Hypertrophic astrocytes in active white matter multiple sclerosis lesions contain myelin debris. (A) Low magnification

of an acute multiple sclerosis lesion (biopsy) filled with foamy macrophages (MBP, brown; CD68, purple). (B) Reactive astrocytes (GFAP, brown)

within the acute lesion are hypertrophic with rarefied, thickened processes. (C) Higher magnification shows LFB-positive inclusions within

astroglia (arrow). (D) Confocal microscopy confirms the presence of the myelin protein, PLP1 (red) in an astrocyte. (D’ and D”) Higher

magnification shows PLP-positive puncta within ring-like structures labelling positive for the lysosomal marker LAMP1 (LAMP1, white; GFAP, cyan;

nuclei, blue). (E) Low magnification of the edge of a chronic active lesion with macrophage infiltrates at the lesion rim and in the adjacent white

matter (CD68, brown; MBP, purple). (F) GFAP staining shows reactive astrocytes in adjacent white matter, (I) reactive hypertrophic astrocytes at

the lesion edge and (L) small, chronic-reactive astrocytes in the gliotic lesion centre. (G) As in acute lesions, hypertrophic astrocytes (GFAP,

brown) at the lesion edge contain neutral lipid droplets, visualized with Oil Red O, and (H) LFB-positive inclusions, both indicative of myelin debris

(arrows). Oil Red O-positive droplets are also seen in a macrophage next to the astrocyte (arrowhead). (J) Confocal microscopy of a ballooned

astrocyte double-labelled for GFAP (cyan) and intracellular accumulation of MBP-positive myelin fragments (red; see inset). (K) PLP-positive

myelin debris (red) within astrocytes (GFAP, cyan) is present in lysosomes (LAMP1, white; see inset) and (M) co-localizes with the scavenger

receptor LRP1 (white; inset). Scale bars = 100 mm in A, B, E; 25mm in C, D, F, G, H, I, L; 20mm in J; and 10mm in K and M.
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Figure 2 Myelin debris-positive hypertrophic astroglia in progressive multifocal leukoencephalopathy lesions and meta-

chromatic leukodystrophy. (A) Low magnification image of a subacute progressive multifocal leukoencephalopathy lesion with infiltrating

microglia/macrophages at the lesion rim and the adjacent white matter (MBP, brown; CD68, purple). (B) Higher magnification shows foamy

macrophages at the lesion edge. (C) Numerous hypertrophic astrocytes are present within the lesion and the lesion edge but not in adjacent

white matter (GFAP, brown; myelin, LFB). (D and E) Astrocyte in myelinated white matter remote from the lesion without myelin inclusions. In

contrast, a perivascular astrocyte at the lesion rim contains LFB-positive debris (arrow). (F and G) Confocal microscopy confirms the presence of

MBP (magenta) in GFAP-labelled astrocytes (green) at the lesion rim (G; white arrows, inset) but not in adjacent white matter (F). (H) Low

magnification of metachromatic leukodystrophy white matter shows areas of subcortical U-fibres with apparently intact myelin (H1; detail in I), of

ongoing myelin damage (H2; detail in J) and of myelin-depleted white matter (H3; detail in K); double labelling for myelin and macrophages (MBP,

purple; CD68, brown). (I–K) Numerous macrophages are scattered throughout the intact and demyelinated white matter (arrowheads). (L and

O) Activated astrocytes in subcortical myelinated white matter are highly immunoreactive for GFAP (brown) but do not contain PLP-positive

debris (GFAP, green; PLP, magenta) (arrows). (M and P) The zone with ongoing myelin damage is filled with hypertrophic astrocytes (GFAP,

brown) that contain PLP-positive myelin fragments (arrows), visualized with confocal microscopy (GFAP, green; PLP, magenta). (N and Q) Gliotic

fibres with occasional astroglial cell bodies predominate in myelin-damaged white matter (GFAP, brown). PLP-positive debris (magenta) is present

in macrophages (arrowheads) that are interspersed among the GFAP-positive fibrous mesh (green). Scale bars = 1000mm in A; 100 mm in B, C

and H; 25mm in D, E and I–N; and 20mm in F, G, O–Q.
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present in the majority of astrocytes (Fig. 4A). Flow cyto-

metry confirmed that 498% of astrocytes contained fluor-

escent myelin debris as early as 45min after myelin

exposure. Intracellular localization of myelin was visualized

by orthogonal views of z-stack images acquired by confocal

microscopy (Fig. 4B).

Myelin uptake in isolated astrocyte cultures was concen-

tration-dependent and linear within the first hour at a con-

centration range of 0.125 to 2 mg/ml (Fig. 4C). Myelin

uptake by astrocytes was also observed when co-cultured

with microglia, albeit at a lower level, since microglia

competed for myelin debris and phagocytosed with

higher efficiency. In addition, myelin uptake was

independent of astroglial density and maturation stage

(in vitro Days 14–40). Astroglial activation with TNFa

and IFNg increased myelin uptake by 25% [one-way

ANOVA, F(3,8) = 9.51, P = 0.005; Tukey–Kramer test,

P50.05], while incubation with lipopolysaccharide

(LPS; all 10 ng/ml for 24 h) did not change myelin uptake

compared to resting astrocytes.

Myelin is taken up by LRP1-mediated
endocytosis and is degraded in
lysosomes

To examine uptake mechanisms and intracellular traffick-

ing of myelin debris, we immunolabelled cultured astro-

cytes for the cell surface receptor LRP1 and with markers

of the endosomal lysosomal pathway. Fluorescent-labelled

myelin fragments within astrocytes co-localized with LRP1

after 30min, with the endosomal marker early endosome

antigen-1 (EEA1) after 60min and with the lysosomal mar-

kers, Lysotracker RedTM and CellROXTM at 120min (Fig.

4E–H). Time-lapse images demonstrated lysosomal degrad-

ation of myelin debris over time indicated by loss of green

fluorescence within lysosomes (Fig. 4H). To confirm that

Figure 3 Myelin debris-positive hypertrophic astrocytes in the reactive zone of a subacute infarct. (A) Overview image of a

subacute infarct double-labelled for MBP (purple) and CD68 (brown). Myelin is present at the infarct border (A1, detail in B). The reactive zone

surrounding the infarct centre shows loss of myelin and contains infiltrating macrophages (A2, detail in C). The necrotic core is filled with foamy

CD68+ macrophages (A3, detail in E). (D) Two astrocytes in the reactive zone contain hemosiderin (arrows; haematoxylin/eosin). (F) Reactive

astrocytes in myelinated white matter at the lesion border. (G) Hypertrophic (gemistocytic) astrocytes in the reactive zone (arrows). (H)

Astrocytes are absent from the infarct core. Arrowheads indicate hemosiderin-laden macrophages. (I) Confocal microscopy shows an activated

astrocyte in intact white matter without myelin debris. (J) PLP1-positive myelin debris in lysosomes of a proliferating hypertrophic astrocyte

within the reactive zone (arrows). (K) PLP1-positive debris is present in lysosomes of macrophages at the infarct core. (PLP1, red; LAMP1, white;

GFAP, cyan). Scale bars = 100 mm in A; 25 mm in B–H; and 10mm in I–K.

406 | BRAIN 2017: 140; 399–413 G. Ponath et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
ra

in
/a

rtic
le

/1
4
0
/2

/3
9
9
/2

7
3
1
9
8
4
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



myelin uptake by astroglia was a receptor-mediated, endo-

cytotic process, we quantified myelin phagocytosis in astro-

cyte cultures preincubated with the competitive LRP1

antagonist, receptor associated protein (RAP; 5 mg/ml) and

with Dynasore (0.1 mM, both 30min), an inhibitor of dyna-

min-dependent endocytosis. Incubation of both RAP and

Dynasore resulted in significantly reduced myelin endocyto-

sis by astrocytes. Similarly, preincubation with LPS for 2 h

resulted in reduced myelin uptake, consistent with LRP1-

depleting effect of LPS from the cell surface (Fig. 4I)

(Costales et al., 2013). These results were confirmed by

flow cytometry where pretreatment with Dynasore blocked

myelin ingestion by 490% (Fig. 4J).

Myelin uptake induces astroglial
activation

To elucidate the effect of myelin uptake on astrocyte func-

tion, we examined astroglial proliferation and activation

markers. Astroglial proliferation following myelin

endocytosis was measured through bromodeoxyuridine

(BrdU)-incorporation and showed a 3-fold increase over

untreated controls, compared to a 5-fold increase with

TGF-b (10 ng/ml), a potent inducer of astroglial prolifer-

ation (Fig. 5A) (Yu et al., 2014). In addition, GFAP was

upregulated in astrocytes after 24 h of myelin exposure and

Figure 4 Kinetics and mechanism of myelin uptake in

cultured astrocytes. (A) Primary rat cortical astrocytes (in vitro

Day 14) containing fluorescent-labelled purified myelin after 24 h of

myelin exposure (1 mg/ml) (S100B, magenta; myelin, green). (B)

Intracellular localization of fluorescent myelin debris demonstrated

with orthogonal views of confocal z-stack images of a representative

astrocyte (S100B, magenta; myelin, green). (C) Accumulation of

fluorescence in isolated cultured astrocytes and microglia cells after

30min of exposure to various concentrations of fluorescent-

labelled myelin (0.0625 mg/ml to 2mg/ml). In co-cultures, astrocytes

and microglia were separated with magnetic beads before quantifi-

cation. Graphs show mean � SD from three independent experi-

ments of the quantification of Oregon Green� 488-labelled myelin.

(D) Cultured astrocytes containing myelin fragments after 30min of

myelin exposure. Myelin particles partially co-localize with the cell

surface receptor LRP1 (myelin, green; LRP1, magenta; H 33342,

blue; ALDH1L1, grey in inset). (E) Partial co-localization of intra-

cellular myelin debris with the early endosomal marker, EEA1, in

astrocyte exposed to myelin for 60min (EEA1, magenta; myelin,

green). (F and G), Intracellular myelin debris co-localized with

lysosomes after 120min of myelin exposure demonstrated with the

lysosomal markers LysoTrackerTM and CellROX (both magenta). (G;

inset) Rapid degradation of myelin debris (green) in CellROX-posi-

tive lysosomes shown with time-lapse recording. (H) Myelin uptake

in cultured astrocytes is reduced by the competitive LRP1 ligand

RAP (5mg/ml), the dynamin-dependent endocytosis blocker

Dynasore (0.1 mM; 30min preincubation) and by LPS (10 ng/ml, 2 h

preincubation). Data represent the means � SD from three inde-

pendent experiments. **Means were significantly heterogeneous

[one-way ANOVA, F(3,9) = 70.55, P5 0.0001] and significantly dif-

ferent from the control condition (Tukey–Kramer test, P5 0.01).

(I) Flow cytometry analysis of astrocytes after 45min incubation

with myelin (2 mg/ml + DMSO 1:500). Cells were gated for GLAST+

living cells. A representative graph from five independent experi-

ments shows per cent of maximum fluorescence intensity of intra-

cellular myelin. Pretreatment with Dynasore (0.1 mM in DMSO

1:500 for 30min) resulted in 90% reduction of mean fluorescence

intensity. DMSO (1:500) shows no effect of myelin uptake (data not

shown). Scale bars = 30mm in A; 15mm in B and E–H.
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continued to increase for at least 9 days as shown by west-

ern blot (Fig. 5B and C). Furthermore, myelin phagocytosis

resulted in elevated levels of intracellular reactive oxidative

species after 24 h as shown by live cell imaging with a

fluorescent probe for oxidative stress (Fig. 5D).

Quantification with densitometric analysis of fluorescence

intensity showed a 3-fold increase in reactive oxidative spe-

cies generation [meanuntreated = 1753 � 416, meanmyelin-

treated = 5309 � 1409; one-way ANOVA, F(1,16) = 29.8,

P50.0001].

We further examined intracellular astroglial signalling

pathways by determining activation of NF-kB and mito-

gen-activated protein (MAP) kinase p38, a downstream

target of LRP1. Myelin uptake by astroglia resulted in nu-

clear translocation of p65 NF-kB, transient phosphoryl-

ation of astroglial p65 NF-kB and degradation of IkBa,

suggesting induction of NF-kB signalling (Fig. 6A–C).

Astroglial nuclear translocation of p65 NF-kB after incuba-

tion with myelin debris was also observed in astrocyte-

microglia co-cultures (data not shown). Similarly, p38

MAP kinase signalling was increased in astrocytes after

myelin uptake, as indicated by p38 MAPK phosphorylation

(Fig. 6D and E). Inhibition of myelin endocytosis through

pretreatment with the dynamin inhibitor, Dynasore

(0.1 mM, 30min), reduced IkBa degradation and p38

MAPK phosphorylation, suggesting that myelin uptake

rather than LRP1 binding induced both signalling path-

ways (Fig. 6C and D).

Myelin uptake induces astroglial che-
mokine production

To determine the effect of myelin phagocytosis on possible

immune functions of astrocytes, we analysed mRNA ex-

pression and secretion of chemokines, as well as recruit-

ment of T cells and microglia. Expression of 84 immune-

relevant genes in untreated and myelin-treated astrocytes

were quantified with a PCR array (Supplementary Fig. 4).

The genes that were expressed 3.5-fold or higher from

baseline are listed in Supplementary Fig. 5A, and are visua-

lized in a scatter plot (Fig. 7A). Of the 17 highly expressed

genes, 65% (11) encoded for chemokines, highlighted in

red in the scatter plot. Other highly upregulated transcripts

included Nos2, encoding for inducible nitric oxide synthase

(iNOS), and the interleukins Il1a (IL-1a) and Il1b (IL-1b)

(Fig. 7A).

To confirm that transcriptional upregulation resulted in

increased production of chemokines, we examined super-

natant of cultured astrocytes 24 h after myelin treatment

using a cytokine profiler ELISPOT array (Fig. 7B). Myelin

exposure induced de novo secretion of chemokines (CCL3,

CCL5 and CXCL9) and significantly upregulated others

(CXCL2, CXCL3, CXCL5, CXCL10 and CCL20).

Importantly, interleukins were not detected suggesting

that myelin-uptake induced a specific astroglial activation

pattern that predominantly supports recruitment of

immune cells (Supplementary Fig. 5B).

Finally, to confirm that astroglial chemokine secretion

was effective in recruiting immune cells, we analysed mi-

gration of polarized Th1 CD4 + T cells and microglia

through a transwell-chamber with conditioned medium

from astrocytes in the lower chamber. Conditioned

medium from astrocytes treated with myelin increased

Th1 CD4 + cell and microglial migration by 3-fold and

1.6-fold, respectively (Fig. 7C). These data underscore the

ability of myelin-stimulated astrocytes to recruit inflamma-

tory cells. Furthermore, we observed that supernatant from

myelin-treated astrocytes led to microglial activation

in vitro, as indicated by their morphological change from

Figure 5 Myelin uptake induces astroglial activation and

proliferation. (A) Increased astroglial proliferation after myelin

uptake (1 mg/ml for 72 h) compared to TGFb-induced proliferation

(10 ng/ml), measured by BrdU-incorporation. Myelin concentration

1 mg/ml. Data represent the means � SD from four independent

experiments. **Means were significantly heterogeneous [one-way

ANOVA, F(2,21) = 21.41, P5 0.0001] and significantly different

from the control condition (Tukey–Kramer test, P5 0.01). (B)

GFAP expression increases for at least 9 days after myelin stimula-

tion (western blot). (C) Myelin exposure of astrocytes for 24 h

increases GFAP immunoreactivity. (D) Induction of intracellular

reactive oxygen species in myelin-exposed astrocytes after 24 h

(myelin, green; CellROX, magenta). Scale bars = 15mm.
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an elongated and bipolar to a rounded shape with short

processes (Supplementary Fig. 6).

Quantification of chemokines and iNOS expression,

and NF-kB nuclear localization in areas of myelin

breakdown

To verify the relevance of our in vitro findings in human

disease, we quantified the expression of selected chemo-

kines that were upregulated in astrocytes after myelin

uptake in vitro (CCL3, CCL5, CCL20 and CXCL10) in

myelin-laden hypertrophic astrocytes, myelin-negative re-

active astrocytes and myelin-laden macrophages in areas

of active demyelination. In addition, we examined

Figure 6 NF-kB and p38 MAP kinase activation in cultured

astrocytes exposed to purified myelin. (A) Nuclear transloca-

tion (Hoechst dye 33342, cyan) of the NF-kB subunit p65 (a’ and b’,

red) after 2 h of exposure with myelin debris (b and b’) in GFAP-

labelled astrocytes (a and b, grey). (B) astroglial p65 phosphorylation

(flow cytometry); (C) time course (0–60min) of IkBa degradation

with maximum after 45min of myelin exposure (flow cytometry). (C’)

Blockade of IkBa degradation after 45min of myelin exposure by

pretreatment with Dynasore (0.1mM in 1:500 DMSO, 30min). (D)

Increased phosphorylation of p38 MAPK after stimulation with myelin

for 45min and partial block after pretreatment with Dynasore (open

black; 0.1mM in 1:500 DMSO, 30min; flow cytometry). DMSO

(1:500) alone has no effect on IkBa degradation or p38 phosphoryl-

ation (data not shown). (B–D) Representative graphs and heat maps

from three independent experiments are shown. (E) Transient in-

crease in p38 MAPK phosphorylation after myelin exposure demon-

strated by western blot. Scale bars = 15mm in A.

Figure 7 Induction of chemokines in astrocytes through

myelin uptake. (A) Scatter plot profiling astroglial expression of

84 immune-related genes after incubation with myelin (4 mg/ml; 4 h

exposure). Red dots indicate cytokines with a 53.5-fold increase in

expression over baseline. (B) Representative ELISPOT protein

arrays from three independent experiments showing induced and

upregulated cytokine expression in astroglial supernatant (red

squares: 1 = CCL5, 2 = CXCL9, 3 = CCL3, 4 = CCL20,

5 = CXCL2, 6 = CXCL10, 7 = CXCL3, 8 = CXCL5). (C) Directed

migration of polarized CD4+ Th1 and microglia in conditioned

medium from myelin-treated astrocytes (2 mg/ml for 24 h) in trans-

well-chambers. Data represent the means � SD from three inde-

pendent experiments [one-way ANOVA, F(3,8) = 26.08, P5 0.001;

Tukey–Kramer test, *P5 0.05, **P5 0.01].
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expression of iNOS and nuclear translocation of p65 NF-

kB in these cells.

Our data indicate that expression of chemokines was

overall significantly higher in myelin-laden astrocytes com-

pared to that in myelin-negative astrocytes in multiple scler-

osis, progressive multifocal leukoencephalopathy and

subacute ischaemic infarct (Fig. 8 and Supplementary Fig.

7). Similarly, we found increased nuclear localization of

p65 NF-kB in hypertrophic myelin-laden astrocytes com-

pared to myelin-negative astrocytes. In contrast, iNOS ex-

pression was highly variable but not significantly different

between myelin-positive and myelin-negative astrocytes and

myelin-laden macrophages. Of note, chemokines were ex-

pressed at low levels in hypertrophic but myelin-negative

astrocytes in progressive multifocal leukoencephalopathy,

comparable to myelin-negative reactive astrocytes. The che-

mokine profile differed between different diseases: in mul-

tiple sclerosis, expression of CXCL10 was highest, followed

by CCL5, CCL3 and CCL20 by myelin-positive astrocytes,

whereas myelin-laden macrophages showed high immunor-

eactivity for CCL20 and CCL3. In cerebral infarct, chemo-

kine expression was overall lower with CCL20 being most

highly expressed by hypertrophic astrocytes. In progressive

multifocal leukoencephalopathy, CXCL10 and CCL3 were

highly expressed by hypertrophic astrocytes, but not in

macrophages, while CCL5 and CCL20 were moderately

expressed by both hypertrophic astrocytes and

macrophages.

Discussion
Here we report that the vast majority of astrocytes in areas

of active myelin breakdown contained myelin debris in

multiple sclerosis, progressive multifocal leukoencephalopa-

thy, metachromatic leukodystrophy and subacute cerebral

infarcts. These myelin-positive astrocytes were concentrated

at the advancing edge of myelin damage and were invari-

ably hypertrophic but contained substantially less myelin

than myelin-laden macrophages. The presence of myelin-

containing, hypertrophic astrocytes extended into adjacent

normal-appearing white matter, which is characterized by

scattered activated microglia but not myelin-laden macro-

phages. This spatial distribution suggests that myelin

Figure 8 Quantification of chemokines and iNOS expression, and NF-kB nuclear localization in areas of myelin breakdown.

Graphs display fluorescent immunoreactivity means � SD of CXCL10, CCL20, CCL3, CCL5, iNOS and nuclear localization of p65 NF-kB in

myelin-positive hypertrophic astrocytes, myelin-negative reactive astrocytes and myelin-laden macrophages, quantified by densitometric analysis.

For statistical analysis one-way ANOVA with Tukey-Kramer test for individual comparisons from at least 20 cells per cell type per case was

performed. *P5 0.05, **P5 0.01.
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uptake by astrocytes is an early event that occurs be-

fore the bulk of damaged myelin is cleared by

macrophages.

In cell culture, myelin-uptake by astrocytes induced NF-

kB and MAP kinase activation as well secretion of lympho-

cyte- and macrophage-attracting chemokines. Consistent

with these in vitro results, we observed in the human dis-

eases that myelin-containing astrocytes displayed increased

NF-kB activation and expressed substantially higher che-

mokine levels (CCL3, CCL5, CCL20 and CXCL10) com-

pared to reactive, myelin-negative astrocytes. Our results

suggest that myelin phagocytosis is a universal astroglial

response in CNS diseases with prominent myelin injury.

Furthermore, while astrocytes do not contribute signifi-

cantly to myelin removal compared to professional phago-

cytes, they may initiate a first line response to myelin injury

that leads to recruitment of immune cells to the lesion site.

Our findings in post-mortem tissue are in line with two

previous studies that examined CNS tissue from patients

with relapsing-remitting and primary progressive multiple

sclerosis (Lee et al., 1990; Morcos et al., 2003). In both

studies, myelin fragments were found in hypertrophic astro-

cytes in early and chronic active lesions as well as in remye-

linating lesions (Morcos et al., 2003), a lesion type that we

did not examine. Intriguingly, Lee et al. (1990) described

processes of myelin-phagocytosing astrocytes that were

interpositioned between axons and their disrupted myelin

sheaths, suggesting that astrocytes directly remove damaged

myelin from axons. To our knowledge, myelin particles in

astroglia have been reported in multiple sclerosis but not in

any of the other human demyelinating conditions examined

here. Several animal studies have demonstrated that astro-

cytes are capable of phagocytosis: astrocytes have been

shown to phagocytose synapses in the developing and

adult mouse CNS (Chung et al., 2013) and axonal and

myelin debris in animal models of entorhinal cortex

(Bechmann and Nitsch, 2000), optic nerve injury

(Colavincenzo and Levine, 2000) and in ex vivo tissue cul-

tures exposed to EAE serum (Raine and Bornstein, 1970).

We furthermore established that myelin debris was taken

up by astrocytes via the scavenger receptor low density

LRP1 and entered the endosomal-lysosomal degradative

pathway. LRP1 is a multifunctional and promiscuous mem-

brane receptor that binds to over 40 distinct ligands

(Gonias and Campana, 2014). LRP1 has been shown to

facilitate astroglial endocytosis of tissue plasminogen acti-

vator and amyloid-b (Casse et al., 2012; Birch, 2014) and

is upregulated in reactive astrocytes in and around areas of

active demyelination in multiple sclerosis (Hendrickx et al.,

2013), after ischaemic injury (Zhang et al., 2007) and in

Schwann cells after peripheral nerve injury (Campana et al.,

2006). Here we report that LRP1 was highly expressed

both in myelin debris-positive astrocytes and macrophages

in vivo, consistent with the report that LRP1 is essential for

myelin phagocytosis by macrophages (Gaultier et al.,

2009). This selective upregulation of LRP1 in tissue

contrasts with the constitutive expression that we observed

in cultured astroglia irrespective of their activation status.

In macrophages, myelin phagocytosis induces an anti-

inflammatory (M2) phenotype that is thought to limit

and eventually resolve lesional inflammation in multiple

sclerosis (Boven et al., 2006), consistent with the anti-

inflammatory effects of LRP1 signalling in macrophages

(Gonias and Campana, 2014). In contrast, myelin uptake

by astrocytes does not induce expression of pro- or anti-

inflammatory cytokines; therefore, expression of chemo-

kines occurs in the absence of astroglial polarization.

We hypothesize that myelin-containing astrocytes exert a

major effect on lesion development through chemoattrac-

tion of immune cells. This may lead to increased tissue

damage in demyelinating conditions driven by inflamma-

tion such as multiple sclerosis, where additional recruitment

of lymphocytes and microglia/macrophages fuels the in-

flammatory process. On the other hand, microglia and

monocyte recruitment may be beneficial for myelin clear-

ance in a non-inflammatory environment. This is suggested

by studies in mice depleted of reactive astrocytes, where

treatment with the oligodendrocyte toxin cuprizone led to

reduced microglial recruitment with concomitant failure of

removal of myelin debris and delay in remyelination

(Skripuletz et al., 2013). In addition, reactive astrocytes

fulfil a number of neurosupportive and homeostatic func-

tions that may be altered by myelin uptake; however, this

has not been examined in our study. Finally, although

astrocytes express chemokines in all conditions examined

(multiple sclerosis, progressive multifocal leukoencephalo-

pathy and cerebral infarct), substantial lymphocyte infil-

trates are typically not seen in cerebral infarcts or

metachromatic leukodystrophy. Thus, other factors such

as peripheral lymphocyte activation and blood–brain bar-

rier permeability may ultimately determine the degree of

lymphocyte infiltration.

In summary, our findings suggest that astroglial phago-

cytosis of myelin debris is common in CNS pathologies

with prominent myelin injury. While it is impossible to

determine the exact chronological sequence with histolo-

gical samples, it is possible that myelin uptake by astrocytes

is an early response to myelin damage and may trigger pro-

inflammatory activation injury. Moreover, myelin uptake

induces a specific astroglial phenotype associated with se-

cretion of cell-recruiting chemokines that leads to influx of

immune cells and to the bulk removal of damaged myelin

by macrophages. Thus, modulation of early astroglial re-

sponses to myelin damage may be of considerable thera-

peutic import to prevent subsequent inflammation in

multiple sclerosis and other diseases with prominent

myelin injury. Indeed, several treatments for multiple scler-

osis, fingolimod, dimethyl fumarate and laquinimod have

been shown to directly inhibit astrocytic activation

(Wilms et al., 2010; Choi et al., 2011; Bruck et al.,

2012), which is likely to contribute to their overall thera-

peutic effect.
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