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Abstract 

Multiple sclerosis (MS) is a demyelinating autoimmune disease of the central 

nervous system (CNS). Most MS patients initially have an inflammatory phase 

characterized by periods of clinical relapses and remissions. Over time, a large 

proportion of patients will enter a progressive neurodegenerative phase of the 

disease characterized by sustained and irreversible neurological deterioration. 

Currently available therapies for MS patients are highly effective to suppress 

inflammation, but largely fail to prevent the neurodegenerative component that 

inevitably leads to disease progression (1-3). 

Despite that reactive astrogliosis is now one of the pathological hallmarks in MS, 

astrocytes have always been considered as static bystander cells. However, 

astrocytes are involved in many important CNS functions, such as ion, pH and water 

homeostasis, maintenance of blood-brain barrier properties, control of energy supply 

to neurons, and regulation of function and formation of synapses (4). Furthermore, 

compelling evidence points to astrocytes as key contributors to the 

neurodegenerative component observed in MS. However, the mechanisms 

underlying the regulation of astrocytic responses remain unknown.  

In the present study, we aimed to investigate how inflammation in MS induces 

astrocyte reactivity modulating the astrocytic response that leads to neuronal 

damage. We report an exhaustive molecular and functional characterization of 

astrocyte reactivity following exposure to cerebrospinal fluid (CSF) from MS patients 

classified according to the degree of inflammatory activity. We showed that mouse 

astrocytes exposed to CSF from patients with high inflammatory activity (MS-High) 

exhibited a specific pro-inflammatory reactive state that was characterized by 

enhanced nuclear factor kappa B (NF-кB) signalling. This reactive astrocyte state 

conferred an aberrant response through an altered pro-inflammatory secretome that 

drove neuronal dysfunction and impaired synaptic plasticity. SerpinE1 was identified 

as a potential downstream mediator of the non-cell-autonomous toxic effect on 

neuronal function based on its significant up-regulation in secretomes from 
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astrocytes exposed to CSF from MS-High patients. Furthermore, we identified 

chitinase 3-like 1 (CHI3L1) as a potential upstream modulator of astrocyte reactivity 

via activation of NF-kB signalling based on its significantly increased levels in the 

CSF from MS-High patients. 

Taken together, our findings indicate that the inflammatory microenvironment in 

the CNS of MS patients can induce specific reactive astrocyte states that trigger 

neuronal degeneration and may ultimately contribute to disease progression. 
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Resumen 

La esclerosis múltiple (EM) es una enfermedad autoinmune y desmielinizante del 

sistema nervioso central (SNC). La mayoría de los pacientes presentan una fase 

inicial inflamatoria que alterna períodos de exacerbaciones y remisiones. A lo largo 

del tiempo, una gran proporción de pacientes entrará en una fase de la enfermedad 

de neurodegeneración progresiva que se caracteriza por un deterioro neurológico 

mantenido e irreversible. Los tratamientos actualmente disponibles para los 

pacientes con EM son muy efectivos en la supresión de la inflamación, pero 

altamente ineficientes en la prevención del componente neurodegenerativo que 

inevitablemente conlleva a la progresión de la enfermedad (1-3). 

 A pesar de que la astrogliosis reactiva es ahora una de las características 

patológicas de la EM, los astrocitos siempre se han considerado como células 

estáticas de soporte. Sin embargo, los astrocitos están involucrados en muchas 

funciones importantes del SNC, como la homeostasis de iones, pH y agua, el 

mantenimiento de las propiedades de la barrera hemato-encefálica, el control del 

suministro energético a las neuronas, y la regulación de la función y formación de 

las sinapsis (4). Además, evidencias convincentes apuntan a los astrocitos como 

contribuyentes clave al componente neurodegenerativo observado en la EM. Sin 

embargo, los mecanismos subyacentes a la regulación de las respuestas 

astrocíticas siguen siendo desconocidos. 

En el presente estudio, nos propusimos investigar cómo la inflamación en la EM 

induce astrogliosis reactiva, modulando la respuesta astrocítica que conduce al daño 

neuronal.  Presentamos una caracterización molecular y funcional exhaustiva de la 

reactividad de los astrocitos tras la exposición al líquido cefalorraquídeo (LCR) de 

pacientes con EM clasificados según el grado de actividad inflamatoria. 

Demostramos que los astrocitos de ratón expuestos a LCR de pacientes con alta 

actividad inflamatoria (MS-High) exhibían un estado reactivo pro-inflamatorio 

específico caracterizado por una mayor señalización de nuclear factor kappa B (NF-

kB). Este estado reactivo de los astrocitos confirió una respuesta aberrante a través 

de un secretoma alterado y pro-inflamatorio que conduce a la disfunción neuronal y 
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al deterioro de la plasticidad sináptica. SerpinE1 se identificó como un mediador 

potencial del efecto tóxico paracrino sobre la función neuronal en base a su 

expresión aumentada en el secretoma de los astrocitos expuestos a LCR de 

pacientes con MS-High. Además, identificamos la proteína chitinase 3-like 1 

(CHI3L1) como un posible modulador de la reactividad astrocítica a través de la 

activación de la señalización de NF-kB, en función de sus niveles significativamente 

aumentados en el LCR de pacientes con MS-High. 

Conjuntamente, nuestros hallazgos indican que el microambiente inflamatorio en 

el SNC de los pacientes con EM puede inducir estados de reactividad astrocítica 

específicos que desencadenan la degeneración neuronal y, en última instancia, 

pueden contribuir a la progresión de la enfermedad. 
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1. Introduction 
1.1. Multiple sclerosis 

Multiple sclerosis (MS) is a chronic, inflammatory, demyelinating, and 

neurodegenerative disease of the central nervous system (CNS). It represents one 

of the leading causes of non-traumatic disability among young adults, and has 

become the most common demyelinating disease worldwide, affecting 2.5 million 

people (5). This carries a significant social and economic impact. 

MS onset typically occurs in young adults (20-40 years of age), although 5% of 

diagnosed patients experienced their first clinical symptoms during childhood and 

adolescence (6) or in late adulthood (>50 years of age) (7). It is more prevalent in 

women than in men (2.3-3.5:1) (8).  

The MS aetiology remains unknown. However, decades of investigation suggest 

that disease predisposition and progression are influenced by both a complex 

multifactorial genetic background and environmental factors (9, 10). The main 

environmental factors linked to MS risk are Epstein-Barr virus, vitamin D deficiency, 

smoking, salt intake and adolescent obesity (11). 

1.1.1. Pathology 

The main pathological hallmarks of MS are inflammation, demyelination, reactive 

astrogliosis, oligodendrocyte loss and neurodegeneration (12, 13).  

Focal areas of demyelination, known as plaques or lesions, occur both in the white 

and grey matter, and are typically observed in the brain, optic nerve, and spinal cord 

(14). The loss of myelin sheaths affects the saltatory conduction of the action 

potential that ultimately causes neurological symptoms. Moreover, acute 

demyelination compromises axonal cytoskeleton integrity and increases 

demyelinated axon vulnerability to persistent inflammation and axonal transection 

(15). Then, chronically demyelinated axons degenerate in consequence of the loss 

of glial support. Axonal and neuronal loss in acute and chronic demyelinated lesions 
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are considered the main contributors to neurological disability progression (13) 

(Figure 1). 

 
Figure 1. Main pathological hallmarks in MS lesions. Images represent the characteristic 
inflammation (A), demyelination (B), and reactive astrogliosis (C) in MS. Neurodegeneration 
is shown in panels D and E, when comparing axonal density in control tissue (D) and in MS 
lesion (E). Adapted from: Han MH, Hwang SI, Roy DB, Lundgren DH, Price JV, Ousman SS, 
Fernald GH, Gerlitz B, Robinson WH, Baranzini SE, Grinnell BW, Raine CS, Sobel RA, Han 
DK, Steinman L. Proteomic analysis of active multiple sclerosis lesions reveals therapeutic 
targets. Nature. 2008; 451(7182):1076-1081 (A, B); Sofroniew MV, Vinters HV. Astrocytes: 
biology and pathology. Acta Neuropathologica. 2010; 119:7-35 (C); and Trapp BD, Nave KA. 
Multiple sclerosis: an immune or neurodegenerative disorder? Annual Reviews 
Neuroscience. 2008; 31:247-69 (D, E). 

 
 

1.1.2. Pathogenesis 

MS has been traditionally considered a primary autoimmune disease in which 

dysregulated autoreactive T cells are primed in the periphery, cross into the CNS and 

lead to the formation of new inflammatory demyelinating lesions (outside-in model). 

Despite the overwhelming evidence of an inflammatory component in MS, questions 

have raised as to whether the immune system is the root of the disease. In this 

regard, an alternative model suggests an immunological convolution between an 

underlying primary degenerative disorder and an aberrant immune response (inside-

out model) (16).   
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Early inflammatory phase 

Autoreactive T and B cells as well as monocytes infiltrate into the CNS via the 

cerebrospinal fluid (CSF) compartment (17) or by crossing the CNS endothelium 

(18). Once in the CNS, T cells encounter myelin antigens presented by perivascular 

macrophages. Reactivated T cells secrete cytokines and chemokines that activate 

both microglia and astrocytes, as well as disturb oligodendrocyte homeostasis. The 

pro-inflammatory environment produced by reactive T cells, microglia, and astrocyte 

secretions promotes the breakdown of the blood-brain barrier (BBB) (19-21), thus 

allowing the recruitment of additional immune cells into the CNS, including plasma 

cells, which produce antibodies that directly affect myelin sheaths (22), neuronal 

axons (23, 24), and glial cells (25). The new wave of immune cell infiltration together 

with CNS-resident cell activation will perpetuate inflammation within the CNS 

parenchyma and will ultimately lead to demyelination and neuro-axonal injury (21).  

The main effector immune cells involved in the immunopathogenesis of MS are: 

(i) phagocytic cells, which mediate myelin sheaths impairment; (ii) the Th1 CD4+ T 

cell subset, which secretes pro-inflammatory cytokines such as interferon-γ (IFN-γ), 

interleukin (IL)-2, and tumour necrosis factor-α (TNF-α) (26-28); (iii) the Th17 CD4+ 

T cell subset, which secretes a wider range of pro-inflammatory cytokines: 

granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-6, IL-17, IL-21, IL-

22 and TNF-α, and granzyme B  (29-31); (iv) cytotoxic CD8+ T cells, which express 

death effector ligands and release cytotoxic granules, TNF-α and IFN-γ (32), 

outnumber CD4+ T cells (33) and correlate with the extent of axonal damage (34, 35) 

in MS lesions; and (v) B cells, which produce pathogenic antibodies targeting myelin 

antigens (36, 37) . In addition, an immunoregulatory subset of CD4+ T cells, Th2 and 

regulatory T (reg) cells, secrete IL-4, IL-10 and transforming growth factor-β (TGF-

β), respectively, and have been reported to ameliorate CNS autoimmunity (38-41) 

(Figure 2).  
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Figure 2. Early inflammatory phase of MS pathogenesis. Peripheral autoreactive immune 
cells infiltrate into the CNS parenchyma through the blood vessels directly crossing the blood-
brain barrier, the subarachnoid space or choroid plexus (dashed arrows). Reactivated 
immune cells, along with reactive resident microglia and astrocytes, perpetuate CNS 
inflammation and promote demyelination as well as oligodendrocyte and neuronal damage, 
through the secretion of soluble factors (pro-inflammatory cytokines, antibodies) and direct 
cell contact-dependent mechanisms (phagocytosis). Abbreviations: APC: antigen-presenting 
cells; BBB: blood-brain barrier; GM-CSF: granulocyte–macrophage colony-stimulating factor; 
IFNγ: interferon-γ; IL: interleukin; Th: T helper. Adapted from: Filippi M, Bar-Or A, Piehl F, 
Preziosa P, Solari A, Vukusic S, Rocca MA. Multiple sclerosis. Nature Reviews Disease 
Primers. 2018; 4:43. 
 

Progressive phase  

Ongoing inflammation sustained by reactive CNS-resident microglia and 

astrocytes, through the release of a wide range of neurotoxic inflammatory mediators, 

culminates with a compartmentalized CNS chronic inflammation. The persistent 

exposure of neurons and oligodendrocytes to the existing inflammatory 

microenvironment promotes neuroaxonal injury that triggers chronic 



Introduction 

  9 

neurodegenerative processes (42, 43). Thus, vulnerable demyelinated axons, due to 

the loss of myelin sheath and glia trophic support, will ultimately degenerate causing 

neuronal loss. Brain atrophy, as a consequence of neuronal death, can be assessed 

by magnetic resonance imaging (MRI) and represents the major cause of irreversible 

neurological disability observed in progressive MS  (13, 44, 45).  

There are several molecular mechanisms and factors underlying 

neurodegeneration mediated by both immunologic and neurobiological effectors, 

which eventually result in disease progression and chronic disability. The main 

neurodegenerative mechanisms induced by immunological processes are: (i) 

antigen-specific CD8+ T lymphocyte-mediated cytotoxicity against myelin, 

oligodendrocytes, and neurons (34, 46-49); (ii) antibodies against myelin and non-

myelin antigens (such as neurofascin, neurofilaments or glial inwardly rectifying K+ 

channel 4.1 - Kir4.1) induce injury through activation of the complement cascade (24, 

50-52); (iii) direct T cell-mediated neurotoxicity (53); (iv) the release of IFN-γ by CD8+ 

T cells induces glutamate neurotoxicity and Ca2+ influx into neurons (54); (v) the 

release of TNF-α by CD8+ T cells triggers neuronal death via the p55 receptor (55); 

(vi) the release of perforin and granzymes by CD8+ T cells damages neuron cell 

membranes leading to Na+ and Ca+2 influx as well as energy breakdown (56); (vii) 

reactive astrocytes secrete pro-inflammatory chemokines  that attract immune cells 

and microglia to lesion sites (57); (viii) GM-CSF, macrophage colony-stimulating (M-

CSF), and TGF-β released by reactive astrocytes regulate major histocompatibility 

complex class II (MHC-II) expression by microglia and its phagocytosis capacity (58); 

(ix) reactive astrocytes up-regulate B-cell-activating factor (BAFF) expression, which 

contribute to B-cell-dependent autoimmunity (59); (x) activated microglia can cause 

neuronal death by releasing harmful factors such as reactive oxygen species (ROS) 

(60), glutamate, and proteases (61); (xi) activated microglia secrete pro-inflammatory 

cytokines that induce mitochondrial injury both in neurons and glial cells (60, 62, 63); 

(xii) the uptake and release of Fe2+ by activated microglia increases the susceptibility 

to free radicals-driven demyelination and neurodegeneration (64); and (xiii) activated 
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microglia executes neuronal death by phagocytosis of stressed neurons (a process 

termed phagoptosis) (65).  

On the other hand, the main neurobiological effectors causing oligodendroglial 

damage as well as axonal and neuronal degeneration are: (i) loss of glial trophic 

support (66, 67); (ii) mitochondrial dysfunction (62, 68, 69), (iii) excitotoxicity (70, 71); 

(iv) remyelination failure by both oligodendrocyte precursor cells (OPC) and 

oligodendrocytes (72, 73); (v) senescence transcriptomic changes in OPCs, which 

make them unable to differentiate into mature oligodendrocytes (74); and (vi) 

increased neuronal energy demand and alterations in ion channel homeostasis (75-

77). 

Growing evidence points to diffuse synaptic dysfunction and loss, known as 

synaptopathy, as a pathophysiological hallmark of MS independent of axonal 

transection and demyelination. Long-lasting alterations of synaptic homeostasis can 

be detrimental and lead to excitotoxic damage and neuronal death (78, 79). In this 

line, structural synaptic alterations have been observed in different CNS areas in the 

animal model of MS, the experimental autoimmune encephalomyelitis (EAE), 

including spinal cord, hippocampus, cerebellum, striatum, and cortex. In fact, in the 

spinal cord from EAE mice, a prominent retraction of both dendrites and synaptic 

terminals of motor neurons was observed during disease exacerbation and 

correlated with reactive astrogliosis (80-82). In addition, signs of apoptosis at the 

synaptic level have been detected in the acute phase of EAE in absence of neuronal 

loss (83), suggesting that synapses are early targets of the neurodegenerative 

component of the disease. Several studies have demonstrated that 

neuroinflammation can impair synaptic transmission at different levels, resulting in 

detrimental effects on synaptic excitability and, ultimately, neuronal function (84-86). 

In this regard, pro-inflammatory cytokines are known to affect the post-synaptic 

compartment and have been observed in both early and late phases of EAE (83, 87). 

By contrast, synaptic alterations triggered by axonal demyelination impair the pre-

synaptic transmitter release and can be reversed in the chronic phase of EAE when 

a certain degree of remyelination occurs (87). Importantly, most of the synaptic 
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alterations have the potential to rapidly and spontaneously revert independently from 

the remyelination process (81). 

The relevance of a synaptopathy in MS patients has been confirmed in several 

studies. Particularly, in a post-mortem histological study in patients with progressive 

MS, the demyelinated hippocampi showed minimal neuronal loss but significantly 

decreased levels of crucial proteins for synaptic maintenance, axonal transport, 

glutamate homeostasis and neurotransmission as well as synaptic plasticity 

(synaptophysin, synaptotagmin, and post-synaptic density protein 95 (PSD-95), 

among others) (88). Moreover, complement component (C)-1q and C3 proteins of 

the complement system were identified as mediators of the synapse elimination 

observed in hippocampus from MS patients (89). 

Although the precise mechanisms underlying synaptic dysfunction in MS are not 

fully understood, recent studies demonstrated a causative effect mediated by CD3+ 

T cells (83, 90-92), activated microglia (83, 93)  as well as pro-inflammatory cytokines 

TNF-α (83, 91) and IL-1β (90, 93-96). Collectively, these evidences suggest a direct 

link between the inflammatory microenvironment in the CNS and a synaptopathy in 

MS, which can be independent from demyelination and neuronal loss. Likewise, it 

indicates that synaptic abnormalities could be the result of a combination of both 

diffuse and focal neuroinflammation as well as axonal demyelination (Figure 3). 
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Figure 3. Demyelination, axonal loss and synaptopathy are pathophysiological 
hallmarks of MS. Inflammation driven by autoreactive lymphocytes triggers microglia, 
macrophage and astrocyte activation, which in turn, boosts inflammatory microenvironment 
through the release of soluble factors. Thus, inflammation (red arrows) in the CNS leads to 
demyelination, axon transection and synaptopathy. Chronic demyelinated axons undergo 
neurodegenerative processes such as mitochondrial dysfunction and ion channel alterations 
that promote neurodegeneration. Similarly, axonal loss is not reversible and results in 
neuronal death. Long-lasting synaptic dysfunction in chronic microglia activation can lead to 
neurodegeneration. Importantly, both demyelination and synaptic impairment are potentially 
reversible (blue arrows). Adapted from: Mandolesi G, Gentile A, Musella A, Fresegna D, De 
Vito F, Bullita S, Sepman H, Marfia GA and Centonze D. Synaptopathy connects inflammation 
and neurodegeneration in multiple sclerosis. Nature Reviews Neurology. 2015; 11, 711-724. 
 

1.1.3. Clinical aspects 

The symptomatohology of MS is highly heterogeneous between patients, but 

clinical manifestations normaly include visual, motor and sensory symptoms, as well 

as cognitive impairment (15). Neurological disability in patients is assessed by the 

Expanded Disability Status Scale (EDSS), which is used to monitor disability 
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progression over time (97). EDSS 3.0 indicates moderate disability, while EDSS 

above 5.5 indicates walking assistance.  

The clinical course of MS is also heterogeneous and comprises several 

phenotypes defined considering the original clinical patterns (98) and new descriptors 

such as disease activity and clinical progression, which reflect ongoing inflammatory 

and neurodegenerative processes, respectively (99). Four different clinical courses 

have been described and can be categorized as relapsing or progressive: (i) clinically 

isolated syndrome (CIS); (ii) relapsing-remitting MS (RRMS); (iii) primary progressive 

MS (PPMS); and (iv) secondary progressive MS (SPMS) (99) (Figure 4). 

Most patients (85-90%) initially present a first clinical attack (CIS) highly 

suggestive of demyelinating CNS disease but has yet to fulfil criteria for MS diagnosis 

(100). This first event is an unpredictable episode of neurological dysfunction due to 

demyelinating lesions typically affecting the optic nerve, brainstem or cerebellum, 

spinal cord, or cerebral hemispheres. Also, patients with a CIS may present cognitive 

impairment (100). RRMS is characterized by alternating periods of relapses with new 

neurological symptoms, followed by remissions with clinical stability. As the disease 

progresses, functional recovery from the acute episodes is incomplete and 

neurological disability accumulates. After approximately 19 years from a RRMS 

onset, most patients (65%) will eventually develop a progressive phase (SPMS). The 

SPMS course fluctuates in periods of progression with possible relapses in between, 

as well as periods of relatively stable disability. Finally, about 10-20% of MS patients 

develop a progressive course from disease onset (PPMS). Progression in PPMS is 

variable at the individual patient level, in which relapses and periods of relative 

disease stability throughout the course can occur. It is thought that the absence of 

an initial relapsing phase in PPMS patients may potentially be caused by clinically 

silent lesions (101, 102). In both progressive phenotypes, pathology is complex and 

involves neurodegeneration along with mild-to-moderate inflammation (103).  
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Figure 4. Clinical course of MS. Abbreviations: RRMS: relapsing-remitting multiple 
sclerosis; SPMS: secondary progressive multiple sclerosis; PPMS: primary progressive 
multiple sclerosis; MRI: magnetic magnetic resonance imaging. Illustration from: Klineova S, 
Lublin FD. Clinical course of multiple sclerosis. Cold Spring Harbor Perspectives in Medicine. 
2018; 8(9):a028928. 

 

1.1.4. Diagnosis and prognosis 

There is a strong need for early MS diagnosis, since initiation of disease-modifying 

treatment (DMT) at early stages may significantly impact the disease evolution (104-

106).  

Current validated criteria for MS diagnosis are the 2017 McDonald criteria (107), 

which are fundamentally based on clinical criteria, MRI, and CSF findings. After a first 

clinical attack (CIS), clinically definite MS (CDMS) is confirmed when fulfilling clinical 

criteria for a second attack, or radiological criteria for dissemination in time (DIT) and 

space (DIS), or the combination of DIS with the presence of CSF-specific oligoclonal 

bands (OCB) (107).  

MRI 

MRI has been increasingly used over time and has become the most reliable 

paraclinical tool to support the diagnosis of MS. The conventional MRI techniques 

performed for diagnostic purposes are: T1-, T2-, and proton density (PD)-weighted 

imaging, and fluid attenuated inversion recovery (FLAIR) sequences.  
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Abnormal MRI with the presence of focal lesions is observed in almost all MS as 

well as CIS patients. MS lesions have features that facilitate the differential diagnosis 

from other CNS diseases resembling MS, such as signal intensity, localization, and 

morphology. Lesions commonly appear in periventricular, juxtacortical and 

infratentorial brain regions and in the spinal cord (Figure 5A-E).  

In addition, the administration of gadolinium-based contrast agents when imaging, 

allows the identification of new active lesions and its discrimination from those 

inactive (Figure 5F, G). Signal enhancement occurs when there is an increase in 

BBB permeability, which represents ongoing inflammation.  

Figure 5. Typical MS lesions in MRI. DIS demonstration by different demyelinating lesions 
observed in the four typical areas of the CNS: periventricular (A), cortical (B), juxtacortical (C), 
infratentorial (D), and spinal cord (E) lesions. Yellow arrows highlight the corresponding 
lesions. DIT demonstration in T1- (F) and T2-weighted (G) imaging with the presence of 
gadolinium-enhanced (active, white arrows) and non-enhanced (inactive, white dashed 
arrows) lesions (F, G). Adapted from: Filippi M, Bar-Or A, Piehl F, Preziosa P, Solari A, 
Vukusic S, Rocca MA. Multiple Sclerosis. Nature Reviews Disease Primers. 2018; 4:43 (A-
E); and Vigeveno RM, Wiebenga OT, Wattjes MP, Geurts JJG, Barkhof F. Shifting imaging 
targets in multiple sclerosis: from inflammation to neurodegeneration. Journal of Magnetic 
Resonance Imaging. 2012; 36:1-19 (F, G). 

 

MRI has also been critical not only for MS diagnosis but also for monitoring 

disease activity and treatment response, as well as for MS prognosis. To date, brain 

MRI is still considered the most effective tool for prediction of MS conversion and 

disability accumulation. In this line, the number of brain lesions in CIS patients 

correlated with a higher risk for conversion to MS and disability progression, and are 

considered a high-impact prognostic factor (108-112).  
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Furthermore, MRI is for now the only tool that reliably allows assessing disease 

activity in MS (113). Also, it can be used to study the degree of inflammation, by the 

quantification of enhancing lesions, and the degree of neurodegeneration, through 

the analysis of brain and spinal cord atrophy. In this regard, it has been demonstrated 

a correlation between brain atrophy measures and the development of long-term 

disability in patients with MS (114). 

OCB 

The presence of CSF-restricted OCB allows the detection of an abnormal increase 

production of antibodies within the CNS. Original MS diagnostic criteria revision 

included CSF-specific IgG OCB findings supporting disease diagnosis (2), based on 

their high prevalence in MS patients (115) as well as their predictive role on CIS 

conversion to CDMS (116). 

1.1.5. Disease modifying therapies (DMT) 

Treatment strategy in MS aims to reduce the number of relapses in RRMS forms 

as well as to delay or prevent disability progression in patients. Currently available 

therapies are classified into: injectables, oral therapies, and monoclonal antibodies.  

Injectables DMT include IFN-β and glatiramer acetate, which are first-line 

therapies for RRMS forms. The exact mechanism of action remains unknown but, 

overall, these drugs have anti-inflammatory and regulatory effects (117-119). Oral 

therapies are: fingolimod, teriflunomide, dimethyl fumarate, and cladribine. 

Fingolimod, an analogue of sphingosine 1-phosphate (S1P), prevents T cell 

migration from the secondary lymph organs, thus decreasing circulating T cells (120, 

121). Teriflunomide is a metabolite that inhibits the proliferation of B and T cells (122, 

123). Dimethyl fumarate has immunomodulatory effects by shifting from a pro-

inflammatory (Th1) to an anti-inflammatory (Th2) cytokine profile (124). Cladribine 

(2-chlorodeoxyadenosine) is a synthetic deoxyadenosine analogue known to induce 

a cytotoxic effect on lymphocytes, leading to long-term depletion of T and B cells 

(125). Finally, several monoclonal antibodies are used to target immune responses 

in RRMS patients. Natalizumab, a humanized monoclonal antibody that binds to the 
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α-4 integrin of very late antigen 4 (VLA-4), prevents lymphocyte trafficking into the 

CNS (126, 127). Alemtuzumab, a humanized monoclonal antibody against CD52, 

targets T and B cells and induces their depletion and subsequent repopulation (128, 

129). On the other hand, there are B-cell depleting monoclonal antibodies targeting 

CD20: rituximab (chimeric mouse-human), ocrelizumab and ofatunumab (both 

humanized), which deplete mature B cell populations (130, 131). Importantly, 

ocrelizumab is the first drug that have been approved for treatment PPMS (132). 

Although the MS treatment pipeline has hugely evolved over the past 25 years 

since the approval of the first drug, available therapies are highly effective to 

suppress the predominantly inflammatory component observed in patients with 

RRMS. However, these therapies have proven to be largely ineffective in patients 

with progressive forms of the disease in whom the neurodegenerative component 

dominates (SPMS and PPMS). In this setting, a more in-depth understanding of the 

mechanisms of neurodegeneration occurring in the disease will certainly help in the 

identification of molecular targets that may set the rationale for the design of specific 

and effective therapeutic approaches to prevent neurodegeneration and hence stop 

progression in MS patients.  

1.1.6. Biomarkers 

Considering the high degree of disease heterogeneity, biomarkers are certainly 

necessary in MS. Biomarkers in MS may help in: (i) early disease diagnosis; (ii) 

prediction of CIS conversion to CDMS; (iii) stratification of disease phenotypes; (iv) 

prognosis of the disease course; and (v) prediction of treatment response at 

individual patient’s level. To date, despite the efforts deposited, MS heterogeneity 

makes it challenging, and few biomarkers are implemented into the clinical practice: 

CSF IgG-OCB, IgG index, and MRI (reviewed in (133, 134). A promising biomarker 

that is gradually being implemented into MS clinical practice for therapy monitoring 

is the blood neurofilament light chain (NfL) (135). 

Briefly, several CSF biomarkers candidates have shown promising results on early 

CIS conversion to MS: IgM OCB (136, 137), C–X–C motif chemokine 13 (CXCL13) 
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(138), chitinase 3-like 1 (CHI3L1) (139, 140), and NfL (141). In particular, CSF 

CHI3L1 levels have been also associated with early and rapid disability progression 

(140), and demonstrated a direct neurotoxic effect in vitro (142). However, there is 

still a need for validation of biological markers in order to be able to apply them into 

the clinical practice.  

1.2. Astrocytes  
1.2.1. Astrocytes in CNS homeostasis 

Astrocytes are specialized glial cells originated from the neuroectoderm. They are 

the most abundant cell type in the CNS and represent a 70% of total cells in the brain 

and cover 20-50% of the brain volume. Worth noting, the ratio of astrocytes per 

neuron increases substantially among species when increases brain complexity and 

size, supporting an evolutionary advantage in greater number of astrocytes (143). 

Astrocytes were first described in 1846 by Rudolf Virchow who defined a 

homogenous cell population that supports neurons. Later, Camilo Golgi and Ramón 

y Cajal identified diverse astrocyte morphologies in the human cerebellum (144). 

Since then, numerous astrocyte morphologies across different CNS regions have 

been described, but they are still classified into two main subtypes: protoplasmatic 

and fibrous. Protoplasmatic astrocytes are located throughout all grey matter and 

exhibit several stem branches that give rise to multiple finely branching processes in 

a uniform globoid distribution. Fibrous astrocytes are found throughout all white 

matter and exhibit a morphology characterized by many long fiber-like processes (4). 

Electron microscopy studies have revealed that protoplasmatic astrocyte processes 

envelop synapses while the processes of fibrous astrocytes contact to nodes of 

Ranvier. Also, both types of astrocytes showed gap junctions between neighbouring 

astrocytes through their processes (4). 

Astrocyte physiology 

Although astrocytes express almost the same set of ion channels and receptors 

as neurons and display evoked currents, they do not propagate action potentials 

along their processes (143, 145). Astrocyte excitability through regulated increases 
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in intracellular calcium concentration enables functional astrocyte-astrocyte as well 

as astrocyte-neuron intercellular communications. These Ca2+ intracellular 

fluctuations can be triggered by neurotransmitters released during neuronal activity 

or propagated to neighbouring astrocytes (146-151).  

Among others, Kir4.1 is predominantly localized at distal astrocytic processes that 

envelop synapses or capillaries (152). Kir4.1 and water channel aquaporin 4 (AQP4) 

perform the maintenance of K+ and water homeostasis in the CNS (153, 154). 

Excitatory amino acid transporter (EAAT)-1 and EAAT2 are glia-specific transporters 

responsible for glutamate uptake during synapses (155, 156). Also, astrocytes 

express glutamate receptors, such as N-methyl-D-aspartate (NMDA) and α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, which are essential 

for excitatory glutamate synapses, as well as γ-aminobutyric acid (GABA) receptors 

that are crucial for inhibitory synapses (157). 

Furthermore, astrocytes can interact with neighbouring astrocytes through gap 

junctions that give rise to multicellular networks, mainly formed by connexin 43 

(CX43) and connexin 30 (CX30). These networks allow astrocytes to dissipate 

molecules, such as K+ and glutamate, which are thought to prevent detrimental 

extracellular accumulation of these molecules (158). 

Astrocyte functions  

Despite the traditional view that long-considered astrocytes as static bystander 

cells involved in supporting neurons, it is now clear that astrocytes perform diverse 

and dynamic functions which essentially orchestrate CNS development and function 

(Figure 6). 

Role in BBB 

Astrocytes establish extensive contacts and bidirectional interactions with 

endothelial cells from blood vessels. This allows the regulation of local CNS blood 

flow according to changes in neuronal activity (159). It has been shown that they can 
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also modulate CNS blood vessel diameter as well as blood flow by the release of 

mediators such as prostaglandins, nitric oxide (NO), and arachidonic acid (160, 161). 

Another major function of astrocytes is the regulation and maintenance of the 

BBB. Astrocytic endfeets almost completely cover all CNS capillaries, where they 

contribute to strength tight junctions and their expression of polarized transporters 

and enzymes allow the transport of metabolites(19, 162). Astrocytes express tight 

junction proteins, including occluding, claudin-5, and zonula occludens 1 (ZO-1), 

which correlate with the induction and maintenance of the BBB integrity (19). In 

addition, astrocytes secrete a wide range of molecules that have shown to be 

involved in BBB maintenance: (i) vascular endothelial growth factor A (VEGFA), 

which is an angiogenic factor that promotes endothelial cell activation and 

proliferation (163, 164); (ii) glial-derived neurotrophic factor (GDNF); (iii) basic 

fibroblast growth factor (bFGF); (iv) angiopoietin 1 (ANG-1), that influences 

endothelial function enhancing vascular stabilization and decreasing permeability by 

increasing tight junction protein expression (165); and (v) TFG-β, that tightens the 

BBB and reduces its permeability (19) (Figure 6A). 

Energy and metabolic support 

Astrocyte is an essential contributor to the CNS metabolism by contacting 

simultaneously through its processes with blood vessels, neuronal soma, nodes of 

Ranvier (axons) and synapses, which allow diffuse glucose and metabolites from 

blood to neuronal elements (4) (Figure 6B-D). Compelling findings evidence that 

astrocytes are the main storage sites of glycogen in the CNS, which is directly 

proportional to high synaptic density areas (166). Several reports indicate that in 

periods of hypoglucemia, astrocyte glycogen is transformed to lactate which is then 

transferred to adjacent synapses (grey matter) and axons (white matter) (167-169) . 

Role in synapsis 

Astrocytes play an essential role in synapse formation, functional maturation and 

refinement of synapses and circuits. The initiation of the synaptogenesis process 

during development coincides with astrocyte generation (170). Astrocytes mediate 
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synaptogenesis regulation by both contact-dependent and secreted signals to 

neurons. It is known that astrocytes contact immature neurons to make them 

competent for synapse formation and regulate their function and stabilization. At the 

end of the synaptogenic period, weak and immature synapses are eliminated by 

astrocytes and microglia (171). Among the astrocyte-secreted synaptogenic 

modifying factors identified are: (i) thrombospondins (TSP)-1 and TSP-2 (172) as well 

as SPARC-like protein 1 (SPARCL-1)/hevin (173), which induce the formation of 

structural glutamatergic silent synapses; (ii) glypican (Gpc)-4 and Gpc6, that induce 

functionally active synapses (174); (iii) SPARC, that negatively regulates synapse 

formation and function; (iv) cholesterol, that increases the pre-synaptic function; (v) 

TNF-α, which increases AMPA receptor levels enhancing neuronal activity (175); (vi) 

TGF-β, found to both induce excitatory (176) and inhibitory (177) synapse formation, 

as well as up-regulate C1q expression in neurons, leading to synapse elimination by 

microglial phagocytosis (178, 179); (vii) multiple epidermal growth factor-like domains 

protein 10 (Megf10) and tyrosine-protein kinase Mer (Mertk), which drive 

phagocytosis of synapses (180); and (viii) IL-33, which promotes synapse engulfment 

by microglia (181). 

Furthermore, astrocytes play a direct role with neurons integrating synaptic 

information, controlling synaptic transmission and plasticity, as well as responding to 

synaptic activity. This process is encompassed in the term of ‘tripartite synapse’.  

Astrocytes influence synaptic function by both the regulated release of synaptic 

active molecules (glutamate, purines, GABA and D-serine) as well as the uptake of 

neurotransmitters via glutamate transporters (148, 150, 182) (Figure 6B). 

Anti-inflammatory microenvironment 

Importantly, during homeostasis in healthy CNS, astrocytes are known to 

contribute to the maintenance of an anti-inflammatory microenvironment by 

constitutively (i) secreting low levels of anti-inflammatory factors, such as TFG-β and 

IL-10 (183); (ii) expressing tumor necrosis factor receptor superfamily member 6 

(Fas) ligand, which induces cell death in Fas receptor expressing cells (mainly 
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immune cells) (184, 185); and (iii) inducing up-regulated expression of the co-

inhibitory cell surface receptor cytotoxic T-lymphocyte protein 4 (CTLA-4) on Th cells, 

which induces anergy (186). 

Figure 6. Astrocyte functions in CNS homeostasis. Astrocytes are involved in many 
essential roles for CNS homeostasis and function. Astrocytes have endfeets that ensheath 
CNS vasculature to regulate blood flow as well as maintaining BBB properties (A), regulate 
the formation, elimination, and function of synapses (B), contribute to energy and metabolic 
support as well as homeostatic function in synapse site (B), neuronal soma (C), and axons 
through nodes of Ranvier (D), and interact bidirectionally with microglia, OPC and 
oligodendrocytes (E). Adapted from: Allen NJ, Lyons DA. Glia as architects of central nervous 
system formation and function. Science. 2018; 362, 181-185. 

 

Astrocyte heterogeneity 

Astrocytes cover the entire CNS, in a well-organized non-overlapping manner, 

with no regions left devoid of astrocytes. The development of novel genomic 

technologies, such as bulk or single-cell RNA sequencing, and multiple potentially 

integrative approaches (e.g., mass spectrometry, electrophysiology, 

immunohistochemistry, electron microscopy, morphological reconstructions, 
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pharmacogenetics, etc.) have been crucial to the awareness of the complexity and 

the diversity of astrocyte subpopulations and activation states. Now the physiological 

diversity of astrocytes is indisputable, which is known to differ between specific brain 

circuits and regions, where individual astrocytes display distinct signalling pathways 

in subcellular compartments (4, 187, 188).  

1.2.2. Astrocytes in MS 

Reactive astrogliosis 

Reactive astrogliosis has been recently redefined as ‘the process whereby, in 

response to pathology, astrocytes engage in molecularly defined programs involving 

changes in transcriptional regulation, as well as biochemical, morphological, 

metabolic, and physiological remodelling, which ultimately results in gain of new 

function(s) or loss or upregulation of homeostatic one’ (189). This phenomenon has 

been largely considered a hallmark in CNS disorders. Compelling evidence 

accumulated over years supports that reactive astrogliosis is a wide heterogenous 

spectrum of potential changes that are determined in a context-specific manner by 

diverse signalling events that differ with the nature and severity of the CNS insult 

(187, 189-192). 

Astrocyte scar formation  

As previously discussed, astrocytes become reactive at the early acute 

inflammatory phase of MS, as a result of CNS inflammation induced by immune cell 

infiltration (21). In MS active lesions, reactive astrocytes typically show a hypertrophic 

morphology with enlarged cell soma and reduced branching density of the process 

(190). Importantly, reactive astrocytes are not only present in the active margins of 

demyelinating lesions but into adjacent normal-appearing white matter (NAWM), 

suggesting their early contribution to lesion development (193, 194). This finding was 

supported by the observation of astrocytes in forming lesions before a significant 

immune cell infiltration occurred (195-197). Moreover, a recent study suggested that 

astrocytes could be an early contributor of lesion formation based on the observation 

of myelin debris uptake by astrocytes at the edge of active demyelinating MS lesions. 



Targeting astrocytes to prevent neurodegeneration in patients with multiple sclerosis 

24   

Investigators reported that myelin phagocytosis induced astrocytic nuclear factor 

kappa B (NF-кB) signalling and the secretion of immune cell-recruiting chemokines 

(194). Once reactive, astrocytes express cell adhesion molecules and secrete pro-

inflammatory cytokines and chemokines associated to BBB breakdown, microglia 

activation as well as monocyte and lymphocyte recruitment into the parenchyma, 

which perpetuates CNS inflammation (19, 21). When chronic compartmentalized 

CNS inflammation occurs, reactive astrogliosis evolves from mild to moderate, and 

unless resolved, from moderate to severe, which ends up with the formation of a 

compact astrocyte scar-border (187, 190, 191). Despite years of a negative view of 

reactive astrogliosis as a pathogenic process that uniquely causes injury, astrocyte 

scar formation is now known to act as a functional barrier that isolate damaged, 

inflamed, and fibrotic tissue from surrounding viable neural tissue. Loss-of-function 

studies based on transgenic technology in EAE model allowed the unexpected 

demonstration of the essential function in the restriction of cytotoxic inflammation by 

reactive astrocytes (198-201). There, proliferative hypertrophic astrocytes display 

both contact-dependent and secretion-mediated mechanisms that limit lesion 

development and restrict the spread and persistent entry of inflammatory cells into 

the lesion site (187). In this line, several studies using transgenic models of reactive 

astrogliosis ablation or attenuation in EAE resulted in increased lesion size, neuronal 

loss, demyelination, and exacerbated disease severity (198-204). Compelling 

evidence has been reported relating to the beneficial effects of reactive astrogliosis 

scar formation, including: (i) BBB repair after traumatic injury is critically dependent 

on the presence of proliferating scar-forming astrocytes (198, 199); (ii) astrocyte-

secreted Sonic hedgehog (SHH) promotes BBB repair (205, 206); (iii) astrocyte-

derived apolipoprotein E (APOE) facilitates the maintenance of BBB integrity and 

protects against neuroinflammation (207); (iv) interleukin-6 receptor subunit beta 

(gp130)-Janus kinase 2 (JAK2)-signal transducer and activator of transcription 3 

(STAT3) signalling in astrocytes is a crucial protective pathway that induce anti-

inflammatory responses through the formation of astrocyte scar-border (208); (v) 

astrocyte secretion of TGF-β in response to IL-10 attenuates microglia activation in 

vitro (209) and induces resolution of inflammation in CNS neuroinflammation models 
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(210, 211); and (vi) astrocyte scar formation aids axon regeneration through the up-

regulation of growth supportive molecules such as chondroitin sulfate groteoglycan 

(CSPG)-4, CSPG5 and laminins (212).  

Astrocyte interactions with microglia 

Astrocytes and microglia, as so their interactions, have extensively shown to 

modulate CNS physiology in homeostasis and disease (reviewed in (213-215)). 

Astrocyte-microglia communication through the release of multiple cytokines and 

inflammatory mediators modulates CNS inflammation. Several studies have reported 

that activated microglia controls astrocyte reactivity: (i) LPS-activated microglia by 

the secretion of IL-1α, TNF-α and C1q induced a neurotoxic phenotype in reactive 

astrocytes characterized by phagocytic activity and lack of neurotrophic support 

(216); (ii) aryl hydrocarbon receptor (AHR) signalling in microglia modulated the 

transcriptional program of astrocytes; microglial VEGF-B enhanced NF-кB signalling 

and astrocytes, worsening EAE; and microglial TGF-β induced the production of 

neuroprotective factors and limited EAE progression (217); (iii) microglia-secreted 

TNF-α induced astrocytic glutamate release which promoted neuron excitotoxicity 

(218); (iv) microglia-derived IL-10 induced astrocyte production of TGF-β, which in 

turn up-regulated the expression of anti-inflammatory genes in microglia (209); (v) 

astrocyte-derived GM-CSF is a known inducer of microglial activation involved in 

multiple pro-inflammatory processes essential for EAE development (204, 219-221); 

(vi) astrocyte production of IL-6 was involved in increased activation of microglia ; 

and (vii) IL-33 secreted by astrocytes modulated microglia synapse engulfment (181, 

222). 

Astrocyte interactions with neurons 

As previously described, astrocytes are essential to the proper functioning of 

neuronal activity. Therefore, it is not surprising that astrocyte-neuron interactions are 

critical for the pathogenesis of many neurodegenerative diseases (reviewed in (223)). 

Multiple studies have described neurotoxic capabilities of reactive astrocytes in 

different contexts of CNS inflammation: (i) NF-кB signalling in reactive astrocytes 
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triggers the production of NO, which in excess is neurotoxic (224); (ii) increased 

levels of brain-derived neurotrophic factor (BDFN) and the up-regulation of its 

receptor (tropomyosin-related kinase B – TrkB) in reactive astrocytes resulted in NO-

mediated neurotoxicity in vitro; also, astrocyte-specific ablation of TrkB reduced 

neurodegeneration and ameliorated EAE (225); (iii) dysregulation of neurotransmitter 

uptake and release in astrocytes can promote neuronal death (218, 226); and (iv) 

alterations in the metabolic support of astrocytes to neurons induce 

neurodegeneration (227). 

Astrocyte interactions with oligodendrocytes 

Oligodendrocytes express a wide variety of receptors that respond to stimuli 

secreted by astrocytes and vice versa (228, 229). Despite the precise mechanisms 

underlying astrocyte-oligodendrocyte interactions are largely uncovered, several 

studies have reported opposing outcomes: (i) reactive astrocytes promote 

oligodendrocyte apoptosis via TNF-α (230, 231), Fas ligand (232) and glutamate 

(218); (ii) the secretion of C–X–C motif chemokine 1 (CXCL1), IL-8 and C-C motif 

chemokine 2 (CCL2) induce the recruitment of OPCs to sites of inflammation (228, 

229); (iii) astrocyte-derived ciliary neurotrophic factor (CNTF) promotes the 

differentiation of OPCs into mature myelinating oligodendrocytes, which has been 

associated to increased remyelinated areas (67); and (iv) oligodendrocyte secretion 

of IL-1β, CCL2, IL-17, and IL-6 induces NF-кB signalling in astrocytes which 

promotes pro-inflammatory responses (229, 233) . 
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Figure 7. Astrocytes interactions with other CNS-resident cells in neuroinflammation. 
(A) Interactions between astrocytes and microglia promote their activation and regulate their 
responses in CNS inflammation. (B) Reactive astrocytes release neurotoxic factors that lead 
to neuronal and oligodendrocyte damage. Also, astrocytes secrete factors that attract 
oligodendrocyte, and respond to oligodendrocyte-secreted pro-inflammatory cytokines. 
Abbreviations: GM-CSF: granulocyte-macrophage colony-stimulating factor; IL: interleukin; 
C: complement component; TNF-α: tumour necrosis factor α; VEGF-B: vascular endothelial 
growth factor; TGF: transforming growth factor; CXCL: C–X–C motif chemokine; CCL: C-C 
motif chemokine. Illustration from: Linnerbauer M, Wheeler MA, Quintana FJ. Astrocyte 
crosstalk in CNS inflammation. Neuron. 2020; 108(4):608-622. 
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Astrocytes have emerged as key contributors to the pathogenesis of MS. 

Compelling evidence has reported both beneficial and detrimental effects driven by 

reactive astrocytes in CNS inflammation. Despite decades of extensive research in 

the field, the mechanisms underlying maladaptive astrocytic responses in a context 

of neuroinflammation are still largely unknown. Consequently, there are no therapies 

designed to specifically target reactive astrocyte signalling or astrocyte-derived 

mediators. 

We were interested in deciphering the mechanisms involved in astrocyte reactivity 

in a context of MS-specific inflammatory microenvironment. The present study 

pursues the identification of the reactive astrocyte signalling that triggers the neuronal 

damage associated to the neurodegenerative component observed in MS. 
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2. Hypotheses and objectives 

2.1. Hypotheses 

Astrocytes are actively involved in the neurodegenerative process of MS by 

secreting soluble factors. The investigation of reactive astrocyte neurotoxic 

signatures will contribute to the identification of potential therapeutic targets that 

modulate maladaptive astrocyte responses and could ultimately aid to prevent 

neurodegeneration in MS. Since the CSF is the closest body fluid to the CNS that 

can be examined, we believe the CSF will reliably reflect the pathological 

microenvironment occurring in the CNS of MS patients and will be responsible for the 

astrocyte reactivity occurring in the disease.  

2.2. Objectives 

The general objective is to dissect how inflammation in MS induces astrocyte 

reactivity, modulates astrocyte function, and leads to neuronal damage.  

To this end, we propose the following specific objectives: 

1. To induce astrocyte reactivity through the exposure of mouse primary 

astrocytes to the CSF from MS patients with different degrees of inflammatory 

activity. 

 

2. To evaluate the effect of CSF-exposed astrocyte secretomes on neuronal 

branching and synaptic plasticity. 

 
3. To carry out a molecular characterization of reactive astrocytes, secretomes, 

and CSF from MS patients with different degrees of inflammatory activity 

using omics technology. 
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3. Methods 
3.1. Mice 

C57BL6/J 6–10-week-old pregnant mice, E17 C57BL6/J mouse embryos and P0-

2 postnatal C57BL6/J mouse pups purchased from Charles River Laboratories (Saint 

Germain Nuelles, France) were used for primary cultures. All procedures were 

conducted in strict accordance with the guidelines established by the Ethical 

Committee for the Use of Laboratory Animals in Spain (Real Decreto 53/2013; 

Generalitat de Catalunya Decret 214/97) and the European Ethical Committee 

(Directive 2010/63/UE). The Ethics Committee on Animal Experimentation of the Vall 

d’Hebron Research Institute approved all experimental procedures described in this 

study (protocol number: 10/16 CEEA). 

3.2. Mouse primary cultures 
3.2.1. Astrocyte cultures 

Primary mixed glial cultures were prepared from P0-2 cortices of C57BL6/J mouse 

pups. Mice were decapitated and brains were immediately dissected out. Meninges, 

choroid plexus, and hippocampus were removed, and the cerebral cortices were 

transferred into plates with warm HBSS without Mg+2 and Ca+2 (GibcoTM, Carlsbad, 

CA, USA). Next, cortices were enzymatically and mechanically disrupted in the 

presence of papain (Worthington Biochemical Corporation, Lakewood, NJ, USA) and 

DNase I at 0.1 mg/ml (Sigma-Aldrich, St. Louis, MA, USA) for 10 min at 37ºC. Cell 

suspensions were filtered through a 70-μm nylon cell strainer, centrifuged at 500 x g 

for 5 min and resuspended in Advanced DMEM (GibcoTM) supplemented with 10% 

of fetal bovine serum (FBS, Sigma), 20U/ml penicillin and 20µg/ml streptomycin 

(GibcoTM). Cells were plated on coverslips precoated with 0.1 mg/ml poly-D-lysine 

(PDL) (Sigma-Aldrich) in 24-well plates and seeded at 25,000 cells/cm2. Cultures 

were maintained at 37ºC in a humidified atmosphere containing 5% CO2, and the 

medium was changed every 3 days.  
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3.2.2. Purification of astrocyte cultures 

With the purpose of obtaining pure astrocyte primary cultures and eliminate 

microglia cells from mixed glial cultures, we tested two different methods of 

purification. 

Shaking  

We first tried classical shaking method (adapted from (234)) in order to eliminate 

microglia from mixed glial cultures. For shaking purification primary mixed glial 

cultures, obtained as detailed above, were plated on T-75 flask precoated with 0.05 

mg/ml PDL (Sigma-Aldrich) and seeded at 60,000 cells/cm2. When cultures reached 

80-90% confluency, normally after 7-10 DIV, we shaked them for 15h at 200 rpm and 

the last 1h at 250 rpm. After shaking, cells were washed, trypsinized and plated on 

coverslips precoated with 0.1 mg/ml PDL (Sigma-Aldrich) in 24-well plates and 

seeded at 37,500 cells/cm2. Cells were maintained at 37ºC in a humidified 

atmosphere containing 5% CO2, and the medium was changed every 3 days. 

Cultures were used for characterization when reached 70% confluency, after 2-3 DIV.  

Magnetic cell sorting (MACS)  

Magnetic cell isolation purification of mixed glial cultures was performed using an 

approach based on MACS® Technology. The purification strategy was based on a 

negative selection of the cells of interest, isolating microglia by means of a positive 

selection with MicroBeads conjugated to specific antibodies for CD11b (Miltenyi 

Biotech, Bergisch Gladbach, Germany). This sorting strategy allowed us to purify 

astrocytes avoiding their manipulation and that of their surface antigens. The cell 

separation protocol was carried out at the time of culture generation, as detailed 

below. 

Purified primary astrocyte cultures were prepared from P0-2 cortices of C57BL6/J 

mouse pups. Cell suspensions obtained as detailed before were filtered through a 

70-μm nylon cell strainer, centrifuged at 500 x g for 5 min, stained by Trypan Blue 

exclusion and counted in a Neubauer chamber. Following the manufacturer’s 
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instructions, 107 cells were resuspended in 90 µl of separation buffer and 10 µl of 

CD11b MicroBeads (MicroBeads conjugated to monoclonal rat anti-mouse CD11b 

antibody, Miltenyi Biotech). MicroBeads were incubated for 15 min at 4ºC to bind 

specifically to cells expressing CD11b (microglia). After washing and centrifuging, 

cells were resuspended in separation buffer and flowed through a MS cell separator 

column (Miltenyi Biotech) fitted into a MidiMACSTM cell separator (Miltenyi Biotech). 

The eluted volume, corresponding to the negative fraction not bound to the 

MicroBeads, was collected. Finally, the cell suspension of interest was centrifuged at 

500 x g for 5 min and resuspended in Advanced DMEM (GibcoTM) supplemented with 

10% FBS (Sigma-Aldrich), 20U/ml penicillin and 20µg/ml streptomycin (GibcoTM). 

Astrocytes were plated on coverslips precoated with 0.1 mg/ml PDL (Sigma-Aldrich) 

in 24-well plates or 12-well plates precoated with 0.1 mg/ml PDL (Sigma-Aldrich), 

seeded at 25,000 cells/cm2. Cultures were maintained at 37ºC in a humidified 

atmosphere containing 5% CO2, and the medium was changed every 3 days.  

3.2.3. Primary neuronal cultures 

Primary neuronal cultures were prepared from E17 cortices of C57BL6/J mouse 

embryos. Isolated brains were placed in warm Neurobasal medium (GibcoTM) and 

cortices were transferred into Falcon tubes containing warm Neurobasal medium 

supplemented with 2% B27 supplement, 1% GlutaMAX, 20U/ml penicillin and 

20µg/ml streptomycin (all from GibcoTM). Cortices were gently dissociated with a fire-

polished glass Pasteur pipettes and neuronal cell suspensions were plated on 

coverslips precoated with 0.1 mg/ml PDL (Sigma-Aldrich) in 24-well plates. Neurons 

were seeded at 40,000 cells/cm2 with supplemented Neurobasal medium, grown in 

serum-free conditions. Cultures were maintained at 37ºC in 5% CO2 and the medium 

was partially changed at 11 days in vitro (DIV) with fresh supplemented Neurobasal 

medium. 

3.3. Characterization of primary cultures 

Primary mouse cultures were characterized by immunofluorescence staining in 

order to determine the presence of different cell types and thus assess the purity of 
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each culture. Mixed glial cultures were characterized at 10 DIV, shaking-purified 

cultures at 13 DIV, MACS-purified cultures at 7 DIV, and neuronal cultures at 18 DIV.  

Cells were washed twice with PBS and fixed in cold 4% paraformaldehyde for 20 

min at room temperature, permeabilized in 0.1% Triton X-100 in PBS for 15 min and 

blocked with 5% Normal Goat Serum (NGS, Millipore, Burlington, Massachusetts, 

USA) in PBS for 1h in gentle shaking. Then, cells were incubated with primary 

antibodies (Table 1) diluted in PBS with 1% NGS at 4ºC overnight. After washing, 

cells were incubated with the corresponding fluorescent secondary antibodies goat 

anti-rabbit Alexa Fluor-488 (Invitrogen, Carlsbad, CA, USA) and goat anti-mouse 

Alexa Fluor-594 (Invitrogen), in the blocking solution for 1h at room temperature with 

gentle shaking. Finally, cell nuclei were stained with DAPI (4',6-diamidino-2-

phenylindole, Sigma-Aldrich) and coverslips were mounted with Fluoromount-G 

(Invitrogen).  

 

Table 1. Primary antibodies used for culture characterization 
immunofluorescences. 

Primary antibody Dilution Target 
Rabbit polyclonal anti-GFAP 1:500 Astrocytes 
Mouse monoclonal anti-GFAP 1:500 Astrocytes 
Rabbit polyclonal anti-Iba1 1:500 Microglia 
Mouse monoclonal anti-NeuN 1:500 Neurons 
Mouse monoclonal anti-MAP2 1:500 Neurons 
Rabbit polyclonal anti-GalC 1:500 Oligodendrocytes 

Cell markers used to identify different cell populations in cell cultures. Abbreviations: GFAP: 
anti-glial fibrillary protein; Iba1: ionized calcium-binding adaptor molecule 1; NeuN: neuronal 
nuclear antigen; MAP2: microtubule-associated protein 2; GalC: galactocerebrosidase. 

 

Images were acquired using a Leica DFC550 fluorescence microscope (Leica 

Microystems, Wetzlar, Germany) and LAS V4.5 visualization software (Leica 

Microystems) with a x20 objective. Alternatively, neuronal cultures images were 

acquired using a Zeiss LSM980 confocal microscope (ZEISS, Oberkochen, 
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Germany) and ZEN visualization software (ZEISS) with a x25 objective and a 0.8 

digital zoom.  

Randomized fields were imaged and counted using FIJI-ImageJ (NIH, Wayne 

Rasband, USA). Astrocytes were labelled with anti-glial fibrillary acidic protein 

(GFAP); microglia by ionized calcium-binding adaptor molecule 1 (Iba1); neurons by 

neuronal nuclear antigen (NeuN) and microtubule-associated protein 2 (MAP2); and 

oligodendroglial lineage by galactocerebrosidase (GalC). The quantification of the 

presence of each cell type in cultures was expressed as the percentage of the mean 

total number of GFAP+ (astrocytes), Iba1+ (micrglia), NeuN+ or MAP2+ (neurons), and 

GalC+ (oligodendrocytes) cells respect to the number of total cells (DAPI+). For each 

cell culture, five random fields for cell marker were imaged and quantified in duplicate, 

and a total of 3 independent cultures were characterized. Antibody references are 

detailed in the Annex 2 (Table A1). 

3.4. Astrocyte exposure to CSF from MS patients  
3.4.1. Patients and samples 

Inclusion criteria 

MS patients 

MS patients fulfilling the 2017 McDonald criteria (107) were classified into high 

and low inflammatory activity phenotypes at the time of the first demyelinating event. 

Patients with high inflammatory activity (MS-High, N=13) were characterized by: (i) 

the presence of moderate-high lesion load (>50 T2 lesions) and at least 5 T1 contrast 

enhancing lesions in the brain baseline MRI; (ii) an EDSS of ≥4.0 in less than 10 

years after the first demyelinating event; and (iii) positive CSF IgG OCB. Patients with 

low inflammatory activity (MS-Low, N=9) were characterized by: (i) the presence of 

minimal lesion load (≤9 T2 lesions) and without T1 contrast enhancing lesions in the 

brain baseline MRI; (ii) an EDSS of ≤3.0 after a follow-up longer than 10 years from 

the first demyelinating event; and (iii) positive CSF IgG OCB.  
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Controls 

Patients with headache in whom an inflammatory condition was ruled out (normal 

brain MRI, normal CSF biochemistry, and negative CSF IgG oligoclonal bands) were 

also included as non-inflammatory neurological disease controls for comparison 

purposes (NINC, N=9). Two independent cohorts of MS-High patients, screening, 

and validation were recruited, the latter including also MS-Low patients and non-

inflammatory controls. 

Patients and controls were recruited both at the Centre d’Esclerosi Múltiple de 

Catalunya (Cemcat, Barcelona) and the Hospital Ramón y Cajal (Madrid). The study 

was approved by the corresponding Hospital Ethics Committees, and all patients 

gave their informed consent.  

CSF sampling 

CSF samples were collected by lumbar puncture for diagnosis purpose, 

centrifuged to remove cells, and stored frozen at -80ºC until used. None of the 

patients included were receiving corticosteroid treatment at the time of CSF 

collection. Due to the large volume required for the CSF stimulation experiments, we 

generated CSF pools from each of group of patients. For the screening cohort we 

created 2 pools, each pool containing CSF samples from 2 different patients. For the 

validation cohort, we generated 3 pools, each pool containing CSF samples from 3 

different patients. Table 2 summarizes the pool-based demographic data from 

patients included in the study. 
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Age is expressed as mean (standard error of the mean, SEM). Numbers in bold represent the 
mean values of all the pools included in each group of patients and controls. Abbreviations: 
MS-High: high inflammatory multiple sclerosis; MS-Low: low inflammatory multiple sclerosis; 
NINC: non-inflammatory neurological controls. 

 

3.4.2. CSF stimulation and secretome generation 

Astrocyte exposure to CSF samples from MS patients and controls were carried 

out in MACS-purified astrocyte primary cultures at 7 DIV. First, cultures were 

deprived from FBS for 24h and extensively washed with non-supplemented medium 

(Advanced DMEM, GibcoTM). Then, astrocytes were exposed to medium (Basal) or 

CSF pools from each group of patients at 50% in non-supplemented media for 6 and 

12h. After extensively washing to completely remove the remaining CSF, fresh 

Neurobasal medium (non-supplemented, GibcoTM) was added and secretomes were 

Table 2. Demographic data of the MS patients and controls included in the 
study. 

 Age (years) Female/male (% females) 

Screening cohort 
MS-High  25.6 (4.0) 4/0 (100.0) 

Pool-1  22.0 (2.3) 2/0 (100.0) 
Pool-2  29.1 (8.0) 2/0 (100.0) 

Validation cohort 
MS-High 29.3 (2.0) 7/2 (77.8) 

Pool-1 24.7 (2.7) 2/1 (66.7) 
Pool-2 27.3 (2.6) 2/1 (66.7) 
Pool-3 36.0 (1.1) 3/0 (100.0) 

MS-Low 35.4 (2.6) 6/3 (66.7) 
Pool-1 43.3 (4.9) 2/1 (66.7) 
Pool-2 34.0 (2.6) 2/1 (66.7) 
Pool-3 29.0 (1.0) 2/1 (66.7) 

NINC 42.0 (3.9) 8/1 (88.9) 
Pool-1 30.0 (6.0) 3/0 (100.0) 
Pool-2 52.0 (4.0) 3/0 (100.0) 
Pool-3 44.0 (2.6) 2/1 (66.7) 
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collected after 12 and 18h. Finally, secretomes were centrifuged (1500rpm, 5 min) to 

discard cellular debris, aliquoted and stored at -80ºC until used for experiments. 

Astrocyte cultures were returned to the incubator in non-supplemented Advanced 

DMEM medium (GibcoTM) until used for following procedures.  

For screening experiments, 2 independent astrocyte cultures were stimulated, 

generating a unique secretome pool per condition. For validation experiments, 3 

independent cultures were stimulated, generating a total of 3 different secretome 

pools per condition.  

In addition, in order to evaluate an accurate astrocytic stimulation, extra wells of 

astrocytes stimulated with a combination of IL-1β and TNF-α at 20 ng/ml each 

(PeproTech, Rocky Hill, NJ, USA) were included as positive control of stimulation 

and were manipulated under the same experimental conditions.  

3.5. Functional study of the effects of astrocyte secretomes on neurons 

The effects of secretomes derived from pre-exposed astrocytes to CSF from 

patients and controls were assessed on mouse primary cortical neurons at 18 DIV. 

Secretomes were previously supplemented with 2% B27 supplement (Gibco), 1% 

GlutaMAX (100X) (Gibco), 2U/ml penicillin and 2µg/ml streptomycin (Gibco). Then, 

neurons were treated for 3 DIV with medium (-) or secretomes derived from non-

stimulated astrocytes (Basal) or pre-exposed to CSF from each group of patients. 

3.5.1. Effects on neuronal morphology 

The effects on neuronal morphology were evaluated by immunofluorescence and 

neurons were stained with chicken polyclonal MAP2 (1:5000, Abcam, Cambridge, 

UK), goat anti-chicken Alexa Fluor-647 (Invitrogen) and DAPI (Sigma-Aldrich). The 

immunofluorescence protocol is detailed in section 3.1 and antibody references in 

the Annex 2 (Table A1).  

Images were acquired using a Leica Confocal SP5-II with a x40 oil-immersion 

objective. Confocal z-stacks were taken at 1,024x1,024 pixel resolution every 2 µm. 

Conditions such as pinhole size (1 AU) and frame averaging (four frames per z-step) 
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were held constant throughout the study. An automated acquisition of 5 randomized 

fields per replicate using the multiposition mode was performed. For each 

experiment, two replicates per condition were analyzed from two-three independent 

experiments. 

Automated quantification of branching and dendrite length was performed in DAPI 

and MAP2 max z-projection images processed using a custom-made pipeline in Cell 

Profiler v4 software (Cambridge, Massachusetts, USA) as previously reported (235). 

All images were background corrected to enhance the neuronal body applying a 

threshold module. The intensity of the threshold determined whether each pixel was 

treated as a region of interest or background. Nuclei were detected from the DAPI 

channel with the "IdentifyPrimaryObjects" module. An adaptive threshold mask was 

set to obtain MAP2-positive staining. After filtering for nuclei inside the MAP2 mask, 

"IdentifySecondaryObjects" with nuclei as seed and a watershed gradient through 

the MAP2 mask was used to define neuronal soma and dendrites. The 

"MorphologicalSkeleton" and "MeasureSkeleton" modules were then applied to 

obtain measurements of the number of trunks and branches for each neuron per 

image. Also, the skeletonized images were used to measure the dendritic trunks that 

have their origin in the neuronal soma and the branches along the dendrites per cell 

per image.  

3.5.2. Effects on synaptic plasticity 

The effects of astrocytic secretomes on synaptic plasticity were assessed by 

immunofluorescence and neurons were stained with chicken polyclonal MAP2 

(1:5000, Abcam), mouse monoclonal PSD-95 (1:250, Abcam), rabbit monoclonal 

Synaptophysin (1:500, Abcam), and DAPI (Sigma-Aldrich). The corresponding 

fluorescent secondary antibodies used were goat anti-chicken Alexa Fluor-647, goat 

anti-mouse Alexa Fluor-568, and goat anti-rabbit Alexa Fluor-488 (1:500, Invitrogen). 

The immunofluorescence protocol is detailed in section 3.1 and antibody references 

in the Annex 2 (Table A1). 
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Neurons were imaged using a Leica Confocal SP5-II with a x63 oil-immersion 

objective and a digital zoom of 4. Confocal z-stacks were taken at 1,024x1,024 pixel 

resolution every 0.5 µm. Conditions such as pinhole size (1 AU) and frame averaging 

(four frames per z-step) were held constant throughout the study. An automated 

acquisition of 10 randomized fields per replica using the multiposition mode was 

performed. Each position corresponded to a single neuron (n=10 neurons per replica) 

and contained 1-3 secondary dendrites thereof. The number of dendrites analyzed 

was >20 dendrites for replicate. For each experiment, two replicates per condition 

were analyzed from two-three independent experiments. 

Images obtained were analyzed using FIJI-ImageJ (NIH) and a custom-

programmed macro (Advanced Optic Microscopy Unit, Hospital Clínic-CCITUB, 

Barcelona, Spain) designed to automatically analyze all images from experiments. 

Dendrite regions of interest were determined after intensity thresholding, binarization 

and filtering strategies to exclude small segments. Dendrite volume from each 

section was obtained by the product of dendrite area by voxel depth, and total 

dendrite volume per image was obtained by the addition of all the dendrite volumes 

from all sections. The number of positive PSD-95, Synaptophysin and PSD-

95/Synaptophysin puncta was counted per dendrite volume (MAP2 staining). PSD-

95/Synaptophysin colocalization puncta was quantified using the Colocalization 

Highlighter Plugin (Pierre Bourdoncle, Institut Jacques Monod, Service Imagerie, 

Paris, France). Two points were considered to colocalize when: (i) their respective 

fluorescence intensities were strictly higher than the threshold of their channels 

(determined by the automatic Triangle threshold); and (ii) their fluorescence intensity 

ratio was strictly higher than the ratio setting value (50% of a 0-100% ratio). 

3.6. Molecular characterization of astrocyte signature  

A comprehensive molecular characterization of the astrocyte reactive signature 

was performed using omics technologies at 3 different levels: (i) CSF-stimulated 

astrocytic secretomes (proteome array); (ii) Basal and CSF-stimulated astrocytes 
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(transcriptomic and proteomic analyses); and (iii) CSF from MS patients and controls 

(proteomic analysis). 

3.6.1. Secretome characterization 

Proteome Profiler Array 

Secretome samples from astrocytes exposed to CSF from MS patients and 

controls were assessed using a proteome profiler array: Mouse XL Cytokine Array 

Kit (ARY028; R&D Systems, UK), which detects 111 mouse proteins simultaneously. 

Protein detection was performed using a streptavidin-HRP and chemiluminescent 

system, revealed with CP-BU (AGFA, Mortsel, Belgium) films, which produce a signal 

at each capture spot corresponding to the amount of protein bound. Pixel intensities 

on developed films from each spot were collected using a transmission-mode 

scanner and analyzed with FIJI-ImageJ (NIH). An average signal of pixel density was 

determined of the pair of duplicate spots representing each analyte and averaged 

background were subtracted. Relative changes per analyte were obtained comparing 

MS-High samples to MS-Low and NINC.  

A total of 3 different secretome pools from each condition (MS-High, MS-Low and 

NINC) were analyzed (n=3 biological replicates, from 3 different stimulated astrocyte 

cultures). Secretome samples from different exposure conditions generated in the 

same astrocyte culture were assessed simultaneously with the proteome array in 

order to minimize the variability.   

SerpinE1 validation by ELISA 

Protein levels of Serpin E1/PAI-1 were validated by ELISA (DY3828, R&D 

Systems). Non-diluted secretome samples were measured in duplicate, following the 

indications provided by the manufacturers. The intra-assay coefficient of variation 

was 8.9%. A total of 3 different secretome pools from each condition (Basal, NINC, 

MS-Low and MS-High) were analyzed (n=3 biological replicates, from 3 different 

stimulated astrocyte cultures). 
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3.6.2. Transcriptomic study 

After collecting secretomes, non-stimulated (Basal) and CSF pre-exposed 

astrocyte cultures were trypsinized for cell pellet collection and stored at -80ºC until 

used. Total RNA was isolated from Basal and CSF pre-exposed astrocyte pellets 

using the RNeasy Mini Kit (Qiagen, Hilden, Germany) with on-column DNase 

digestion (Qiagen) in order to remove any genomic DNA trace according to the 

manufacturer’s instructions. RNA quality was analyzed by capillary electrophoresis 

(Bioanalyzer 2100, Agilent Technologies, Santa Clara, CA, USA). All samples 

included in the study had RIN values >9.5 (range 9.5-10) and rRNA ratio (28s/18s) 

>1.7 (range 1.7-2.1). Then, sense ssDNA suitable for labelling was generated from 

total RNA with the GeneChip WT Plus Reagent Kit (Affymetrix, UK), fragmented, 

labelled, and hybridized to the arrays with the GeneChip WT Terminal Labelling and 

Hybridization Kit (Affymetrix, UK). Subsequently, Clariom S Pico Assay HT mouse 

arrays were scanned according to the manufacturer’s instructions in a GeneTitanTM 

Multi-Channel instrument (Affymetrix, UK).  

Different types of quality controls were performed to confirm that all arrays were 

suitable for normalisation and then, that were appropriated for differentially 

expression analysis. Because batch (pool) effects were detected, batch factor was 

included in the linear model used for differential expression analysis. In order to 

increase statistical power and reduce unnecessary noise, those genes whose 

standard deviation was below the 65 percentile of all standard deviations were 

removed. Finally, a list of 7,104 genes were included in the analysis. A linear model 

with empirical Bayes moderation of the variance (236) adjusted by pool effect was 

used to identify differentially expressed genes between non-stimulated (Basal) and 

CSF pre-exposed astrocytes. P-values were adjusted to obtain a strong control over 

the false discovery rate (FDR) using the Benjamini-Hochberg method. Genes with 

adjusted p-values <0.05 were considered significantly differentially expressed. 
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3.6.3. Proteomic study 

Astrocyte intracellular protein and CSF pools content were determined using liquid 

chromatography and mass spectrometry (LC/MS) analysis.  

Sample preparation 

Pellets from 1-1.25 million astrocytes were resuspended in 6M urea, 200mM 

ammonium bicarbonate. A total of 3 different pellet samples from each condition 

obtained from astrocytes exposed to medium (Basal) and CSF pools were analyzed.  

Pooled CSF samples (25 µl from each of 3 patients, 75 µl total volume) were 

precipitated with 6 volumes of cold acetone and the pellet was dissolved in 80 µl of 

6M urea, 200mM ammonium bicarbonate. A total of 3 different CSF pool samples 

from MS patients and controls were analyzed. 

Samples (pellets and pooled CSF) were reduced with dithiothreitol (90 nmol, 37 

ºC, 60 min) and alkylated in the dark with iodoacetamide (180 nmol, 25 ºC, 30 min). 

The resulting protein extract was first diluted to 2M urea with 200 mM ammonium 

bicarbonate for digestion with endoproteinase LysC (1:10 w:w, 37ºC, o/n; #129-

02541, Wako, FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), and then 

diluted 2-fold with 200 mM ammonium bicarbonate for trypsin digestion (1:10 w:w, 

37ºC, 8h; #V5113, Promega, Madison, Wisconsin, USA). After digestion, the peptide 

mixture was acidified with formic acid and desalted with a MicroSpin C18 column 

(The Nest Group Inc, Ipswich, Massachusetts, USA) prior to LC-MS/MS analysis. 

Chromatographic and mass spectrometric analysis  

Samples were analyzed using an LTQ-Orbitrap Fusion Lumos mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA, USA) coupled to an EASY-nLC 1200 

(Proxeon; Thermo Fisher Scientific, Odense, Denmark). Peptides were loaded 

directly onto the analytical column and were separated by reversed-phase 

chromatography using a 50 cm column with an inner diameter of 75 μm, packed with 

2 μm C18 particles spectrometer (Thermo Scientific, San Jose, CA, USA). 

Chromatographic gradients started at 95% buffer A and 5% buffer B with a flow rate 
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of 300 nl/min for 5 minutes and gradually increased to 25% buffer B and 75% A in 79 

min and then to 40% buffer B and 60% A in 11 min. After each analysis, the column 

was washed for 10 min with 10% buffer A and 90% buffer B.  

The mass spectrometer was operated in positive ionization mode with nanospray 

voltage set at 2.4 kV and source temperature at 275ºC. The acquisition was 

performed in data-dependent acquisition (DDA) mode, and full MS scans with 1 micro 

scans at resolution of 120,000 were used over a mass range of 350-1400 m/z with 

detection in the Orbitrap mass analyzer. In each cycle of data-dependent acquisition 

analysis, following each survey scan, the most intense ions above a threshold ion 

count of 10,000 were selected for fragmentation. The number of selected precursor 

ions for fragmentation was determined by the “Top Speed” acquisition algorithm and 

a dynamic exclusion of 60 seconds. Fragment ion spectra were produced via high-

energy collision dissociation (HCD) at normalized collision energy of 28% and they 

were acquired in the ion trap mass analyzer. AGC was set to 2E4, and an isolation 

window of 0.7 m/z and a maximum injection times of 12 ms were used.  

Digested bovine serum albumin (New England Biolabs, Ipswich, Massachusetts, 

USA) was analyzed between each sample to avoid sample carryover and to assure 

stability of the instrument, and QCloud (237) was used to control instrument 

longitudinal performance during the study. 

Mass Spectrometry Data Analysis 

Acquired spectra were analyzed using the Proteome Discoverer software suite 

(v2.0; Thermo Fisher Scientific) and the Mascot search engine (v2.6; Matrix Science 

(238)). Astrocyte data was searched against Swiss-Prot Mouse database (February 

2020), and CSF data against Swiss-Prot Human database (February 2020), plus a 

list (239) of common contaminants and all the corresponding decoy entries. For 

peptide identification, a precursor ion mass tolerance of 7 ppm was used for MS1 

level, trypsin was chosen as enzyme, and up to three missed cleavages were 

allowed. The fragment ion mass tolerance was set to 0.5 Da for MS2 spectra. 

Oxidation of methionine and N-terminal protein acetylation were used as variable 
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modifications whereas carbamidomethylation on cysteines was set as a fixed 

modification. FDR for peptide identification was set to a maximum of 5%. 

Peptide quantification data were retrieved from the “Precursor ion area detector” 

node from Proteome Discoverer (v2.0) using 2 ppm mass tolerance for the peptide 

extracted ion current (XIC). The obtained values were used to calculate protein fold-

changes and their corresponding adjusted p-values. Protein changes were 

considered significant when adjusted p-values were below 0.05. 

The raw proteomics data have been deposited to the PRIDE (240) repository with 

the dataset identifier PXD027152. 

3.6.4. Reverse transcription quantitative PCR (RT-qPCR) studies 

RNA samples from all conditions and experiments were obtained from resting 

(Basal) or stimulated astrocyte pellets using the RNeasy Mini Kit (Qiagen) with on-

column DNase digestion (Qiagen). For qPCR studies, complementary DNA (cDNA) 

was synthesized using the High-Capacity cDNA Archive Kit (Applied BiosystemsTM, 

Foster City, CA, USA) following the manufacturer’s instructions.  

Astrocyte reactivity to CSF exposure in the screening experiments was assessed 

by lipocalin 2 (Lcn2) (Mm01324470_m1), C–X–C motif chemokine 10 (Cxcl10) 

(Mm00445235_m1) and interleukin-6 (Il6) (Mm00446190_m1). We also determined 

Lcn2 (Mm01324470_m1) expression as positive control of astrocyte stimulation 

evaluation. 

Top differentially expressed genes between MS-High and MS-Low CSF pre-

exposed astrocytes obtained in the microarrays study were validated by qPCR using 

the same RNA samples, and reverse transcribed to cDNA as above-mentioned. All 

primers and probes were from Applied Biosystems: prostaglandin-endoperoxide 

synthase 2 (Ptgs2) (Mm00478374_m1), FosB proto-oncogene (Fosb) 

(Mm00500401_m1), nuclear receptor subfamily 4 group A member 1 (Nr4a1) 

(Mm01300401_m1), early growth response 2 (Egr2) (Mm00456650_m1), Kruppel 
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like factor 6 (Klf6) (Mm00516186_g1), arrestin domain containing 3 (Arrdc3) 

(Mm00626887_m1) and thioredoxin interacting protein (Txnip) (Mm00452393_m1). 

All qPCR studies were performed using the housekeeping gene glyceraldehyde-

3-phosphate dehydrogenase (Gapdh, Mm99999915_g1) as well as the TaqMan 

Gene Expression Master Mix (Applied Biosystems). Assays were run on the ABI 

PRISM® 7900HT system (Applied Biosystems) and obtained Ct values from all 

experiments were normalized to the expression of the housekeeping gene (Gapdh). 

The relative level of gene expression was calculated with the 2-∆∆Ct method (241, 

242). Results were expressed as fold change (FC) in gene expression in stimulated 

astrocytes compared to Basal astrocytes, which were used as calibrators. No 

template control (NTC) samples were included in qPCR studies. Finally, analyses 

were performed with SDS 2.4 software (Applied Biosystems) and any sample with a 

quantification cycle value of greater than 35 was considered as non-amplified (243). 

3.6.5. Astrocyte stimulation with CHI3L1 

Purified astrocyte primary cultures at 7 DIV were deprived from FBS for 24h and 

stimulated with PBS (Vehicle) or 300 and 600 ng/ml of mouse recombinant CHI3L1 

(2649-CH; R&D Systems) for 6h. After extensively washing, Neurobasal medium 

(non-supplemented, Gibco) was added, and RNA was isolated after 18h as above-

mentioned. The potential of CHI3L1 to reproduce the astrocyte gene expression 

signature obtained from the microarrays study was evaluated by qPCR studies as 

previously described.  

3.6.6. Bioinformatic analysis 

The analysis of the biological significance was performed using Metascape 

(https://metascape.org) (244) to identify overrepresented pathways and ontologies 

based on annotation databases: the Gene Ontology (GO) and the Kyoto 

Encyclopedia of Gene and Genomes (KEGG). After mouse-human gene ID 

harmonization with Metascape’s annotation tool, astrocyte-secreted proteins 

(proteome array), astrocyte differentially expressed genes (microarrays), astrocyte 

intracellular proteins (LC/MS), and human CSF proteins (LC/MS) compliant with p-

https://metascape.org/
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value <0.01 and absolute FC >0.5 were uploaded and analyzed using default settings 

(“Expression analysis”). The TRRUST database (https://www.grnpedia.org/trrust) 

(245) was used to identify transcriptional factors regulatory networks. Finally, network 

diagrams for protein-protein interactions were obtained and graphed through the web 

portal of the STRING Interactome database (https://string-db.org) with a confidence 

score cut-off of 400.  

3.7. Statistical analysis 

Statistical details for each experiment are described in the corresponding figure 

legends. Statistical analysis was performed using SAS® 9.4 (SAS Institute Inc., Cary, 

NC, USA), except for microarrays data that were analyzed using R (R version 3.6.1, 

Copyright© 2018 The R Project for Statistical Computing). Data were analyzed 

assuming a normal or lognormal distribution according to the residual distributions. 

For comparisons, least square means were contrasted applying a mixed model 

approach, where the experimental condition was treated as a fixed factor, and 

experiment and pool as random factors. Different methods to control the effect of 

multiple comparisons on the type I error level were used. First, Dunnet’s adjustment 

was used when multiple comparisons were done against a “control” experimental 

condition. Second, Tukey’s adjustment was applied when all pairwise comparisons 

were of interest. Third, when only several selected comparisons were considered 

then Bonferroni adjustment was used. Finally, FDR with the Benjamini-Hochberg 

method was applied when analyzing data from microarrays, LC/MS proteomics and 

proteome array. P-values<0.05 were considered statistically significant. 

Dot-scatter bar graphs used for data representation were performed using 

GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA, USA). 

 

  

https://www.grnpedia.org/trrust
https://string-db.org/
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4. Results 
4.1. Purification of astrocyte cultures  

We first optimized the generation of primary mouse astrocyte cultures. With the 

purpose of obtaining pure astrocyte cultures that allowed us to specifically study the 

astrocytic response in a MS context, we tested two different methods of purification 

and assessed them by immunofluorescence. Mixed glial cultures showed a 

considerable presence of microglial cells (9.8 ± 0.5%) and both shaking (1.5, ± 0.6%, 

p<0.0001) and MACS-based (0.0 ± 0.0%, p<0.0001) purification methods 

significantly reduced the contamination of microglia (Figure 8). Indeed, MACS cell 

sorting applied at the time of culture generation completely removed microglia from 

cell cultures (Figure 8A). Therefore, mouse MACS-purified primary astrocyte 

cultures were used for experiments. 

4.2. Characterization of primary cultures 

Cell cultures used for further experiments were characterized by 

immunofluorescence. Our mouse cortical MACS-purified primary astrocyte cultures 

presented a high percentage of astrocytes identified with the intermediate filament 

marker GFAP (89.9 ± 3.4%) with a minimal contamination of neurons labelled with 

the neuronal nuclear marker NeuN (2.1 ± 1.2%). As expected, no presence of 

contaminating microglial cells were observed (Iba1; 0.0 ± 0.0%), as well as 

oligodendrocytes (GalC; 0.0 ± 0.0%) (Figure 9).  

Cortical neuronal primary cultures showed a high percentage of neurons (MAP2; 

91.0 ± 0.8%) with presence of astrocytes (GFAP; 10.7 ± 0.7%) (Figure 10). Neither 

microglia nor oligodendrocytes were observed in neuronal cultures (data not shown). 
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Figure 8. Evaluation of astrocyte cultures purification. (A) Illustrative fluorescent 
microscopy images of non-purified mixed glial cultures and purified by shaking and MACS 
technology. Cultures were immunostained with GFAP to label astrocytes (red), Iba1 for 
microglia (green) and DAPI for cell nuclei (blue). (B) Graphs represent the quantification of 
the percentage of the mean total number of astrocytes (GFAP+) and microglial (Iba+) cells 
respect to the number of total cells (DAPI+) in mixed glial (n=3), shaking-purified mixed glial 
(n=2) and MACS-purified astrocyte (n=3) cultures. Data are shown as mean (SEM). Scale 
bar: 40 µm. Abbreviations: MACS: magnetic cell sorting; GFAP: glial fibrillary acid protein; 
Iba1: ionized calcium-binding adaptor molecule 1; DAPI: 4',6-diamidino-2-phenylindole. 
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Figure 9. Characterization of MACS-purified primary astrocyte cultures. Illustrative 
fluorescent microscopy images showing cultures stained with GFAP to label astrocytes (red, 
above), Iba1 for microglia (green, above), NeuN for neurons (red, below), GalC for 
oligodendrocytes (green, below), DAPI for cell nuclei (blue), and the merge for the three 
channels of each group. On the right side, the quantification of the percentage of the mean 
total number of positive cells in the cultures respect to the number of total cells (DAPI). n=3 
independent cultures. Data are shown as mean (SEM). Scale bar: 40 µm. Abbreviations: 
GFAP: glial fibrillary acid protein; Iba1: ionized calcium-binding adaptor molecule 1; NeuN: 
neuronal nuclear antigen; GalC: galactocerebrosidase; DAPI: 4',6-diamidino-2-phenylindole. 
 
 
 
 
 
 

 
Figure 10. Characterization of primary neuronal cultures. Illustrative confocal microscopy 
images showing cultures stained with MAP2 to label neurons (red), GFAP for astrocytes 
(green), DAPI for cell nuclei (blue), and the merge for the three channels. On the right side, 
the quantification of the percentage of the mean total number of neurons and astrocytes in 
the cultures respect to the number of total cells (DAPI). n=3 independent cultures. Data are 
shown as mean (SEM). Scale bar: 40 µm. Abbreviations: MAP2: microtubule-associated 
protein 2; GFAP: glial fibrillary acid protein; DAPI: 4',6-diamidino-2-phenylindole. 
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4.3. Functional study of the effects of astrocyte secretomes on neurons 

Astrocytes exposed to a highly inflammatory MS microenvironment induce neuronal 

dysfunction 

To investigate whether astrocytes are essential contributors to neuronal damage 

in a MS-specific inflammatory microenvironment, we cultured primary mouse purified 

astrocytes in the presence of CSF from MS patients with high inflammatory activity 

at the time of the first demyelinating event (MS-High, Table 2). As astrocyte-secreted 

factors are known to provide trophic support for neurons that regulate the formation 

and function of synapses (172, 174), we focused our study on the astrocyte 

contribution through the release of soluble factors. We first conducted a screening 

assay in which two different CSF-exposure (6 and 12 h) and secretome-collection (6 

and 18h) times were compared based on astrocyte reactivity induced and the effect 

of secretomes on mouse primary cortical neurons at 18 DIV (Figure 11). 

Figure 11. Functional screening assay of the effect of MS-High-exposed astrocyte 
secretomes on neurons. Illustration depicting CSF collection from a screening cohort of MS 
patients with high inflammatory activity (MS-High; N=4), followed by the exposure of 
astrocytes to the CSF in vitro, secretome collection and co-culture with neurons. 
Abbreviations: MS-High: high inflammatory multiple sclerosis; CSF: cerebrospinal fluid; DIV: 
days in vitro.  
 

Astrocyte reactivity to CSF exposure was assessed by the expression of the 

neuroinflammation-associated reactive astrocyte marker LCN2 (216, 246), CXCL10 

(214) and IL-6 (247). While astrocytes exposed to CSF at 6+18h showed 10.4-fold 

increased Lcn2 expression (FC: 10.4 ± 4.4, p=0.026) compared to non-stimulated 

cells, 12+12h-exposure failed to induce significant Lcn2-associated astrocyte 
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reactivity (FC: 2.0 ± 0.1, p=0.503). Cxcl10 and Il6 expression was not modified in any 

of the CSF exposure conditions (Figure 12).  

The accurate stimulation of astrocyte cultures was confirmed by determining Lcn2 

expression in cells stimulated with positive control of activation (IL-1β + TNF-α; 6+18h 

FC: 211.9 ± 26.0 versus Basal; 12+12h FC: 428.8 ± 61.2 versus Basal).  

Figure 12. Astrocytes exposed to MS-High CSF at 6+18h condition became reactive. 
qPCR for the astrocyte reactive markers LCN2, IL-6 and CXCL10 of primary astrocytes 
exposed for 6 and 12h to medium (Basal) or CSF. Individual data values represent fold 
change = 2- (average ∆∆Ct) in mRNAs of CSF-exposed astrocytes relative to non-stimulated 
astrocytes (Basal). One-way ANOVA and Tukey’s test for multiple comparisons; n=2 
independent experiments. Data are shown as mean (SEM).  *p<0.05. Abbreviations: Lcn2: 
lipocalin-2; IL-6: interleukin-6; CXCL10: C-X-C motif chemokine 10; MS-High: high 
inflammatory multiple sclerosis; CSF: cerebrospinal fluid; ns: non-significant. 
 

Neurons treated with secretomes from astrocytes pre-exposed to CSF from MS-

High patients in the 6+18h culture condition showed significant morphological 

alterations characterized by decreased neuronal arborization (Figure 13A). We 

found a significant decrease in the neuronal area (32.5%, p=0.001), the total dendrite 

tree length (38.3%, p=0.0004) and the number of dendrite segments (38.3%, 

p=0.0026) compared to neurons treated with basal secretomes (Figure 13B). In 

contrast, secretomes from MS-High in the 12+12h exposure condition had no 

significant effects on neuronal complexity (Figure 13B).  
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Figure 13. Astrocytes pre-exposed to CSF from MS patients with high inflammatory 
activity induce morphological alterations. (A) Illustrative confocal images of neurons 
treated with Basal or MS-High-exposed astrocyte secretomes. Neurons were immunostained 
with MAP2 (green) and DAPI (blue). (B) Graphs represent individual data of neuronal area, 
total dendrite tree length and number of dendrite segment per neuron. Least Squares Means 
Estimates and Bonferroni test for multiple comparisons, n=2 replicates per condition, n=2 
independent experiments. Data are shown as mean (SEM). **p<0.01, ***p<0.001. Scale bar: 
40 µm. Abbreviations: MS-High: high inflammatory multiple sclerosis; MAP2: microtubule-
associated protein 2; DAPI: 4',6-diamidino-2-phenylindole; ns: non-significant.  
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We next asked whether the abnormalities observed in dendritic arborization in 

6+18h exposure condition were accompanied by alterations in synaptic plasticity. 

Neurons treated with astrocytic secretomes stimulated with CSF from MS-High 

patients exhibited significant reductions in the density of both PSD-95 (29.4%, 

p=0.008) and Synaptophysin (25.8%, p=0.011) puncta, as well as in the number of 

active synapses (36.9%, p<0.0001), compared to neurons treated with basal 

secretomes (Figure 14). These results indicate that the 6+18h combination is more 

suitable to induce astrocyte reactivity that is associated with neuronal dysfunction, 

reason why it was selected for further experiments.  
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Figure 14. Astrocytes pre-exposed to CSF from MS patients with high inflammatory 
activity induce synaptic plasticity impairment. (A) Illustrative confocal images of neurons 
treated with Basal or MS-High-exposed astrocyte secretomes. Neurons were immunostained 
with MAP2 (white), the pre-synaptic marker synaptophysin (green) and the post-synaptic 
marker PSD-95 (red). Arrows in high-magnification insets point to co-localization of 
synaptophysin and PSD-95 (synapses). (B) Graphs represent individual data of the density 
of PSD-95, synaptophysin and PSD-95/synaptophysin double-positive puncta. Least Squares 
Means Estimates test; n=40 neurons per condition, n=2-3 dendrites per neuron, n=2 
independent experiments. Data are shown as mean (SEM). *p<0.05, **p<0.01, ***p<0.001. 
Scale bar: 10 µm. Abbreviations: MS-High: high inflammatory multiple sclerosis; MAP2: 
microtubule-associated protein 2; PSD-95: post-synaptic density protein 95; Syn: 
synaptophysin. 
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A high inflammatory activity, based on high lesion load on brain MRI scans, at the 

time of the first demyelination event has been associated with an increased risk for 

development of neurological disability (112). This led us to investigate whether 

neuronal dysfunction was influenced by the degree of inflammatory activity present 

in the CNS of MS patients. To this aim, we cultured astrocytes in the presence of 

CSF from a new cohort of: (i) MS-High patients, (ii) MS-Low patients, and (iii) non-

inflammatory controls (NINC), the latter included as MS-specificity controls 

(validation cohort; Table 2). We generated 3 different secretome pools per group 

from 3 stimulated astrocyte cultures. As in the screening assay, we first confirmed 

accurate astrocyte stimulation by evaluating Lcn2 expression after control positive 

activation (IL-1β + TNF-α; Pool-1 FC: 239.8 ± 19.0; Pool-2 FC: 321.6 ± 55.5; Pool-3 

FC: 218.1 ± 5.3; versus Basal). We then examined the effect of secretomes derived 

from CSF pre-exposed astrocytes on mouse primary cortical neurons at 18 DIV 

(Figure 15).  

 

 
Figure 15. Flowchart of the functional validation assay of the effect of CSF-exposed 
astrocyte secretomes on neurons. Illustration depicting CSF collection from a validation 
cohort of MS patients with high inflammatory activity (MS-High, N=9), MS patients with low 
inflammatory activity (MS-Low, N=9) and non-inflammatory neurological controls (NINC, N=9) 
followed by the exposure of astrocytes to the CSF in vitro, secretome collection and co-culture 
with neurons. Abbreviations: NINC: non-inflammatory neurological controls; MS-Low: low 
inflammatory multiple sclerosis; MS-High: high inflammatory multiple sclerosis; CSF: 
cerebrospinal fluid; DIV: days in vitro. 
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Secretomes from resting astrocytes (Basal) markedly increased both PSD-95 

(48.7%, p<0.0001) and Synaptophysin (23.5%, p=0.002) puncta, particularly 

enhancing the density of active synapses (83.1%, p<0.0001) compared to non-

treated neurons (Figure 16). Interestingly, the degree of inflammatory activity 

influenced the degree of synaptic plasticity impairment. Neurons treated with 

secretomes from astrocytes pre-exposed to CSF from MS-High patients exhibited 

16.9% and 20.8% less PSD-95 densities compared to secretomes from MS-Low 

patients and non-inflammatory controls (p=0.01 and p=0.0003 respectively, Figure 
16). A similar trend was found for active synapsis density, with a 16.7% decrease in 

the MS-High versus the MS-Low groups (p=0.04, Figure 16). 

Remarkably, neurons treated with secretomes from astrocytes pre-exposed to 

CSF from MS-High patients also showed morphological alterations typically observed 

in neurodegenerative processes such as decreased arborization (Figure 17). 

Particularly, MS-High astrocytic secretomes treated neurons exhibited a 39.3% 

reduction in neuronal area (p=0.020), 44.3% less complex dendritic tree (p=0.022), 

and a 43.8% decrease on the number of dendrite segments (p=0.039), compared to 

neurons treated with secretomes from MS-Low exposed astrocytes (Figure 17B). 

 
 
 
Figure 16. Astrocyte-mediated synaptic plasticity impairment correlates with the 
degree of inflammatory activity in MS patients. (A) Illustrative confocal images of neurons 
treated with secretomes from astrocytes exposed to medium (Basal) or CSF. Neurons were 
immunostained with MAP2 (white), the pre-synaptic marker synaptophysin (green) and the 
post-synaptic marker PSD-95 (red). Arrows in high-magnification insets point to co-
localization of synaptophysin and PSD-95 (synapses). (B) Graphs represent individual 
relative numbers of PSD-95, synaptophysin and PSD-95/synaptophysin double-positive 
puncta density normalized to untreated neurons (-). Least Squares Means Estimates test, 
Tukey-Kramer multiple comparisons test; n=3 independent secretome samples per group, 
n=180 neurons per condition (n=60 for non-treated group), n=2-3 dendrites per neuron, n=2 
replicates per condition, n=3 independent experiments. Data are shown as mean (SEM). 
*p<0.05, **p<0.01, ***p<0.001. Scale bar: 10 µm. Abbreviations: NINC: non-inflammatory 
neurological controls; MS-Low: low inflammatory multiple sclerosis; MS-High: high 
inflammatory multiple sclerosis; MAP2: microtubule-associated protein 2; PSD-95: post-
synaptic density protein 95; Syn: synaptophysin. 
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Figure 17. Astrocyte-mediated neuronal morphological alterations correlate with the 
degree of inflammatory activity in MS patients. (A) Illustrative confocal images of neurons 
treated with MS-High- and MS-Low-exposed astrocyte secretomes. Neurons were 
immunostained with MAP2 (green) and DAPI (blue). (B) Graphs represent individual data of 
neuronal area, total dendrite tree length and the number of dendrite segments per neuron. 
Least Squares Means Estimates test; n=3 independent secretome samples per group, n=2 
replicates per condition, n=2 independent experiments. Data are shown as mean (SEM). 
*p<0.05. Scale bar: 40 µm. Abbreviations: MS-Low: low inflammatory multiple sclerosis; MS-
High: high inflammatory multiple sclerosis; MAP2: microtubule-associated protein 2; DAPI: 
4',6-diamidino-2-phenylindole. 

 

 

These findings reveal that astrocytes pre-exposed to CSF from MS patients with 

high inflammatory activity exert a detrimental non-cell-autonomous effect on neuronal 

function and plasticity.  
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4.4. Molecular characterization of astrocyte signature 
Secretomes from astrocytes exposed to a highly inflammatory MS microenvironment 

have an altered pro-inflammatory profile  

We next investigated whether the detrimental effect of secretomes from MS 

patients with high inflammatory activity on neuronal function and synaptic plasticity 

could be due to the release of astrocyte-derived toxic mediators. For that purpose, 

astrocytic secretomes obtained following CSF exposure were characterized using a 

proteome profiling array. A total of 23 molecules were found up-regulated in 

secretomes derived from astrocytes pre-exposed to CSF from the different groups of 

patients and controls (Figure 18 and Table 3). Among them, 12 molecules were 

significantly increased in secretomes from MS-High patients compared to those from 

MS-Low patients, and 20 when compared to non-inflammatory controls (FDR<0.05, 

Figure 18B and Table 3).  
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Figure 18. Astrocytes pre-exposed to CSF from MS patients with high inflammatory 
activity exhibit an altered secretome. (A) Proteome profiling array representative 
membranes of secretomes from CSF-exposed primary astrocytes. (B) Pixel intensity 
quantification showing 23 identified molecules up-regulated in the MS-High condition. Note 
that insets delimit SerpinE1 dots. FDR analysis. n=3 independent secretome samples per 
group, n=3 independent experiments. Data are shown as mean (SEM). *p<0.05, **p<0.01, 
***p<0.001. Abbreviations: NINC: non-inflammatory neurological controls; MS-Low: low 
inflammatory multiple sclerosis; MS-High: high inflammatory multiple sclerosis; ANGPTL3: 
angiopoietin-like 3; CCL: C-C motif chemokine; CXCL: C-X-C motif chemokine; FGF-21: 
fibroblast growth factor 21; G-CSF: granulocyte colony-stimulating factor; GDF-15: 
growth/differentiation factor 15; GFBP-5: insulin-like growth factor-binding protein 5; IL: 
interleukin; LIF: leukemia inhibitor factor; M-CSF: macrophage colony-stimulating factor 1; 
MMP-2: matrix metalloproteinase-2; PDGF-BB: platelet-derived growth factor subunit B; DLK-
1: protein delta homolog 1; PCSK9: proprotein convertase 9. 

 

Astrocyte-secreted factors identified from astrocytes exposed to the MS-High condition 
compared to both the MS-Low (12 proteins) and NINC (20 proteins) using a proteome profiling 
array. Proteins are classified according to their adjusted p-value. Abbreviations: NINC: non-
inflammatory neurological controls; MS-Low: low inflammatory multiple sclerosis; MS-High: 
high inflammatory multiple sclerosis; M-CSF: macrophage colony-stimulating factor 1; CXCL: 
C-X-C motif chemokine; LIF: leukemia inhibitor factor; PDGF-BB: platelet-derived growth 
factor subunit B; IGFBP-5: insulin-like growth factor-binding protein 5; MMP-2: matrix 
metalloproteinase-2; CCL: C-C motif chemokine; IL: interleukin; DLK-1: protein delta homolog 
1; ANGPTL3: angiopoietin-like 3; PCSK9: proprotein convertase 9; GDF-15: 
growth/differentiation factor 15; G-CSF: granulocyte colony-stimulating factor; FGF-21: 
fibroblast growth factor 21. 
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Table 3. Astrocyte-secreted factors identified in the proteome profiling array. 

Protein Fold change p-value Adjusted p-value 

MS-High vs. MS-Low 
Leptin 1.9 <.0001 <.0001 
M-CSF 1.4 <.0001 <.0001 
CXCL1 1.3 <.0001 <.0001 
SerpinE1 1.7 <.0001 0.0002 
LIF 1.4 <.0001 0.0008 
PDGF-BB 1.4 0.0002 0.001 
IGFBP-5 1.2 0.002 0.01 
MMP-2 1.2 0.002 0.01 
CCL19 1.3 0.002 0.01 
IL-11 1.5 0.008 0.03 
DLK-1 1.4 0.007 0.03 
CCL12 1.2 0.007 0.03 
MS-High vs. NINC 
ANGPTL3 1.6 0.001 0.01 
MMP-2 1.5 0.001 0.01 
CXCL1 1.4 0.0008 0.01 
M-CSF 1.6 0.002 0.02 
LIF 1.4 0.002 0.02 
PCSK9 1.2 0.002 0.02 
CCL12 1.3 0.003 0.02 
GDF-15 1.4 0.004 0.02 
Proliferin 1.8 0.005 0.02 
DLK-1 1.7 0.005 0.02 
IGFPB-5 1.5 0.006 0.03 
Leptin 1.7 0.008 0.03 
IL-1α 1.6 0.01 0.03 
Serpin F1 1.7 0.01 0.04 
IL-11 1.6 0.01 0.04 
IL-15 1.3 0.01 0.04 
G-CSF 1.6 0.02 0.04 
FGF-21 1.5 0.02 0.04 
CCL11 1.4 0.02 0.04 
Fetuin-A 1.3 0.02 0.04 
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The 23 astrocyte-secreted factors identified were inflammatory-related molecules, 

mainly cytokines, chemokines, and growth factors. Functional annotation enrichment 

and interactome analysis using Gene Ontology and KEGG (Kyoto Encyclopedia of 

Gene and Genomes) revealed that these astrocyte-secreted factors are mainly 

involved in a set of pro-inflammatory pathways (Table 4).   

When comparing the degree of inflammatory exposure to astrocytes, functional 

enrichment analysis of the 12 molecules up-regulated in astrocytes exposed to high 

compared to low inflammation confirmed the predominance of pathways involved in 

inflammation, like myeloid leukocyte migration (p=1.9 x 10-10), TNF signalling (p=9.9 

x 10-8) and inflammatory response (p=3.5 x 10-7) (Figure 19A). In addition, important 

pathways known to be involved in synaptic plasticity homeostasis as tissue 

remodelling (p=7.0 x 10-7) and extracellular matrix organization (p=0.0005) were 

identified as the most significantly enriched (Figure 19A). Consistently, when 

studying the 20 secreted factors up-regulated in high compared to non-inflammatory 

condition, we also found mostly enriched pro-inflammatory pathways and, 

surprisingly, neuron death signalling (p=1.2 x 10-6) and programmed cell death 

(p=0.0002) (Figure 19B). Importantly, nuclear factor NF-kappa-B p105 subunit 

(Nfkb1) was identified as the main regulatory transcription factor among the 

astrocyte-secreted factors (FDR=1.9 x 10-8) as well as cellular tumour antigen p53 

(Trp53) (FDR=9.4 x 10-5) (Figure 19C), which is known to induce NF-кB activation 

(248). 

 
 
Functional annotation enrichment of the 23 astrocyte-secreted factors identified from 
astrocytes exposed to the MS-High condition compared to both the MS-Low and NINC. 
Pathways are classified according to their adjusted p-value. Mouse gene ID symbols are 
shown. Abbreviations: Csf1: M-CSF; Csf3: G-CSF; Cxcl: C-X-C motif chemokine; Il: 
interleukin; Lep: leptin; Lif: leukemia inhibitor factor; Pdgfb: platelet-derived growth factor 
subunit B; Ccl: C-C motif chemokine; Igfbp5: insulin-like growth factor-binding protein 5; Mmp-
2: matrix metalloproteinase-2; Prl2c2: proliferin; Angptl3: angiopoietin-like 3; Ahsg: fetuin-A; 
Gdf15: growth/differentiation factor 15; Fgf21: fibroblast growth factor 21; Dlk1: protein delta 
homolog 1; Pcsk9: proprotein convertase 9. 
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Table 4. GO and KEGG functional analysis for the 23 astrocyte-secreted factors. 

Pathways Adjusted 
p-value Genes 

Cytokine-cytokine receptor 
interaction 1.5 x 10-17 Csf1, Csf3, Cxcl1, Il11, Il15, Il1a, Lep, 

Lif, Pdgfb, Ccl11, Ccl12, Ccl19 

Positive regulation of cell 
migration 5.8 x 10-12 

Csf1, Igfbp5, Il1a, Mmp2, Pdgfb, 
Serpine1, Prl2c2, Ccl11, Ccl12, Ccl19, 
Angptl3, Cxcl1, Lep, Ahsg, Serpinf1, 
Csf3 

Myeloid leukocyte migration 6.5 x 10-11 Csf1, Cxcl1, Il1a, Pdgfb, Serpine1, 
Ccl11, Ccl12, Ccl19 

Positive regulation of MAPK 
cascade 7.9 x 10-11 Il11, Il1a, Lep, Lif, Pdgfb, Ccl11, Ccl12, 

Gdf15, Ccl19, Fgf21, Angptl3 

Tissue remodeling 1.5 x 10-9 Ahsg, Dlk1, Igfbp5, Il1a, Lep, Lif, 
Mmp2, Csf1, Gdf15, Il15 

Inflammatory response 2.1 x 10-9 Ahsg, Csf1, Cxcl1, Il1a, Lep, Serpine1, 
Ccl11, Ccl12, Serpinf1, Ccl19 

Leukocyte and monocyte 
chemotaxis 3.1 x 10-9 

Pdgfb, Serpine1, Ccl11, Ccl12, Ccl19, 
Igfbp5, Serpinf1, Fgf21, Lep, Prl2c2, 
Gdf15 

Regulation of cell adhesion 4.6 x 10-8 
Csf1, Il15, Il1a, Lep, Lif, Mmp2, Pdgfb, 
Serpine1, Ccl19, Ccl12, Ahsg, Dlk1, 
Fgf21, Cxcl1 

Positive regulation of peptidyl-
tyrosine phosphorylation 5.8 x 10-8 Csf3, Il11, Il15, Lep, Lif, Pdgfb, Prl2c2, 

Il1a, Pcsk9, Fgf21 

Protein kinase B signaling 8.0 x 10-8 Csf3, Igfbp5, Lep, Ccl12, Gdf15, Ccl19, 
Csf1, Pdgfb, Il15 

Positive regulation of myeloid 
cell differentiation 1.1 x 10-7 Csf1, Csf3, Dlk1, Lep, Lif, Cxcl1, Il15, 

Ccl12, Ccl19, Il1a, Pdgfb 
TNF signaling pathway 1.1 x 10-7 Csf1, Cxcl1, Il15, Lif, Ccl12 
Positive regulation of ion 
transport 6.5 x 10-7 Cxcl1, Il1a, Lep, Lif, Pdgfb, Serpine1, 

Ccl12, Fgf21, Mmp2, Ahsg 
Jak-STAT signaling pathway 7.2 x 10-7 Csf3, Il11, Il15, Lep, Lif 
Transmembrane receptor 
protein tyrosine kinase 
signaling pathway 

2.3 x 10-6 Ahsg, Csf1, Igfbp5, Lep, Pdgfb, Gdf15, 
Fgf21, Pcsk9, Serpine1 

Regulation of neuron death 3.0 x 10-6 Csf1, Csf3, Ccl12, Serpinf1, Fgf21, 
Pcsk9, Lif, Pdgfb 
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Figure 19. Astrocyte-secreted factors after MS-High CSF exposure are predominantly 
involved in inflammatory signalling.  Plots showing GO and KEGG functional analysis for 
the MS-High condition compared to the MS-Low (A) and non-inflammatory control (NINC) (B) 
conditions.  (C) TRRUST enrichment analysis of transcription factor candidates that regulate 
the expression of the 23-identified astrocyte-secreted factors in the MS-High condition. 
Abbreviations: MS-High: high inflammatory multiple sclerosis; MS-Low: low inflammatory 
multiple sclerosis; NINC: non-inflammatory neurological controls; TNF: tumor necrosis factor; 
Jak: janus kinase; STAT: signal transducer and activator of transcription; IL: interleukin; 
Nfkb1: nuclear factor-kappa-B p105 subunit; Jun: transcription factor AP-1; Trp53: cellular 
tumour antigen p53; Stat3: signal transducer and activator of transcription 3; Sp1: 
transcription factor Sp1. 
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An interesting finding among astrocyte-derived differentially secreted pro-

inflammatory mediators was SerpinE1, a protein that has been shown to be regulated 

by NF-kB in neuroinflammatory conditions (249, 250), to inhibit neurite outgrowth 

after an ischemic insult (251), and to exacerbate axonal damage and demyelination 

in MS animal models (252, 253). SerpinE1 was particularly increased by 1.7-fold in 

secretomes from MS-High compared to those from MS-Low patients (p=0.0002, 

Figure 18 and Table 3), and was found to be significantly enriched in the extracellular 

matrix organization pathway (p=0.0005, Figure 19A and Table 5).  

Functional annotation enrichment of astrocytic secretome data set of MS-High compared to 
MS-Low condition. Serpin E1 is highlighted in bold. Mouse gene ID symbols are shown. 
Abbreviations: Csf1: M-CSF; Cxcl: C-X-C motif chemokine; Il: interleukin; Lep: leptin; Lif: 
leukemia inhibitor factor; Pdgfb: platelet-derived growth factor subunit B; Ccl: C-C motif 
chemokine; Igfbp5: insulin-like growth factor-binding protein 5; Mmp-2: matrix 
metalloproteinase-2. 
  

Table 5. Serpin E1 representation in MS-High-derived astrocyte secretome 
functional analysis.  

Pathways Adjusted 
p-value Genes 

Cytokine-cytokine receptor 
interaction 3.1 x 10-14 

Csf1, Cxcl1, Il11, Lep, Lif, Pdgfb, 
Ccl2, Ccl19, Serpine1, Igfbp5, 
Mmmp2 

Myeloid leukocyte migration 1.9 x 10-10 Csf1, Cxcl1, Serpine1, Pdgfb, Ccl12, 
Ccl19, Lep, Igfbp5 

Inflammatory response 3.5 x 10-7 Csf1, Cxcl1, Lep, Serpine1, Ccl12, 
Ccl19 

Extracellular matrix organization 0.0005 Mmp2, Serpine1, Pdgfb 
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Considering its potential as neurotoxic mediator, SerpinE1 levels were also 

measured by ELISA in order to validate protein array findings. Levels were again 

found to be significantly increased in secretomes from astrocytes pre-exposed to 

CSF from MS-High compared to those from MS-Low patients (2.2-fold, p=0.01) and 

unstimulated astrocytes (2.8-fold, p=0.0008, Figure 20). 

 
Figure 20. SerpinE1 is increased in secretomes from astrocytes exposed to CSF from 
MS patients with high inflammatory activity. Dot plot showing SerpinE1 levels determined 
by ELISA in astrocyte-derived secretomes. Least Squares Means Estimates test and Tukey-
Kramer multiple comparisons test; n=3 independent secretome samples per group. Data are 
shown as mean (SEM). *p<0.05, ***p<0.001. Abbreviations: NINC: non-inflammatory 
neurological controls; MS-Low: low inflammatory multiple sclerosis; MS-High: high 
inflammatory multiple sclerosis. 
 

 

Altogether, these results indicate that secretomes from astrocytes pre-exposed to 

CSF from MS patients with high inflammatory activity have a pro-inflammatory 

content that seems to be regulated by astrocytic NF-kB signalling. In addition, 

SerpinE1 may be one of the toxic mediators of the paracrine effect of astrocytes on 

neuronal function and plasticity. 
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Astrocytes exposed to a highly inflammatory MS microenvironment are characterized 

by a specific pro-inflammatory reactive state 

As a next step, we investigated whether the pro-inflammatory secretomes that 

mediate neuronal dysfunction and synaptic plasticity impairment are associated with 

a specific reactive astrocyte state in MS patients with high inflammatory activity. To 

this aim, gene expression microarrays and liquid chromatography/mass spectrometry 

(LC/MS) analysis were carried out on RNA and intracellular protein samples isolated 

from non-stimulated and CSF pre-exposed astrocytes.  

Astrocytes stimulated with CSF from MS-High patients exhibited a gene (Figure 
21A) and protein (Figure 21B) expression profile that differed from the expression 

pattern observed following astrocyte exposure to CSF from MS-Low patients, non-

inflammatory controls, and the unstimulated condition.  

Further dissection of the gene expression profiling revealed a specific signature in 

astrocytes exposed to CSF from MS-High patients that was characterized by 7 

differentially expressed genes (2 up-regulated and 5 down-regulated) when 

compared with the MS-Low condition (Figure 22 and Table 6), and 23 differentially 

expressed genes (4 up-regulated and 19 down-regulated) when compared with the 

non-inflammatory control condition (adjusted p-values <0.05, Figure 22 and Table 
7). In contrast, no statistically significant differentially expressed genes were found 

between the MS-Low and the non-inflammatory control conditions (Figure 22), 

further supporting the specificity of the identified gene expression signature, which 

seems to be only present when the MS-High group is compared.  
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Figure 21. Astrocytes exposed to CSF from MS patients with high inflammatory activity 
show a specific gene and protein expression profile. Heatmaps showing normalized Log2 
gene (A) and protein (B) expression satisfying p-value <0.01 and absolute fold change >0.5. 
FDR analysis; n=3 independent biological samples per group. Abbreviations: NINC: non-
inflammatory neurological controls; MS-Low: low inflammatory multiple sclerosis; MS-High: 
high inflammatory multiple sclerosis. 
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Figure 22. Astrocytes exposed to CSF from MS patients with high inflammatory activity 
present a specific gene expression signature. Volcano plots showing normalized Log2 

gene expression satisfying p-value <0.01 and absolute fold change >0.5. FDR analysis; n=3 
independent biological samples per group. Significant differentially expressed genes 
(adjusted p-value <0.05) are highlighted in blue (down-regulated) and red (up-regulated). 
Abbreviations: MS-High: high inflammatory multiple sclerosis; MS-Low: low inflammatory 
multiple sclerosis; NINC: non-inflammatory neurological controls. 

 

 

Regarding protein expression profile, we found a specific expression pattern 

characterized by an up-regulation of intracellular protein expression in MS-High-

stimulated astrocytes compared to those exposed to low or non-inflammatory 

conditions (Figure 21B). Astrocytes exposed to MS-High CSF exhibited significantly 

enhanced expression of 8 intracellular proteins when compared to the MS-Low 

condition (Table 8), and 9 differentially expressed proteins (3 up-regulated and 6 

down-regulated) when compared with the non-inflammatory control condition 

(adjusted p-values <0.05, Table 9).  
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Table 6. Top genes differentially expressed in astrocytes exposed to CSF from 
MS-High patients compared to MS-Low. 

Gene Log2 (Fold change) p-value Adjusted p-value 
Ptgs2 -1.6 3.3 x 10-6 0.01 
Fosb -1.1 3.5 x 10-6 0.01 
Nr4a1 -1.8 5.8 x 10-6 0.01 
Egr2 -1.5 8.7 10-6 0.01 
Arrdc3 1.2 1.9 x 10-5 0.02 
Klf6 -1.0 2.3 x 10-5 0.02 
Txnip  1.4 3.6 x 10-5 0.03 
Egr3  -1.2 8.3 x 10-5 0.07 
Zfp36 -0.9 1.0 x 10-4 0.08 
Fos  -1.0 1.7 x 10-4 0.11 
Adamts1 -1.0 1.7 x 10-4 0.11 
Gdf15 -0.8 1.8 x 10-4 0.11 
Plk2 -1.0 2.3 x 10-4 0.12 
Nfil3 -1.0 3.3 x 10-4 0.17 
Klf2 -0.7 6.2 x 10-4 0.12 
Dusp1 -0.7 7.8 x 10-4 0.34 
Zfp712 0.7 8.2 x 10-4 0.34 
Zfp101 0.6 8.8 x 10-4 0.35 
BC147527 0.6 9.5 x 10-4 0.35 
Ier3 -0.7 0.001 0.35 
Dclk3 0.6 0.001 0.35 
Egr1 -0.6 0.001 0.35 
Dusp5 -0.9 0.001 0.35 
Ccdc116 -0.6 0.001 0.35 
Lpar6 -0.6 0.001 0.35 
Arc -1.1 0.001 0.35 
Akr1c19 0.6 0.001 0.35 
Mfsd9 0.5 0.001 0.35 
Prxl2b -0.7 0.001 0.35 
Zfp72 0.6 0.001 0.35 
Prl3d3 0.6 0.001 0.35 
Vmn2r39 -0.5 0.001 0.35 
Slc25a25 -0.6 0.002 0.35 
Zkscan4 0.6 0.002 0.35 
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Rgs16 -1.1 0.002 0.35 
Nfkbiz -0.9 0.002 0.35 
Sash3 -0.5 0.002 0.35 
Zfp202 0.5 0.002 0.36 
Ddit4 0.5 0.002 0.41 
Cyb5r2 -0.5 0.002 0.41 
Zfp790 0.5 0.002 0.41 
Atf3 -1.0 0.002 0.41 
Csrnp1 -1.0 0.002 0.41 
Spry1 -0.6 0.002 0.41 
Spry4 -0.9 0.002 0.41 
Dnajc5g -0.5 0.003 0.41 
Ephb2 0.5 0.003 0.42 
Prg4 -0.5 0.003 0.42 
1700018L02Rik 0.5 0.003 0.43 
Cplane2 0.5 0.003 0.45 

Top 50 differentially expressed genes obtained from microarrays data set of MS-High-
compared to MS-Low condition. Genes are classified according to their adjusted p-value. 
Significant differentially expressed genes (adjusted p-value <0.05) are highlighted in bold. 
Mouse gene ID symbols are shown. 
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Table 7. Top genes differentially expressed in astrocytes exposed to CSF from 
MS-High patients compared to NINC controls. 

Gene Log2 (Fold change) p-value Adjusted p-value 
Ptgs2 -2.1 7.8 x 10-8 4.9 x 10-4 
Nr4a1 -2.2 2.0 x 10-7 4.9 x 10-4 
Arrdc3 1.7 2.2 4.9 x 10-7 4.9 x 10-4 
Fosb -1.3 2.7 x 10-7 4.9 x 10-4 
Egr2 -1.9 4.1 x 10-7 5.9 x 10-4 
Txnip 1.9 4.13 x 10-7 8.7 x 10-4 
Egr3 -1.6 1.7 x 10-6 0.002 
Adamts1 -1.5 2.2 x 10-6 0.002 
Klf6 -1.2 4.3 x 10-6 0.003 
Nfil3 -1.4 6.8 x 10-6 0.005 
Plk2 -1.3 8.3 x 10-6 0.005 
Zfp36 -1.1 1.1 x 10-5 0.006 
Dusp5 -1.3 4.1 x 10-5 0.02 
Klf2 -0.9 5.2 x 10-5 0.02 
Ier3 -1.0 6.1 x 10-5 0.02 
Atf3 -1.4 6.5 x 10-5 0.02 
Arc -1.5 6.9 x 10-5 0.02 
Fos -1.1 7.6 x 10-5 0.03 
Egr4 -0.7 9.4 x 10-5 0.03 
Mycn 1.0 9.8 x 10-5 0.03 
Mfsd9 0.7 1.1 x 10-4 0.03 
Csrnp1 -1.4 1.1 x 10-4 0.03 
Ogt -0.8 1.5 x 10-4 0.04 
Zfp217 0.8 1.7 x 10-4 0.05 
Rgs16 -1.4 1.8 x 10-4 0.05 
Dusp1 -0.8 1.9 x 10-4 0.05 
Egr1 -0.7 2.1 x 10-4 0.05 
Clec2d 0.8 2.9 x 10-4 0.07 
Idi1 -0.9 3.1 x 10-4 0.08 
Pik3ip1 0.7 3.3 x 10-4 0.08 
Noct -0.9 3.3 x 10-4 0.08 
Sgk1 -0.7 3.7 x 10-4 0.08 
Zkscan4 0.7 4.0 x 10-4 0.08 
Pcdh18 -0.6 5.0 x 10-4 0.10 
Gem -0.7 5.0 x 10-4 0.10 
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Cdk20 0.7 5.1 x 10-4 0.10 
Tnfaip8l1 0.5 6.0 x 10-4 0.11 
Crb1 0.6 6.1 x 10-4 0.11 
Gdf15 -0.7 6.3 x 10-4 0.11 
4632415L05Rik 0.6 6.8 x 10-4 0.12 
Dusp6 -0.6 6.8 x 10-4 0.12 
F3 -0.8 7.4 x 10-4 0.12 
Nudt16l2 -0.5 7.5 x 10-4 0.12 
Zfp870 0.6 8.9 x 10-4 0.14 
Nr4a3 -0.8 9.3 x 10-4 0.15 
Zfp72 0.6 0.001 0.16 
Cyb561d1 0.6 0.001 0.16 
Ccdc185 0.5 0.001 0.16 
Nfkbiz -0.9 0.001 0.16 
Slc25a25 -0.6 0.001 0.16 

Top 50 differentially expressed genes obtained from microarrays data set of MS-High-
compared to NINC condition. Genes are classified according to their adjusted p-value. 
Significant differentially expressed genes (adjusted p-value <0.05) are highlighted in bold. 
Mouse gene ID symbols are shown. 
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Table 8. Top intracellular proteins differentially expressed in astrocytes exposed 
to CSF from MS-High patients compared to MS-Low. 

Gene Log2 (Fold change) p-value Adjusted p-value 
Eprs1 0.3 9.2 x 10-5 0.006 
Hmgb1 0.3 1.5 x 10-4 0.009 
Ndufa3 0.6 2.2 x 10-4 0.01 
Lima1 0.1 5.2 x 10-4 0.03 
Nup88 2.4 6.6 x 10-4 0.04 
Nudt18 0.9 6.6 x 10-4 0.04 
Mtarc2 0.8 6.8 x 10-4 0.04 
Apex1 0.3 7.1 x 10-4 0.04 
Psmd4 0.6 0.001 0.05 
Psmg2 -4.2 0.001 0.06 
Hspa4 0.2 0.001 0.07 
Ndufaf3 0.3 0.001 0.07 
Dnajc10 1.2 0.001 0.09 
Lactb 0.5 0.002 0.09 
Lars1 0.4 0.002 0.10 
Nup133 1.0 0.002 0.10 
Camk2d 0.1 0.002 0.11 
Rab7a 0.4 0.002 0.11 
Kctd5 1.3 0.003 0.15 
Pdcl 0.9 0.003 0.15 
Rpl37 1.9 0.003 0.15 
Farsb 0.2 0.003 0.16 
Lars2 1.4 0.004 0.16 
Sorl1 0.8 0.004 0.18 
Ogt 0.6 0.004 0.19 
Eef1a1 0.2 0.005 0.19 
Hnrnpul1 0.2 0.005 0.19 
Adsl 0.4 0.005 0.19 
Ddr1 2.1 0.005 0.19 
Snx33 0.5 0.005 0.19 
Nemf 1.8 0.006 0.21 
Lsm12 0.8 0.006 0.21 
Abcf3 0.6 0.006 0.22 
Cars1 0.9 0.006 0.23 
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Gca 0.3 0.006 0.23 
Msto1 1.4 0.007 0.24 
Btf3 0.3 0.007 0.24 
Tsr2 -0.7 0.007 0.24 
Tpd52 0.1 0.007 0.24 
Npepps 0.4 0.007 0.24 
Rnf40 -0.5 0.007 0.24 
Eif3a 0.3 0.008 0.25 
Drg2 0.3 0.008 0.25 
Sec61g 0.8 0.008 0.25 
Rdh14 0.5 0.008 0.25 
Zhx3 -0.6 0.008 0.26 
Serhl -1.1 0.009 0.27 
Mrpl3 0.6 0.009 0.27 
Epb41l3 0.6 0.009 0.27 
Tmx3 0.5 0.010 0.30 

Top 50 differentially expressed intracellular proteins obtained from LC/MS data set of MS-
High compared to MS-Low condition. Proteins are classified according to their adjusted p-
value. Significant differentially expressed proteins (adjusted p-value <0.05) are highlighted in 
bold. Mouse gene ID symbols are shown. 
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Table 9. Top intracellular proteins differentially expressed in astrocytes exposed 
to CSF from MS-High patients compared to NINC controls. 

Gene Log2 (Fold change) p-value Adjusted p-value 

Rabggtb -1.5 1.2 x 10-4 0.007 
Atp6v1g1 -0.5 1.7 x 10-4 0.01 
Med22 -0.7 2.3 x 10-4 0.01 
Rdh14 0.5 2.7 x 10-4 0.01 
Pon2 -1.7 2.7 x 10-4 0.01 
Grb2 -1.2 3.3 x 10-4 0.02 
Samd1 2.5 5.6 x 10-4 0.03 
Prpf6 -1.0 7.0 x 10-4 0.03 
Aldh3a2 0.7 7.0 x 10-4 0.03 
Zfp27 -2.0 0.001 0.06 
Hnrnpul1 0.5 0.001 0.06 
Ppp1r7 0.3 0.001 0.06 
Snx2 -0.3 0.001 0.08 
Hspb11 -0.4 0.002 0.08 
Zfyve21 0.9 0.002 0.08 
Ywhaq -0.3 0.002 0.09 
Tkfc -0.4 0.002 0.09 
Mtch2 0.7 0.002 0.09 
Mtss2 -0.4 0.002 0.09 
Cuta 0.5 0.002 0.09 
Acp2 0.5 0.002 0.09 
Mrrf 1.7 0.002 0.10 
Apex1 0.3 0.002 0.10 
Aars2 4.3 0.002 0.10 
Lrrc40 0.7 0.003 0.10 
Thoc3 0.8 0.003 0.10 
Pmpca 0.3 0.003 0.11 
Isy1 -1.4 0.003 0.11 
Kifbp -0.7 0.003 0.11 
Ptpn23 -0.6 0.003 0.11 
Cox17 -0.7 0.003 0.11 
Egln1 -1.6 0.003 0.11 
Ubtd2 -0.7 0.003 0.12 
Taldo1 -0.3 0.004 0.13 
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Smarcc2 0.8 0.004 0.13 
Ssbp1 -1.3 0.004 0.13 
Hspa13 0.8 0.004 0.13 
Srgap2 -0.4 0.004 0.14 
Isoc1 -0.5 0.004 0.14 
Gripap1 -1.2 0.004 0.14 
Ptgr2 -0.8 0.004 0.14 
Csnk2a1 0.5 0.004 0.14 
Pcnp -0.8 0.004 0.14 
Eif3g -0.4 0.005 0.14 
Txndc5 0.3 0.005 0.14 
Rps19 -0.3 0.005 0.14 
Slc16a1 -1.3 0.005 0.14 
Clip2 -1.0 0.005 0.15 
Actr1a 0.5 0.005 0.15 
Tmx3 0.9 0.005 0.15 

Top 50 differentially expressed intracellular proteins obtained from LC/MS data set of MS-
High compared to NINC condition. Proteins are classified according to their adjusted p-value. 
Significant differentially expressed proteins (adjusted p-value <0.05) are highlighted in bold. 
Mouse gene ID symbols are shown. 

 

This gene expression signature obtained with microarrays was successfully 

validated by qPCR (Figure 23) and was mostly comprised of down-regulated 

immediate early response genes (Nr4a1, Fosb, Egr2 and Klf6), which are 

transcription factors that regulate gene expression. In fact, Nr4a1 and Klf6 have been 

associated to anti-inflammatory responses by specifically repressing NF-kB activity 

and thus inhibiting its downstream targeted genes (254-256). Also, down-regulated 

Ptgs2 gene has been associated to an astrocyte A2 reactive state marker and was 

found to be decreased in neuroinflammatory-exposed astrocytes in vitro (216). Ptgs2 

has also been involved in synaptic plasticity regulation through the synthesis of 

prostaglandin E2 (257, 258).  
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Figure 23. Validation of the astrocyte-specific gene expression signature associated to 
the exposure to CSF from MS patients with high inflammatory activity. mRNA 
expression levels measured by qPCR of the specific gene expression signature associated 
with astrocyte exposure to CSF from MS-High patients. Individual values represent fold 
change = 2- (average ∆∆Ct) in mRNAs of CSF-exposed astrocytes relative to non-stimulated 
astrocytes (Basal). Least Squares Means Estimates test and Dunnett-Hsu test for multiple 
comparisons; n=3 independent biological samples per group. Data are shown as mean 
(SEM). *p<0.05, **p<0.01, ***p<0.001. Abbreviations: NINC: non-inflammatory neurological 
controls; MS-Low: low inflammatory multiple sclerosis; MS-High: high inflammatory multiple 
sclerosis Arrdc3: arrestin domain containing 3; Nr4a1: nuclear receptor subfamily 4 group A 
member 1; Klf6: Kruppel like factor 6; Ptgs2: prostaglandin-endoperoxide synthase 2; Txnip: 
thioredoxin interacting protein; Egr2: early growth response 2; Fosb: FosB proto-oncogene. 
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To further decipher the specific MS-High-induced reactive astrocyte state, we 

performed a functional enrichment analysis integrating all data sets obtained from 

CSF exposed astrocytes. Overall, this revealed a prominent pro-inflammatory 

signature when compared with both the MS-Low (Figure 24A) and non-inflammatory 

control (Figure 24B) conditions. In concordance with these data, we found that Nfkb1 

was the main regulatory transcription factor of the MS-High-exposed astrocyte-

specific fingerprint, compared to both the MS-Low (FDR=2.0 x 10-8, Figure 24A) and 

non-inflammatory control exposures (FDR=1 x 10-13, Figure 24B), together with 

transcription factor p65 (Rela), that forms an heterodimeric complex with Nfkb1, in 

the MS-High versus the non-inflammatory control condition (FDR=1.2 x 10-6, Figure 
24B). Trp53, which is known to induce NF-kB activation (248), was also 

overrepresented in astrocytes exposed to CSF from MS-High patients compared to 

both the MS-Low (FDR=6.3 x 10-10, Figure 24A) and non-inflammatory control 

exposures (FDR=6.3 x 10-7, Figure 24B). 

Taken together, these findings indicate that astrocytes exposed to CSF from MS 

patients with high inflammatory activity acquire a specific reactive state characterized 

by an enhanced pro-inflammatory signature mainly associated with NF-kB signalling. 
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Figure 24. Astrocytes exposed to MS-High-derived CSF exhibit a pro-inflammatory 
signature characterized by an enhanced NF-kB signalling. Plots showing functional 
annotation enrichment analysis integrating transcriptomic, proteomic and secretomic data of 
MS-High compared to MS-Low (A) and non-inflammatory (NINC, B) exposed reactive 
astrocytes. Abbreviations: MS-High: high inflammatory multiple sclerosis; MS-Low: low 
inflammatory multiple sclerosis; NINC: non-inflammatory neurological controls; IL: interleukin; 
TNF: tumour necrosis factor; MAPK: mitogen-activated protein kinase; FGF: fibroblast growth 
factor; ERK1: mitogen-activated protein kinase 3; ERK2: mitogen-activated protein kinase 2; 
Trp53: cellular tumour antigen p53; Nfkb1: nuclear factor-kappa-B p105 subunit; Jun: 
transcription factor AP-1; Sp1: transcription factor Sp1; Rela: transcription factor p65; Ep300: 
histone acetyltransferase p300; Stat3: signal transducer and activator of transcription 3. 
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Chitinase 3-like 1 is a potential mediator of the reactive astrocyte state by enhancing 

the pro-inflammatory NF-kB signalling pathway 

Finally, we investigated whether the pro-inflammatory reactive astrocyte state is 

associated with a specific CSF protein profile in MS patients with high inflammatory 

activity, with the ultimate goal of identifying potential mediators of the astrocytic 

alteration. To this aim, we fully characterized CSF pools samples using LC/MS 

analysis.  The CSF proteome of MS-High patients clearly differed from the proteomes 

of MS-Low patients and non-inflammatory controls (Figure 25A). Of note, further 

characterization of the CSF proteome revealed prognostic biomarkers previously 

identified by our group in patients at the time of the first demyelinating event such as 

Semaphorin-7A (SEMA7A, FC=-0.9, p=8.7 x 10-5, adjusted p=0.003, versus NINC)  

(139, 259), Beta-Ala-His dipeptidase (CNDP1, FC=-1.0, p=0.014, adjusted p=0.1, 

versus NINC) (139), and CHI3L1 (FC=1.0, p=0.005, adjusted p=0.08, versus MS-

Low) (139, 140) (Figure 25B, Table 10 and Table 11).  
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Figure 25. CSF proteome of MS-High patients exhibit a specific profile. Liquid 
chromatography/mass spectrometry analysis of CSF from MS patients with inflammatory 
activity (MS-High), low inflammatory activity (MS-Low), and non-inflammatory neurological 
controls (NINC). (A) Heatmap and (B) volcano plots showing normalized Log2 protein 
expression satisfying p-value <0.01 and absolute fold change >0.5 identifying up-regulation 
of CHI3L1 in MS-High CSF (inset). (B) Significant differentially expressed proteins (adjusted 
p-value <0.05) are highlighted in blue (down-regulated) and red (up-regulated). Abbreviations: 
NINC: non-inflammatory neurological controls; MS-Low: low inflammatory multiple sclerosis; 
MS-High: high inflammatory multiple sclerosis; CHI3L1: chitinase 3-like 1. 
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Table 10. Top proteins differentially expressed in CSF pools from MS-High 
patients compared to MS-Low. 

Gene Log2 (Fold Change) p-value Adjusted p-value 
NPC2 -0.6 1.4 x 10-4 0.004 
PTPRN -0.7 2.7 x 10-4 0.008 
RTN4R -1.1 6.3 x 10-4 0.02 
MEGF8 -0.7 9.7 x 10-4 0.02 
SLPI 1.1 0.001 0.03 
IDS -0.9 0.001 0.04 
QPCT -0.7 0.002 0.04 
IGKV1D-39 4.1 0.001 0.04 
FSTL4 -0.8 0.002 0.06 
ABCA2 -1.1 0.003 0.06 
OPCML -1.0 0.003 0.06 
IGKV1-17 1.4 0.003 0.06 
CD109 0.3 0.003 0.06 
TMSB4X 1.4 0.003 0.06 
DLD -1.3 0.003 0.06 
IGHV1-46 2.3 0.003 0.06 
DKK3 -0.6 0.004 0.07 
SUSD5 -0.4 0.004 0.07 
ADGRL3 -0.7 0.004 0.07 
CNTNAP2 -1.1 0.005 0.07 
IGF1 -0.9 0.005 0.07 
CTSL -0.6 0.005 0.08 
CHI3L1 1.0 0.005 0.08 
ENPP5 -0.9 0.006 0.09 
CPQ -0.7 0.006 0.09 
EPHB6 -1.0 0.006 0.09 
SERPING1 0.4 0.006 0.09 
PPIC 0.5 0.007 0.09 
DNAJC3 -1.1 0.008 0.10 
SEZ6L -0.6 0.008 0.10 
SEMA7A -0.4 0.008 0.10 
CDH13 -0.8 0.008 0.10 
KLK6 -0.5 0.009 0.10 
NRCAM -0.6 0.009 0.10 
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NCAM2 -0.7 0.009 0.10 
CAMK2B -1.3 0.009 0.10 
PTPRZ1 -0.8 0.01 0.11 
IGLV1-47 1.1 0.01 0.11 
IGLV2-14 2.7 0.01 0.11 
CNTN1 -0.3 0.01 0.11 
LY6H -0.4 0.01 0.11 
MT1G -1.2 0.01 0.11 
THY1 -0.5 0.01 0.12 
NPTX1 -0.7 0.01 0.12 
SEMA6D -1.1 0.01 0.12 
GLDN 0.7 0.01 0.12 
IGHV6-1 2.4 0.01 0.12 
PCDH1 -1.0 0.01 0.12 
NCAN -0.8 0.01 0.12 
APLP2 -1.3 0.01 0.12 

Top 50 differentially expressed CSF proteins obtained from LC/MS data set of MS-High 
compared to MS-Low condition. Proteins are classified according to their adjusted p-value. 
Significant differentially expressed proteins (adjusted p-value <0.05) and CHI3L1 are 
highlighted in bold. Human gene ID symbols are shown. 
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Table 11. Top 50 proteins differentially expressed in CSF pools from MS-High 
patients compared to NINC controls. 

Gene Log2 (Fold Change) p-value Adjusted p-value 
SEMA7A -0.9 8.7 x 10-5 0.003 
CACHD1 -1.1 1.2 x 10-4 0.003 
FSTL4 -1.3 3.1 x 10-4 0.009 
TMSB4X 1.6 3.3 x 10-4 0.009 
LCAT -0.4 3.6 x 10-4 0.009 
RTN4R -1.3 4.3 x 10-4 0.01 
QPCT -0.6 4.8 x 10-4 0.01 
IDS -1.1 8.0 x 10-4 0.02 
POMGNT1 -0.7 8.7 x 10-4 0.02 
IGLL1 -1.9 8.1 x 10-4 0.02 
ADGRL3 -1.0 8.4 x 10-4 0.02 
AGT -0.3 0.001 0.02 
PRDX2 -1.4 0.001 0.02 
CTSL -0.9 0.001 0.03 
HYOU1 -0.6 0.001 0.03 
MEGF8 -0.9 0.001 0.03 
HEXA -0.8 0.002 0.04 
TPI1 -0.9 0.002 0.04 
CBLN1 -1.0 0.003 0.04 
NCAM2 -0.9 0.003 0.05 
IL6ST -0.7 0.004 0.06  
CNTN2 -0.6 0.004 0.06 
PLD3 -1.3 0.004 0.06 
SEMA3B -0.8 0.004 0.06 
MGAT1 -0.8 0.005 0.06 
GOT1 -0.7 0.005 0.06 
NPEPPS -1.4 0.005 0.06 
SORL1 -0.9 0.005 0.07 
LRP1 -0.5 0.005 0.07 
HYAL1 -1.1 0.005 0.07 
FAT2 -0.7 0.006 0.07 
CLSTN1 -0.5 0.006 0.07 
FSCN1 -1.4 0.006 0.07 
LINGO1 -1.5 0.006 0.07 
SCG5 -0.6 0.007 0.07 
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SEMA6D -1.1 0.007 0.07 
IGLV2-14 3.5 0.008 0.08 
WFDC2 -0.6 0.008 0.08 
PTPRZ1 -1.0 0.008 0.08 
NDRG4 -0.9 0.008 0.08 
EFNA3 -0.8 0.009 0.09 
NPC2 -0.7 0.009 0.09 
IGKV2-40 2.6 0.009 0.09 
NTNG1 -1.5 0.009 0.09 
NFASC -0.8 0.01 0.09 
CEMIP -1.0 0.01 0.09 
PCDH9 -0.8 0.01 0.09 
CDH15 -1.1 0.01 0.09 
ATP6AP1 -0.8 0.01 0.09 
MT1G -1.6 0.01 0.09 

Top 50 differentially expressed CSF proteins obtained from LC/MS data set of MS-High 
compared to NINC condition. Proteins are classified according to their adjusted p-value. 
Significant differentially expressed proteins (adjusted p-value <0.05) are highlighted in bold. 
Human gene ID symbols are shown. 
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To elucidate the primary mechanisms underlying astrocyte reactivity, we further 

depeened our study by performing an integrative omics data analysis with data sets 

at 3 different levels: (i) CSF from MS-High and MS-Low phenotypes (LC/MS); (ii) 

CSF-stimulated reactive astrocytes (microarrays and LC/MS); and (iii) CSF-

stimulated reactive astrocytic secretomes (proteome array). Bioinformatic functional 

annotation analysis revealed the mitogen-activated protein kinase (ERK)-1/2 

cascade (p=4.7 x 10-11), NF-κB-inducing kinase (NIK)/NF-kB signalling (p=0.004), 

Nfkb1 (FDR=5.3 x 10-8) and Trp53 (FDR=5.3 x 10-8) as the most significantly enriched 

pathways and transcription factors, respectively, by the exposure to a highly 

inflammatory MS microenvironment (Figure 26). These data reinforce the role of an 

enhanced NF-kB signalling in the MS-High-exposed reactive astrocytes.  

Figure 26. Bioinformatic analysis integrating the astrocyte reactive signature point to 
enhanced NF-kB signalling. Plots showing bioinformatic annotation analysis integrating 
CSF, reactive astrocytes and astrocytic secretome data sets of MS-high compared to MS-
Low condition. Abbreviations: ERK1: mitogen-activated protein kinase 3; ERK2: mitogen-
activated protein kinase 1; NGF: nerve growth factor; NTRK1: high affinity nerve growth factor 
receptor; IL: interleukin; TNF: tumour necrosis factor; NIK: NF-κB-inducing kinase; NF-kB: 
nuclear factor-kappa B; Nfkb1: nuclear factor-kappa-B p105 subunit; Trp53: cellular tumour 
antigen p53; Cebpb: CCAAT/enhancer-binding protein beta; Jun: transcription factor AP-1; 
Stat3: signal transducer and activator of transcription 3; Sp1: transcription factor Sp1. 
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Remarkably, we identified CHI3L1 up-regulated in the CSF proteome of MS-High 

patients, which was also represented in the aforementioned pathways (Table 12). 

 

Table 12. CHI3L1 representation in astrocyte-specific fingerprint. 

Pathways Adjusted 
p-value Genes 

ERK1/2 cascade 4.7 x 10-11 

ATF3, CASR, CHI3L1, DUSP1, DUSP6, 
EPHB2, HMGB1, IGF1, KDR, LIF, 
PDGFB, CCL12, CCL19, SPRY1, 
SPRY2, SPRY4, DUSP5, IL11, LEP, 
SORL1, GDF15, DDR1, CSF1, EGR1, 
EPHB6, ARRDC3, IRGM, IGFBP5, 
AKR1C3 

Angiogenesis 7.8 x 10-10 

CDH13, CHI3L1, EGR3, EPHB2, 
HMGB1, NR4A1, KDR, LEP, MMP2, 
NRCAM, SERPINE1, PRL, PTGS2, 
CCL12, SP1, ADAMTS1, SPRY2, KLF2, 
PLK2 

Regulation of cell adhesion 7.5 x 10-7 

DDR1, CDH13, CSF1, DUSP1, EGR3, 
HMGB1, IGF1, KDR, LEP, LIF, 
SERPINE1, PDGFB, CCL12, CCL19, 
SASH3, NFKBIZ, SPRY4, FOS, KLF6, 
CTSL, EGR1, IL11, ZFP36, CHI3L1, 
TMSB4X, TBK1, PSMD4, PTGS2, 
SORL1, KLF2 

NIK/NF-kB signaling 0.004 CHI3L1, HMGB1, PSMD4, CCL19, 
TMSB4X 

Bioinformatic functional annotation analysis integrating CSF, reactive astrocytes and 
astrocytic secretome data sets of MS-high compared to MS-Low condition. CHI3L1 is 
highlighted in bold. Human gene ID symbols are shown. Abbreviations: CHI3L1: chitinase 3-
like 1; CCL: C-C motif chemokine; CSF1: M-CSF; IL: interleukin; LEP: leptin; LIF: leukemia 
inhibitor factor; PDGFB: platelet-derived growth factor subunit B; IGFBP5: insulin-like growth 
factor-binding protein 5; MMP2: matrix metalloproteinase-2. 
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Taking into account that CHI3L1 is considered an astrocytic reactive marker (189), 

and has been proposed as a prognostic biomaker in MS patients (139, 140), we 

wondered whether CHI3L1 could be a potential mediator of the reactive astrocyte 

state observed following stimulation with CSF from MS-High patients. To achieve 

this, we stimulated primary purified astrocyte cultures with two different CHI3L1 

concentrations above 170 ng/ml (300 ng/ml and 600 ng/ml), a cut-off value that was 

demonstrated to have prognostic implications in patients at the time of the first 

demyelinating event (140), using the same exposure conditions as previously in the 

CSF stimulation experiments (Figure 27A). We next tested whether CHI3L1 was 

able to reproduce the gene expression signature found in MS-High reactive 

astrocytes. Two out of the 7 genes comprising the MS-High specific gene expression 

signature were significantly reduced by CHI3L1 stimulation at 600 ng/ml, Nr4a1 

(p=0.03) and Klf6 (p=0.02) (Figure 27B and Figure 28). Of note, as previously 

mentioned, both genes coincide in their inhibitory role of NF-kB transcription factor 

and its downstream signalling, which leads to an anti-inflammatory response (254-

256). 
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Figure 27. CHI3L1 stimulation of astrocytes reproduce down-regulation of Nr4a1 and 
Klf6. (A) Flowchart illustrating primary purified astrocyte cultures stimulated with either PBS 
(Vehicle) or CHI3L1 at 300 and 600 ng/ml, using the same exposure conditions as previously 
in the CSF stimulation experiments. (B) qPCR assessment of CHI3L1 stimulation. Individual 
values represent fold change = 2- (average ∆∆Ct) in mRNAs in CHI3L1-stimulated astrocytes 
relative to vehicle. Least Squares Means Estimates test and Tukey-Kramer multiple 
comparisons test; n=8 independent biological samples per group. Data are shown as mean 
(SEM). *p<0.05. Abbreviations: CHI3L1: chitinase 3-like 1; RNA: ribonucleic acid; Nr4a1: 
nuclear receptor subfamily 4 group A member 1; Klf6: Kruppel like factor 6. 
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Figure 28. Expression levels of genes associated with the specific astrocyte-derived 
gene expression signature following CHI3L1 stimulation. qPCR assessment of CHI3L1 
stimulation. Individual values represent fold change = 2- (average ∆∆Ct) in mRNAs in CHI3L1-
stimulated astrocytes relative to vehicle. Least Squares Means Estimates test and Tukey-
Kramer multiple comparisons test; n=8 independent biological samples per group. Data are 
shown as mean (SEM). *p<0.05. Abbreviations: Arrdc3: arrestin domain containing 3; Nr4a1: 
nuclear receptor subfamily 4 group A member 1; Klf6: Kruppel like factor 6; Ptgs2: 
prostaglandin-endoperoxide synthase 2; Txnip: thioredoxin interacting protein; Egr2: early 
growth response 2; Fosb: FosB proto-oncogene. 

 

 

Protein interactome computation aiming to explore a potential cause and effect 

between CHI3L1 and the dysregulated transcriptional response observed in 

astrocytes exposed to CSF from High-MS patients, revealed an interaction between 

the NF-kB transcription module and both Nr4a1 and Klf6 molecules, which was 

potentially controlled by CHI3L1 (p=3.5 x 10-5, Figure 29A). Noteworthy, we found a 

node of interaction between mitogen-activated protein kinase (Mapk)-3 (ERK1), 

Mapk1 (ERK2) and Nr4a1 in the NF-kB transcription module, which might potentially 

be regulated by CHI3L1 and would also affect Serpine1 expression (p=0.0003, 

Figure 29B), thus connecting the main molecular mediators identified at the 3 

experimental levels analysed in the study, i.e., CSF - astrocyte - secretomes. 
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Figure 29. Protein interactome computation connecting the main potential mediators 
of astrocyte-specific reactive state. (A, B) Network diagrams of differentially regulated 
contributors of enhanced NF-kB signalling in MS-High-exposed reactive astrocytes. 
Abbreviations: Chil1: chitinase 3-like 1; Nfkb1: nuclear factor-kappa-B p105 subunit; Mapk1: 
mitogen-activated protein kinase 1, Mapk3: mitogen-activated protein kinase 3; Rela: 
transcription factor p65; Rel: proto-oncogene c-Rel; Ikbkb: inhibitor of nuclear factor kappa-B 
kinase subunit beta; Nfkbia: NF-kappa-B inhibitor alpha; Trp53: cellular tumour antigen p53. 

 

 

These results indicate that the CSF of MS patients with high inflammatory activity 

is characterized by a unique proteome profile that induces a specific reactive 

astrocyte state, which is dependent on enhanced NF-kB signalling, and contains 

CHI3L1 as a potential mediator of astrocyte alteration. 
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5. Discussion 

An in-depth understanding of the neurodegenerative component taking place in 

the CNS of MS patients at the earliest phases of disease pathogenesis is crucial for 

the design of therapeutic approaches that may stop disease progression. Despite the 

centrist view of MS as an immune-mediated condition, the essential contribution of 

astrocytes to the neurodegenerative component of the disease is increasingly 

supported by several lines of evidence: (i) severe myelin alterations and 

neurodegeneration are observed in disorders characterized by primary astrocyte 

defects, such as in Alexander’s disease caused by mutations in the GFAP gene 

(260); (ii) neuromyelitis optica is associated with antibodies targeting the astrocyte-

specific water channel AQP4 (261); (iii) the potassium channel Kir4.1 expressed in 

astrocytes is a target of the autoantibody responses in a subgroup of MS patients 

(25); (iv) astrocytes regulates tightness and permeability of the BBB (19); (v) in EAE, 

astrocyte responses occurred before CNS inflammatory infiltrates (262) and 

coincided with the earliest manifestations of axonal damage (196); (vi) selective 

transgenic inhibition of NF-кB signalling in astrocytes exhibited reduced disease 

severity and better functional recovery in EAE (263); (vii) in toxic-induced 

demyelination model, laquinimod, an oral immunomodulatory treatment in MS with 

proposed neuroprotective effects, reduced NF-kB activation in astrocytes (264); (viii) 

a potential non-immunological CNS effect of fingolimod may occur via specific 

modulation of the S1P receptor 1 (S1PR1) in astrocytes (265); (ix) CCL2 production 

by astrocytes drove the recruitment of monocytes that promote neurodegeneration 

in EAE (266, 267); (x) astrocytes control disease progression in an experimental 

model of SPMS (204, 268); (xi) microglia-astrocyte interactions promote CNS 

pathology (216, 269); (xii) astrocyte-specific biomarkers, such as GFAP (270) and 

CHI3L1 (139, 140), determined in CSF from MS patients correlated with disability 

progression.  

However, the mechanisms underlying astrocytic responses associated to 

neurodegeneration in MS are still largely unknown. In the present work, we found 

that exposure of astrocytes to CSF from MS patients with high inflammatory activity 
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induced a maladaptive response altering their secretome pattern, which ultimately 

impaired synaptic plasticity and induced neuronal dysfunction in a non-cell-

autonomous manner.   

We report for the first time an exhaustive molecular and functional characterization 

of astrocyte reactivity in a MS-specific inflammatory context, through the exposure of 

mouse primary astrocytes to the CSF from MS patients classified according to the 

degree of inflammatory activity. We focused on CSF from MS patients at the time of 

the first demyelinating event as it is the first available sample from early disease 

onset, because the CSF is collected for diagnostic purposes, and because at this 

stage disease follow-up can be long enough to confirm a higher degree of 

neurological disability in MS patients with high inflammatory activity. Since the CSF 

is the closest body fluid to the CNS that can be examined, and considering it 

circulates in proximity to the brain sites of inflammation, we hypothesised that the 

CSF would certainly reflects the pathological microenvironment occurring in the CNS 

of MS patients. Thus, it would reliably simulate astrocyte reactivity during the early 

inflammatory phase of the disease. In addition, given that the CNS inflammation is 

considered one of the major drivers of axonal loss in MS patients (79), we explored 

whether a highly inflammatory microenvironment conveyed through the CSF could 

contribute to neurodegeneration by modulating disease-specific astrocyte function.  

Since our main goal was to specifically investigate the astrocyte response in a 

context of high inflammation in MS, we needed to generate an in vitro system that 

allowed us to induce astrocyte reactivity through CSF stimulation and to 

discriminatively elucidate the effects on astrocyte function. For this purpose, we first 

generated primary mixed glial cultures, in which we found a considerable microglia 

contamination. Most in vitro models used to investigate astrocytes reported in the 

literature are astroglial-enriched cultures with an important contamination of 

microglial cells present both above and below the astrocyte monolayer (271). The 

main problems about the presence of contaminating microglia in cell cultures are: (i) 

microglia is highly sensitive to a wide variety of stimuli (272); (ii) reactive microglia is 

very plastic and can exert both neuroinflammatory and neuroprotective responses 
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(273); (iii) activated microglia releases cytokines, chemokines and reactive oxygen 

and nitrogen species (274); (iv) an inflammatory microenvironment has the potential 

to induce microglia proliferation (275, 276); (v) microglial cells can modify the 

extracellular milieu of the cell cultures by both secreting and taking up factors of the 

culture medium; and (vi) small amounts of microglial cells (<5%) can be responsible 

for the observed effects in cultures even though astrocytes are the predominant cell 

type (271). Moreover, it has been reported that microglia can cause direct neuronal 

death by secreting neurotoxic factors (ROS, glutamate, proteases) (60, 277) as well 

as promote inflammation-mediated neurodegeneration through the release of pro-

inflammatory cytokines (TNF, IL-1 and IL-6) (278). Considering its involvement in MS 

pathogenesis and that our approach was focused on the astrocyte contribution to 

neuronal damage through secreted factors, we addressed the removal of microglial 

cells from our cultures. We thus tested two different methods in order to purify mixed 

glial cultures: shaking and magnetic cell sorting based on MACS® technology. As 

expected, we found a significant reduction of contaminating microglia when purifying 

cultures with both methods. Indeed, MACS-purification resulted in a complete 

elimination of microglial cell from astrocyte cultures. Consistently, shaking was 

effective to reduce the proportion of contaminating microglia. However, as not all 

microglial cells are on the top of the astroglial monolayer, it does not allow a complete 

elimination of these cells (234). Taking into account we achieved a successful 

removal of microglia applying MACS purification at the time of culture generation 

without the need of subculturing or any other direct astrocyte cell manipulation, we 

chose this method for our astrocyte in vitro model.  

Astrocytes exposed to CSF from MS patients with high inflammatory activity 

manifested an aberrant pattern of activation that modified their secretome. 

Remarkably, this was sufficient to alter synaptic plasticity and induce neuronal 

dysfunction in a non-cell autonomous manner, in agreement with other reports (216, 

279). Furthermore, we observed a strong direct correlation between the degree of 

the inflammatory microenvironment, the exacerbation of astrocyte reactivity and the 

extent of neuronal damage. These findings were only observed in patients with high 
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inflammatory activity but not in patients with low inflammatory activity, who showed a 

pattern more similar to non-inflammatory neurological controls. We thus postulate 

that the degree of inflammation during MS leads to an astrocyte-mediated impairment 

of the cellular homeostasis of neurons, making them more prone to degenerate from 

environmental stressors along the course of the disease. Other studies already 

suggested a direct link between the inflammatory activity of MS patients, conveyed 

through the CSF, with synaptopathy processes (95, 280). However, these studies 

were focused on CSF neuromodulators and did not address whether these effects 

were mediated by a particular cell type.  

A particular strength of our study was the unbiased quantification of hundreds of 

neurons, ensuring a robust sample size and statistical power. More importantly, the 

use of a well-defined unique cohort of patients allowed us to develop an in vitro model 

that discriminated the effect of different levels of physiological CNS inflammation on 

astrocyte reactivity. To the best of our knowledge, in vitro models mimicking 

neuroinflammation are mainly based on simplified pro-inflammatory cytokine 

stimulation, mostly using TNFα, IL-1β, IFN-γ and IL-6, among others (217, 281-283), 

or activated microglia-secreted factors IL-1α, TNFα and C1q (216). Indeed, animal 

models of neuroinflammation provide useful experimental systems that reproduce 

CNS inflammation in a fancy physiological manner to study the pathogenic role of 

astrocytes. However, the degree of inflammation cannot be modulated, thus, the 

influence of inflammation on astrocyte reactivity in terms of prognosis cannot be 

addressed.  

To unravel the mechanisms underlying a maladaptive response to a high 

inflammatory microenvironment, which results in malfunctional astrocytes, we 

performed a unique characterization of their reactive state at the transcriptomic, 

proteomic and secretomic levels. Data obtained from both secretome and gene 

expression profiling, together with thorough bioinformatic analysis pointed to a 

prominent pro-inflammatory signature in astrocytes exposed to CSF derived from MS 

patients with high inflammatory activity, in agreement with other studies conducted 

in neuroinflammation models (246, 284). First, a large panel of astrocyte-secreted 
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factors, mainly cytokines, chemokines, and growth factors, were up-regulated in the 

highly inflammatory condition, predominantly involved in inflammatory response, 

immune cell chemotaxis and extracellular matrix organization. This supports existing 

evidence suggesting that astrocytes perpetuate immune-mediated demyelination by 

secreting chemokines that promote lymphocyte trafficking into the CNS and 

cytokines that provide suitable environment for T cell activation (66). It is worth 

stressing a number of particularly interesting astrocyte soluble factors that were 

identified. For instance, C-C motif chemokine (CCL)-19, a chemokine that in 

homeostasis guides B cells, naive T cells and mature dendritic cells into the 

secondary lymphatic organs. Its receptor, CC receptor-like 2 (CCRL2), was found 

overexpressed in microglia and astrocytes as well as in infiltrating macrophages 

during EAE (285). CCL19  has been involved in APC and lymphocyte homing into 

the CNS in both EAE (286) and MS patients (287), which promotes a continuous 

antigen stimulation and thus the chronification of inflammation. Moreover, CCL19 

was found increased both in active and inactive lesions from MS patients, and 

elevated CSF levels correlated with intrathecal IgG production in RRMS and SPMS 

patients (287). On the other hand, a study demonstrated that CCL19 secretion by 

lymphocytes from MS patients was associated with their low remyelination ability, 

and exogenous addition of CCL19 abolished OPC differentiation and increased the 

pro-inflammatory M1 phenotype in macrophages in vitro (288). 

Previous studies already reported the expression of CXCL1 by reactive astrocytes 

both in MS lesions (289) and EAE models (262, 290), in which its increased 

expression resulted in more severe EAE by promoting neutrophil trafficking into the 

CNS (291). In contrast, other studies suggested neuroprotective and remyelinating 

effects of the CXCL1 released by reactive astrocytes (228). Interestingly, CXCL1 up-

regulation in astrocytes has also been linked to NF-кB-dependent signalling, which 

has shown to play a role in astrocyte-neuron interactions as neurons express its 

receptor (CXC receptor-like 2, CXCRL2) (292, 293). Also, CXCL1 released by 

astrocytes after inflammation mediated spinal cord neurons increased excitatory 
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synaptic transmission which ultimately contributed to the pathogenesis of 

inflammatory pain (294, 295).  

Studies using knock-out mice for matrix metalloproteinase (MMP)-2 and MMP-9 

reported resistance to EAE development (296, 297). Later, a study demonstrated that 

MMP-2 and MMP-9 modulated chemokine expression at the BBB, resulting in an 

acceleration of leukocyte infiltration into the CNS parenchyma. Moreover, this 

induction of chemokine expression by astrocytes was associated to the protein 

kinase B (AKT)/NF-kB-signalling pathway (298). Similarly, Fetuin-A deficient EAE 

mice showed delayed onset and reduced disease severity (299), as well as reduced 

immune cell trafficking into the CNS (300). Moreover, elevated Fetuin-A levels were 

found in the CSF from MS patients and thus was proposed as a potential biomarker 

(299). 

In addition, proprotein convertase 9 (PCSK9) pro-inflammatory nature was 

confirmed when the inhibition of PCSK9 expression resulted in prevention of dendritic 

spine loss mediated by the attenuation of microglia activation (301). In this line, 

macrophage colony-stimulating factor (M-CSF) was also associated with regulation 

of microglia activation and was found to increase its proliferation and phagocytic 

capacity (302). 

Consistent with the dual role of reactive astrocytes, which can exert both 

detrimental and beneficial effects in a disease context, a number of soluble factors 

identified are known to play beneficial roles in a context of CNS inflammation. For 

instance, the leukemia inhibitor factor (LIF) released by astrocytes has been linked 

to neuroprotective and remyelination effects; to mention a few: (i) LIF promoted 

survival of mature oligodendrocytes and myelination (303, 304); (ii) LIF induced 

sustained neuronal survival against excitotoxicity (305); (iii) LIF inhibition in EAE led 

to enhanced disease severity, demyelination, axonal injury and oligodendrocyte 

death (306). Also, Leptin, has been involved in regulating and enhancing synaptic 

transmission in the hippocampus (307) as well as in neuroprotective effects against 

different CNS insults (308, 309). Granulocyte colony-stimulating factor (G-CSF), a 
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hematopoietic growth factor, has been found to be protective in animal models of 

both acute and chronic neurodegenerative diseases (reviewed in (310)), in which G-

CSF seems to protect oligodendrocytes by supressing inflammatory cytokines and 

up-regulating anti-apoptotic factors (311). Similarly, fibroblast growth factor 21 (FGF-

21) has demonstrated to induce proliferation of OPCs, which could have an important 

role on promoting CNS regeneration (312). Recently, a study reported that 

growth/differentiation factor 15 (GDF-15) expression in astrocytes triggered BBB 

remodelling through enhanced tight junction strengthening (313). Finally, platelet-

derived growth factor subtype BB (PDGF-BB), an important mitogenic factor, 

demonstrated protective properties in neurons exposed to oxidative stress (314) as 

well as in astrocytes itself by reducing ROS production and activating antioxidant 

mechanisms, altogether suggesting a potential compensatory mechanism of the 

cellular stress caused by its reactive state (315). 

An important finding of the present study was the identification of SerpinE1 among 

the astrocyte-secreted factors more robustly increased in the highly inflammatory 

condition. SerpinE1, also known as plasminogen activator inhibitor 1 (PAI-1), is the 

major serine protease inhibitor of tissue-type plasminogen activator (tPA/PLAT) and 

urokinase-type plasminogen activator (PLAU), involved in the proteolysis of 

plasminogen to plasmin. The plasmin system and its inhibitors are involved in many 

physiological and pathological processes in the CNS, particularly by promoting 

neurite outgrowth and supporting synaptic plasticity through the interaction with 

extracellular matrix proteoglycans (316-318). Consistently, our functional enrichment 

analysis involved SerpinE1 released from MS-High-reactive astrocytes in 

inflammatory response, myeloid leukocyte migration and extracellular matrix 

organization pathways, angiogenesis, regulation of cell adhesion and chemotaxis. In 

this line, previous studies have shown that SerpinE1 induces neuronal apoptosis and 

synaptic impairment (251, 319, 320), and exacerbates axonal damage and 

demyelination in EAE (252, 253). Moreover, significant increased PAI-1 expression 

was detected in acute MS lesions (321) as well as in the CSF of progressive MS 

patients with high disability, compared to those with low disability (322). Some reports 
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also showed a significant association between PAI-1 polymorphism and susceptibility 

to MS (323, 324). Taking all these data into account, we propose secreted SerpinE1 

as a potential toxic mediator of the detrimental effect of astrocytes on neuronal 

function and plasticity.  

The gene expression pattern of astrocytes exposed to CSF from MS patients with 

high inflammatory activity showed down-regulation of transcription factors, 

particularly Nr4a1 and Klf6, which have been involved in responses of anti-

inflammatory nature (254-256). Also, we identified Nfkb1, together with Rela and 

Trp53, as the main transcription factors regulating the MS-High-derived reactive 

astrocyte signature. NF-кB is considered a key canonical signalling cascade 

regulating astrocyte reactivity and an essential mediator of neuroinflammation. The 

inhibition of NF-кB activation in astrocytes ameliorates immune infiltrate, axonal 

damage, and demyelination, by preventing the establishment of the astrocyte-

mediated pro-inflammatory microenvironment that leads to disease progression in 

EAE (263, 325). Moreover, a common MS risk variant (rs7665090) has been found 

associated to increased NF-кB signalling in astrocytes, driving increased lymphocyte 

infiltrate and lesion size (282). Altogether, our findings provide evidence that a high 

inflammatory microenvironment in MS patients may mediate disease progression by 

enhancing NF-кB signalling in astrocytes, which modifies their secretome content 

resulting in both immune-mediated neurodegeneration and potential direct neurotoxic 

effects. 

Fitting all pieces together, we found a high abundance of CHI3L1 in the CSF of 

MS patients with high inflammatory activity, which is in accordance with previous 

studies conducted by our group (139, 140) and others (326, 327). In addition, 

treatment of astrocytes with CHI3L1 was associated with reduced expression of 

negative regulators of NF-kB, which are essential for maintaining immune 

homeostasis and suggest that CHI3L1 is acting by enhancing NF-kB signalling in 

astrocytes, as it has been proposed in other pathological conditions (328-331). 

CHI3L1, also known as YKL-40 in humans and breast regression protein 39 (BRP-

39) in mice, is a secreted glycoprotein member of the glycoside hydrolase 18 
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chitinase family that targets chitin but lacks enzymatic activity (332). Within the CNS, 

CHI3L1 is mainly secreted by reactive astrocytes (140, 333), particularly in lesions 

with high inflammatory activity, but also by macrophages/microglia in lesions with low 

inflammatory activity (140). The mechanisms of action of CHI3L1 are complex and 

depends on the cellular context (reviewed in (334)). What we know for now is that 

CHI3L1 is an acute-phase protein overall involved in triggering an inflammatory 

response. For instance, it has been reported that in response to pro-inflammatory 

stimuli, CHI3L1 secretion is induced by immune cells (335) (IFN-γ, IL-1β, or TNF-α) 

and astrocytes (IL-1β and TNF-α) (336, 337). Also, CHI3L1 has been linked to a 

regulating role in the Th1/Th2 ratio (338). But, surprisingly, both M1- and M2-

polarized macrophages have shown increased expression of CHI3L1 (339), pointing 

to pleiotropic functions during inflammation. Recently, we described a direct 

neurotoxic effect of CHI3L1 that, when added to cortical neurons induced an early 

shortening of dendrite length that ultimately provoked a significant reduction on 

neuronal survival (142). It is worth stressing that CHI3L1-derived toxic effect was 

neuron-specific as the addition of CHI3L1 to splenocyte, microglia, and astrocyte 

cultures showed no changes on cell survival. Taken all together, our results support 

the notion that CHI3L1 may contribute to MS disease progression both by inducing a 

direct neurotoxic effect (142) and also by inducing a specific reactive astrocyte state 

with neurotoxic potential. 

In conclusion, our findings provide evidence that the degree of inflammatory 

activity in MS patients at disease onset has the potential to induce a specific pro-

inflammatory reactive state in astrocytes, which is characterized by activation of NF-

kB signalling. Such maladaptive response in astrocytes triggers neuronal dysfunction 

and may ultimately contribute to disease progression in MS patients. These results 

have several implications in MS. First, the assessment of this specific astrocyte 

reactive state following exposure of mouse astrocytes to CSF from MS patients can 

be exploited as a prognostic biomarker that reflects a potential toxic effect of MS 

astrocytes on neuronal function. Second, the gene expression signature induced in 

astrocytes following exposure to CSF from MS patients with high inflammatory 
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activity can be utilized for the identification of therapeutic compounds that may revert 

the pro-inflammatory signature and reduce neuronal loss in MS patients. And last, 

CHI3L1 is a potential therapeutic target whose binding to astrocytes can be blocked 

in order to prevent the induction of the pro-inflammatory reactive astrocyte state with 

potential toxic effects on neurons. Altogether, these approaches may ultimately be 

used to identify MS patients at high risk for disease progression who are candidates 

for therapies that target either specific astrocyte signatures or CHI3L1 directly 

(Figure 30). 

 

 
Figure 30. Role of astrocytes exposed to CSF from MS patients with high inflammatory 
activity. High inflammatory activity in patients with MS (MS-High) induces a specific reactive 
astrocyte state in vitro characterized by an enhanced NF-кB activation, which confers a 
maladaptive response accompanied by an altered secretome that leads to neuronal 
dysfunction and synaptic plasticity impairment. SerpinE1 up-regulated in astrocytic 
secretomes is a potential downstream mediator of non-cell-autonomous neuronal damage. In 
addition, chitinase 3-like 1 (CHI3L1), increased in CSF from MS-High patients, is a potential 
upstream modulator of astrocyte reactivity. Abbreviations: NINC: non-inflammatory 
neurological controls; MS: multiple sclerosis; MS-Low: low inflammatory multiple sclerosis; 
MS-High: high inflammatory multiple sclerosis; CHI3L1: chitinase 3-like 1; CSF: cerebrospinal 
fluid; NF-кB: nuclear factor kappa B. 
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6. Conclusions 
 

1. Astrocytes exposed to a high inflammatory MS microenvironment induce non-

cell-autonomous neuronal dysfunction.  
 

2. Secretomes from astrocytes exposed to CSF from MS patients with high 

inflammatory activity have a prominent pro-inflammatory content that is 

potentially regulated by NF-kB signalling. 
 

3. SerpinE1 is increased in secretomes derived from astrocytes exposed to CSF 

from MS patients with high inflammatory activity and may be one of the toxic 

mediators of the paracrine effect of astrocytes on neuronal function and plasticity. 
 

4. Astrocytes exposed to CSF from MS patients with high inflammatory activity 

acquire a specific pro-inflammatory reactive state characterized by an 

enhanced pro-inflammatory signature mainly associated with NF-kB signalling. 
 

5. The CSF of MS patients with high inflammatory activity is characterized by a 

unique proteome profile that induces a specific reactive astrocyte state and is 

potentially mediated by CHI3L1.  
 

6. The maladaptive response of astrocytes to a high inflammatory MS 

microenvironment triggering neuronal dysfunction may ultimately contribute to 

disease progression in MS patients. 
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7. Future perspectives 

The present study was focused on the functional assessment of the role of 

astrocyte secretomes on neuronal function and plasticity in a context of MS-specific 

CNS inflammation. The well-defined functions of astrocytes in synaptic signalling in 

healthy CNS led to the rationale of studying its role in disease.  

The field of interest in the contribution of astrocytes in MS is huge. The crosstalk 

between astrocytes and other CNS-resident cells is essential for the maintenance of 

CNS homeostasis and function, as so is in neuroinflammation. Growing evidence 

points to the relevance of the interaction between astrocytes and oligodendrocytes 

in MS. Likewise, several studies have described both beneficial and detrimental roles 

played by astrocytes in remyelination. Based on these observations, we aim in the 

future to also investigate whether our astrocytes exposed to a MS-specific 

inflammatory microenvironment contribute to oligodendroglial damage. To this end, 

we have established collaboration with Prof. Denise Fitzgerald, who leads the 

Regenerative NeuroImmunology research group at Queen’s University of Belfast 

(UK). Her group will provide the expertise necessary to successfully perform the 

evaluation of the effect of reactive astrocyte secretomes on OPC and 

oligodendrocytes. This collaboration will be performed as a three month stay for Clara 

Matute, and will be supported by two international grants that the doctoral student 

successfully applied, the IBRO-PERC InEurope Short Stay Grant and the EMBO 

Short-Term Fellowship.  

Despite the important contribution of mouse models on the knowledge of astrocyte 

biology, some astrocytic responses show species-specific differences. In this regard, 

we have been actively working on the differentiation of astrocytes derived from 

human induced pluripotent stem cells (iPSC). At the moment, we have successfully 

achieved the obtention of fully differentiated human mature astrocytes. In this 

context, we also aim in the future to validate the findings generated from the present 

work in a model of iPSC-derived astrocytes from both controls and MS patients.  
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Annex 2. Tables 

Table A1. Antibody references used in immunofluorescence staining. 

Antibody Fluorochrome Hot 
species Reference Manufacturer 

Anti-GFAP - Rabbit, 
polyclonal Z-0334 DAKO 

Anti-GFAP - Mouse, 
monoclonal G-3893 SIGMA 

Anti-Iba1 - Rabbit, 
polyclonal 019-19741 WAKO 

Anti-NeuN - Mouse, 
monoclonal MAB377 Merck-

Millipore 

Anti-MAP2 - Mouse, 
monoclonal M-1406 SIGMA 

Anti-MAP2 - Chicken, 
polyclonal Ab5392 Abcam 

Anti-GalC - Rabbit, 
polyclonal AB142 Merck-

Millipore 

Anti-PSD-95 - Mouse, 
monoclonal Ab2723 Abcam 

Anti-Synaptophysin - Rabbit, 
polyclonal Ab32127 Abcam 

Anti-mouse IgG 
(H+L) 568 Goat, 

polyclonal A-11004 Invitrogen 

Anti-rabbit IgG 
(H+L) 488 Goat, 

polyclonal A-11008 Invitrogen 

Anti-chicken IgY 
(H+L) 647 

Goat, 
polyclonal 

A-21449 Invitrogen 

 
Abbreviations: GFAP: anti-glial fibrillary protein; Iba1: ionized calcium-binding adaptor 
molecule 1; NeuN: neuronal nuclear antigen; MAP2: microtubule-associated protein 2; GalC: 
galactocerebrosidase; PSD-95: post-synaptic density protein 95; Ig: immunoglobulin. 
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