
 

 

 University of Groningen

On the role of galectin-4 in (re)myelination and multiple sclerosis
de Jong, Charlotte G.H.M.

DOI:
10.33612/diss.183761740

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
de Jong, C. G. H. M. (2021). On the role of galectin-4 in (re)myelination and multiple sclerosis. [Thesis fully
internal (DIV), University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.183761740

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.183761740
https://research.rug.nl/en/publications/57f4d4b6-9a57-4932-b465-2a62c0d8eb22
https://doi.org/10.33612/diss.183761740


ON  THE  ROLE  OF  GALECTIN-4  IN
  (RE)MYELINATION  AND 

MULTIPLE  SCLEROSIS 

Charlotte G.H.M. de Jong



On the role of galectin-4 in (re)myelination and multiple sclerosis

This research was financially supported by:
Research School of Behavioural and Cognitive Neurosciences
Graduate School of Medical Sciences, University of Groningen
MS centrum Noord-Nederland
Stichting MS Research

The experiments described in this thesis were conducted at:
Department of Biomedical Sciences of Cells & Systems, section Molecular 
Neuroscience, MS centrum Noord-Nederland. University of Groningen, the 
Netherlands.

Printing of this thesis was financially supported by:
Stichting MS Research

Thesis design and layout: Shree de Jong - Thiyagarajan 
Printing: Ipskamp Printing Enschede

Copyright © 2021 C.G.H.M. de Jong. All rights reserved. No parts of this thesis may 
be reproduced or transmitted in any form or by any means without prior permission 
of the author.



 
 
 
 
 
 

On the role of galectin-4 in 
(re)myelination and multiple 

sclerosis 
 
 
 
 
 
 
 

Proefschrift 
 
 
 
 

ter verkrijging van de graad van doctor aan de  
Rijksuniversiteit Groningen 

op gezag van de 
rector magnificus prof. dr. C. Wijmenga 

en volgens besluit van het College voor Promoties. 
 

De openbare verdediging zal plaatsvinden op 
 

maandag 8 november 2021 om 12.45 uur 
 
 
 

door 
 
 

Charlotte Gerridina Hendrina Maria de Jong 
 

geboren op 23 juli 1987 
te Enschede  



Promotores

Dr. W. Baron
Prof. dr. D. Hoekstra 

Beoordelingscommissie

Prof. dr.  U.L.M. Eisel
Prof. dr.  F.G.M. Kroese
Prof. dr.  J.J.A. Hendriks



Paranimfen

M. Boers, B
S. de Wit, PhD





TABLE OF CONTENTS 

Introduction and scope of this thesis  9

Chapter 1 17

The emerging role of galectins in (re)myelination and its potential for developing 

new approaches to treat multiple sclerosis 

Chapter 2 59

Galectin-4, a negative regulator of oligodendrocyte differentiation, is persistently 

present in axons and microglia/macrophages in  multiple sclerosis lesions 

Chapter 3 91

A potential novel galectin-4 isoform present in brain-derived cells and 

bone marrow-derived macrophages 

Chapter 4 119

Identification of oligodendrocyte counterreceptors for galectin-4 that promotes  

myelin membrane formation together with the remyelination inhibitor fibronectin 

Chapter 5 153

Summary and future perspectives 

 
Nederlandse samenvatting I 167 

Nederlandse samenvatting II 177 

References 181

 
Dankwoord / Acknowledgements  213

 
Abbreviations 219





Introduction and scope of this thesis 



10

INTRODUCTION AND SCOPE OF THIS THESIS

Introduction

In the central nervous system (CNS) oligodendrocytes (OLGs) produce myelin 

membranes that enwrap axons to provide insulation and metabolic support to the 

axon. The loss of myelin sheaths is called demyelination, and when persistent, such 

as in multiple sclerosis (MS), leads to axon degeneration and neurological symptoms. 

MS is a chronic, inflammatory, demyelinating and neurodegenerative disease of the 

CNS 1 that affects 2.8 million people worldwide [an update from “the Atlas of MS” of 

the MS International Federation2]. The most common disease course is relapsing-

remitting MS (RRMS), a condition in which demyelinating attacks alternate with 

recovery periods. This relapsing phase, which may last as long as 20 years, turns into 

a progressive phase, called secondary progressive MS, in approximately half of the 

patients. In 10-15% of the patients, the disease starts with a progressive course from the 

onset, known as primary progressive MS, when patients do not experience recovery 

periods at all 1,3. No treatment is available that completely halts the progression or 

promotes functional recovery. Due to their immunomodulatory abilities, 15 FDA-

approved disease-modifying therapies are currently applied, aimed at decreasing the 

number and extent of the relapses in patients with RRMS 4. However, most of these 

therapies are ineffective at the progressive phase, likely as neurodegeneration may 

occur independently of inflammation 5–7. 

Remyelination failure is one of the key processes that contribute to neurodegeneration 

in MS 8. Remyelination is the natural regeneration of myelin membranes to replace 

lost or damaged myelin, and a complex process which is still not completely 

understood. The myelin sheaths generated upon remyelination are thinner than 

myelin sheaths produced during developmental myelination, but nevertheless 

functional to reinstate saltatory conduction. Based on numerous studies in 

experimental rodent demyelination models, it has long been thought that the newly-

formed myelin sheaths could only be produced by oligodendrocytes generated from 

adult oligodendrocyte progenitor cells (OPCs). Recent studies in large animal models 



Introduction and scope of this thesis 

11

(cats and non-human primates) and zebrafish demyelination models demonstrated 

that without de novo oligodendrogliogenesis, new myelin sheaths were generated by 

mature oligodendrocytes 9,10, implying that OPCs are not a perquisite for de novo 

myelin biogenesis. Also, studies in postmortem MS tissue revealed that remyelination 

is not necessarily mediated by newly-formed oligodendrocytes, but may also occur by 

pre-existing oligodendrocytes that remain intact when myelin debris is cleared from 

the lesion 11. Notably, in zebrafish, remyelination by newly-formed oligodendrocytes 

is more efficient than remyelination by pre-existing surviving oligodendrocytes, 

as pre-existing surviving also mistarget myelin membranes around cell bodies 10. 

Hence, these recent studies add new insights as to potential cellular sources for 

remyelination to occur, i.e., both OPCs and  mature oligodendrocytes may jointly 

generate new myelin sheaths that survive within an MS lesion 12,13. Importantly, in 

active MS lesions both OPCs and surviving mature oligodendrocytes are present, 

while mature oligodendrocytes are almost completely lacking in chronic active and 

chronic inactive MS lesions 14–16, indicating that remyelination in chronic MS lesions 

has to proceed via OPC-based remyelination. 

Irrespective as to whether OPCs or mature oligodendrocytes represent the cellular 

source of remyelination, the biogenesis of new myelin membranes is very similar 

between remyelination and developmental myelination 17,18. However, in contrast to 

developmental myelination, remyelination is preceded by demyelination, which is 

accompanied by signaling molecules generated by cells that are activated upon injury, 

namely astrocytes 19,20, microglia 21,22 and peripheral-infiltrated macrophages and 

that regulate remyelination 23,24. In addition, intensive crosstalk between astrocytes 

and microglia is evident. For example, secreted factors of astrocytes attract microglia 

for the clearance of myelin debris 25, while microglia secrete factors that influence 

astrocyte reactivity 26. The clearance of myelin debris by classically activated microglia 

and macrophages is a critical phase in the remyelination process, as myelin debris 

impairs the differentiation of OPCs 27. In addition, alternatively activated microglia 

and macrophages timely secrete pro-OPC differentiation factors thereby positively 

regulating OPC differentiation 22,28,29. Upon demyelination, astrocytes secrete 

extracellular matrix (ECM) molecules, such as chondroitin sulfate proteoglycans 

(CSPGs) and fibronectin 30,31. These ECM proteins are transiently expressed to aid 

OPC recruitment and to timely halt OPC differentiation and need to be cleared at the 
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onset of remyelination 32. In addition, to astrocyte and microglia-derived signaling 

cues, signaling factors that play a role in the timing of developmental myelination, 

such as Jagged1 and PSA-NCAM 33,34 are re-expressed upon demyelination 35–37. This 

extensive cellular crosstalk and timely sequence of actions, i.e., clearing of myelin 

debris, OPC recruitment and OPC differentiation, are essential for successful 

remyelination. In MS, remyelination ultimately fails despite the presence of OPCs in 

most lesions 14,15,38–41, implying that either stimulating extrinsic or intrinsic factors are 

lacking or that inhibitory signals are dominant. Indeed, some factors, including PSA-

NCAM and Jagged1, that are transiently re-expressed upon demyelination are present 

in and around MS lesions lacking remyelination 35,42. Similarly, ECM remodeling is 

dysregulated in MS, resulting in the persistent presence of and alterations in ECM 

proteins, such as high-molecular hyaluronan and fibronectin aggregates, that impair 

remyelination 30,43. Hence, a central problem of remyelination failure appears the 

presence of factors in MS lesions that prevent myelin biogenesis and therefore 

successful remyelination. 

As glycosylated proteins and lipids are often involved in cellular interactions and 

signaling, it is reasonable to assume that proteins that bind these glycoconjugates, 

which are known as lectins, are involved in the tight regulation of (re)myelination. 

Galectins are a family of proteins that bind β-galactosides and contain one or two 

conserved carbohydrate-recognition domains (CRDs). There are three types of 

galectins: prototypical, tandem-repeat or chimera 44,45. While some galectins are 

widely distributed, others are highly tissue and species specific, and the expression 

of some galectins is altered at pathological conditions. Extracellularly, galectins bind 

to glycans, ECM proteins or glycosylated cell surface receptors thereby inducing 

differentiation, intracellular signaling or causing modulation of inflammatory 

processes 46–48. Our previous findings revealed a role of neuronal galectin-4 , as a 

soluble negative regulator in the timing of OPC differentiation 49, indicating that 

galectin-4 may be a potential target or tool to modulate OPC differentiation, thereby 

overcoming remyelination failure in MS. 
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Scope of this thesis

This thesis is dedicated to improve our understanding of underlying mechanism(s) 

of galectin-4 in (re)myelination (failure) and to acquire knowledge that will enable 

to devise therapeutic means to counteract remyelination failure in MS. In chapter 
1, current knowledge on the endogenous and exogenous role of galectins during 

developmental myelination and remyelination and its potential for developing 

new approaches to treat MS is outlined. More specifically, the role of galectins in 

modulating immune responses in the CNS and glial cells behavior during development 

and in experimental models relevant to (re)myelination are described, as well as the 

potential contribution of galectins to MS pathology. In chapter 2, we extended our 

previous findings on galectin-4 as a negative regulator of OPC differentiation, and 

explored whether galectin-4 fulfills a role in remyelination. Using experimental 

models for de- and/or remyelination we examined whether galectin-4 is re-expressed 

on demyelinated axons and whether galectin-4 is present on axons in distinct MS lesion 

types. Given the unexpected finding in chapter 2 that in contrast to developmental 

myelination, galectin-4 is present on distinct cell types upon demyelination and 

in MS lesions, we aimed in chapter 3 to reveal cellular sources for galectin-4, and 

examined galectin-4 at the mRNA level in experimental models and in cultured 

oligodendrocytes, neurons, microglia and bone marrow-derived macrophages. An 

intriguing previous finding is that brain galectin-4 is 4 kDa smaller than galectin-4, 

localized in the intestine 49. Therefore, we also investigated the possibility that 

distinct isoforms of galectin-4 might exist in intestine and CNS. As manipulating or 

competing with galectin-4 counterreceptors or modulating post-galectin-4 binding 

effects may be therapeutic approaches to modulate OPC differentiation, we next 

aimed at identifying galectin-4 binding sites at the cell surface of oligodendrocytes. In 

addition, identification of oligodendroglial galectin-4 counterreceptors may uncover 

why galectin-4 prevents OPC maturation. Of relevance, galectin-4 displays two 

different CRDs, allowing it to bind and cross-link two different types of β-galactoside-

containing proteins and/or lipids in the oligodendrocyte plasma membrane. Hence, 

the focus of chapter 4 was to elucidate galectin-4 counterreceptors at the cell surface 

of developing oligodendrocytes in vitro. Using affinity precipitation, proteomics and/

or competition assays, we considered the possibility that lipids and/or proteins could 

be functional counterreceptors for galectin-4. Galectins bind to ECM glycoproteins 
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50 or act on the same receptor as ECM proteins 51, indicating that galectin-4 may 

interfere with ECM-receptor interactions. Therefore, as remyelination-impairing 

fibronectin aggregates are present in MS lesions 30, we also examined in chapter 4 the 

simultaneous effect of galectin-4 and fibronectin on OPC differentiation and myelin 

membrane formation. Finally, in chapter 5 the work in this thesis is summarized 

and perspectives and directions for future research on whether a galectin-4-based 

strategy may promote remyelination in MS lesions are provided.
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Chapter 1

ABSTRACT 

Multiple sclerosis (MS) is an inflammatory, demyelinating and neurodegenerative 

disease of the central nervous system with unknown etiology. Currently approved 

disease-modifying treatment modalities are immunomodulatory or immunosup-

pressive. While the applied drugs reduce the frequency and severity of the attacks, 

their efficacy to regenerate myelin membranes and to halt disease progression is 

limited. In order to achieve such therapeutic aims, understanding biological mech-

anisms of remyelination and identifying factors that interfere with remyelination in 

MS can give respective directions. Such a perspective is given by the emerging func-

tional profile of galectins. They form a family of tissue lectins, which are potent effec-

tors in processes as diverse as adhesion, apoptosis, immune mediator release or mi-

gration. This review focuses on endogenous and exogenous roles of galectins on glial 

cells such as oligodendrocytes, astrocytes and microglia in the context of de- and (re)

myelination and its dysregulation in MS. Evidence is arising for a cooperation among 

family members so that timed expression and/or secretion of galectins-1, -3 and -4 re-

sults in modifying developmental myelination, (neuro)inflammatory processes, de- 

and remyelination. Dissecting the mechanisms that underlie the distinct activities of 

galectins and identifying galectins as target or tool to modulate remyelination have 

potential to contribute to the development of novel therapeutic strategies for MS.
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INTRODUCTION

Multiple sclerosis (MS) is a heterogeneous inflammatory, demyelinating and neuro-

degenerative disease of the central nervous system (CNS) that affects 2.5 million peo-

ple worldwide. The most common clinical form is relapsing-remitting MS (RR-MS, 

85%). Patients must endure phases of increasing neurological deficits followed by 

recovery periods. After some time, approximately 60% of the patients enter a phase 

that is characterized by a steady decline of neurological functions with or without 

relapses (secondary progressive MS, SP-MS). Neuronal loss and disease progression 

are irreversible at this phase. Primary progressive MS (PP-MS) affects a subset of 

patients (10-15%) that is characterized by continuous progression of the disease from 

its onset. Current treatments are disease-modifying therapies and encompass appli-

cation of immunosuppressive or immunomodulating drugs that reduce the number 

and severity of relapses in RR-MS, these interventions being ineffective to halt dis-

ease progression 1,52,53. Hence, there is an obvious need to develop new therapeutic 

strategies for progressive MS. 

Remyelination following demyelination is essential for axonal survival and resto-

ration of saltatory conduction 54–58, and its failure is a major cause of the neurologi-

cal deficits in MS 8,59–61. Therefore, restoring remyelination could provide an effective 

treatment in reversing disability and halting disease progression. Toward the aim to 

design effective therapies that induce remyelination it is important to understand 

the biological mechanisms that underlie the remyelination process and to identify 

factors that prevent remyelination in MS. Remyelination fails despite the presence of 

oligodendrocyte progenitor cells (OPCs) in most lesions 14,15,38–41,62. This observation 

implies that either stimulating extrinsic or intrinsic factors are absent or that inhib-

itory signals are dominant 30,35,42,63. In principle, this reasoning prompts to examine 

receptor-driven pathways and routes of communication between cells.

In terms of a recognition process of broad relevance, the abundance of glycoconju-

gates in the nervous system directs attention to consider the glycan part of glycolipids 

and glycoproteins as versatile ligand for introduction into these glycan structures, 

please see  64–71. In fact, the concept of the sugar code assigns an unsurpassed ability 

to store information to these glycans, and tissue receptors (lectins) are present that 

will ‘read’ these sugar-encoded signals, followed by ‘translation’ into effects, eliciting 

a broad variety of post-binding activities 72–74. This functional pairing does not only 
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depend on the complementarity of the direct ligand(glycan)-receptor(lectin) contact 

but also on topological parameters to achieve the inherently high levels of selectivity 

and specificity, letting only certain glycoconjugates with distinct (cognate) glycan 

display become counterreceptors for a tissue lectin 75,76. Following this reasoning, that 

is a function of this interplay in “establishment of the cell-cell contacts and possibly 

also as mediators of communication between the surface and the interior of the cell”, 

and the abundance of glycoconjugates in the nervous system, extracts of the electric 

organ tissue of Electrophorus electricus proved to be the source of a lectin specific for 

β-galactosides that became the first member of the ga(lactose-binding)lectin family 
77.

These galectins are special to exert activities inside and outside of cells by glycan- and 

via protein-dependent binding so that they are multifunctional 44–48,78–80. Targeting 

their counterreceptors, forming molecular bridges between them in adhesion (be-

tween cells) or lattice establishment (on the membranes’ surface) and hereby trig-

gering signaling fulfils criteria for being a versatile effector. Proceeding from work 

on individual galectins to a network analysis is teaching the lesson that they can 

be expressed at the same sites and can functionally cooperate 81,82. Thus, their study 

is a step to give a meaning to expression of certain glycans at distinct sites and to 

aberrations of the glycome related to disease 83. With focus on (re)myelination and 

the (immuno)pathophysiology of MS, galectins have already attained the status of 

notable players in this context. This review first provides an introduction to this class 

of effectors and then describes known roles of galectins during developmental my-

elination, remyelination and in the course of MS. In this context, current status of 

knowledge on what galectins do, particular in modulating immune responses and 

behavior of CNS glial cells, i.e., oligodendrocytes, astrocytes and microglia that are 

relevant to (re)myelination, is summarized as well as the relevance of galectins for 

MS pathology. Finally, we discuss how galectins, either as targets or tools, may help 

to inspire the development of novel therapeutic strategies to combat remyelination 

failure in MS and hence to halt disease progression.
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INTRODUCTION TO GALECTINS

Galectins are a family of evolutionarily conserved proteins that share β-sandwich 

folding and a distinct sequence signature within the carbohydrate recognition do-

main (CRD). Beyond binding the canonical ligand lactose/N-acetyllactosamine 

(Lac/LacNAc), phylogenetic diversification has led to a divergence of the carbohy-

drate-binding profiles, for example studied using frontal affinity chromatography 

or glycan arrays 84–87. In principle, glycans of glycoproteins such as suited N-glycan, 

mucin-type O-glycan or O-mannosylated chains or of glycolipids serve as contact 

partners, and introduction of substituents such as a sulfate group or a sialic acid can 

serve as switch for ligand activity.

proto-type
galectins-1, -2, -5, -7, 
-10, -11, -13, -14, - 15 

tandem-repeat-type
galectins-4, -6, 

-8, -9, -12

chimera-type
galectin-3

IIIIIIVI V IVVIIVIIIIX

p
N

( )
x

Figure 1. Overview of the classification of the three types of modular architecture 
of vertebrate galectins. Proto-type galectins contain a single carbohydrate recognition 
domain (CRD) and are able to form monomeric or homodimeric structures. Tandem-repeat-
type galectins have two distinct CRDs and are covalently associated via a linker peptide with 
natural variation of linker length by alternative splicing; chimera-type galectin, i.e., galectin-3, 
harbors one CRD and a non-lectin domain which consists of an N-terminal region and nine 
collagen-like repeat units that are substrates for matrix metalloproteinases (MMP-2/-7/-9/-
13) and PSA-mediated cleavage at different positions shown by arrows. The N-terminal 
region functions as a site for serine phosphorylation. Galectin-3 is monomeric in solution in 
the absence of a ligand and can form aggregates in contact to oligo- or polyvalent ligands 
via the N-terminal tail, the CRD, or both. 
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Of note, dynamic enzymatic interconversions from a cryptic to an active site for 

docking, for example by desialylation 88, or spatiotemporally regulated shifts in the 

glycome ensure flexibility in controlling the recognition potential swiftly. Teaming 

up with the ligand specificity of the galectins, protein architecture is relevant for the 

nature of triggered post-binding activities, as recently highlighted by the design of 

custom-made variants of human galectins 89,90. Thus, it is important to learn about 

galectins’ properties in this respect.

As illustrated in Fig. 1, three types of protein structures form the set of galectins 

in vertebrates. Notably, non-covalently associated homodimers, linker-connected 

heterodimers and a structural chimera of a CRD with an N-terminal tail (consisting 

of non-triple-helical collagen-like repeats enabling self-interaction and a sequence 

bearing two sites for serine phosphorylation) facilitate to bring together ligands in 

different constellations and topological order 91. The chimera-type galectin-3 (Gal-

3) is thus special to build aggregates of different spatial order via contacts between 

CRDs or the tail, which is a substrate for various proteases that shorten its length and 

impair aggregation 92–96. In summary, galectins combine target specificity with abili-

ty to generate molecular associations, and this at various sites of the cell. 

As first described for galectin-1 97 galectins are synthesized in the cytosol, then reach-

ing destinations such as the nucleus, diverse binding partners in the cytoplasm or 

glycans on damaged vesicle surfaces 98–101. Overall, family members such as galec-

tins-1 and -3 can thus perform multiple activities that depend on their cellular lo-

calization regulating cell cycle, survival (via binding of bcl-2) and RNA processing 
102–104. In addition, despite commonly lacking a secretion signal peptide, galectins 

are secreted into the extracellular space, and this by non-classical pathways 105,106 

that for example involve exosomes 107–109. Once secreted, galectins bind to matrix or 

cell surface glycoconjugates, readily bridging suited partners to form aggregates, and 

this is regulated by glycan structure, density and made of presentation 110,111. When 

then in contact with the cell surface, galectins can re-enter the cell, there handled by 

the trafficking machinery as elaborately as for export and involved in sorting baso-

lateral and apical cargo in post-Golgi compartments 112,113. Hereby, the residence time 
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of counterreceptors on the surface is intimately regulated, in critical dependence of 

the presence of cognate glycans. Underscoring the physiological potential of galec-

tins, their presence is under strict control, and first cases have been described for an 

intimate spatiotemporal co-regulation of galectin/counterreceptor presentation, for 

example the Gal-1/ganglioside GM1 route of communication between effector/regu-

latory T cells and in axon growth induction 114,115. This survey explains why it is likely 

that galectins will also be important in CNS processes. 

Since galectins are also very potent regulators of (neuro)inflammation, a dysregula-

tion of galectins is expected to be associated with several neuroinflammatory diseas-

es. Thus, examining the hypothesis of galectins as potent regulators of developmen-

tal myelination and remyelination as well as of a role in MS pathology is of relevance.  

ROLE OF GALECTINS IN DEVELOPMENTAL CNS MYELINATION

Regulation of developmental myelination: major role for neurons

Oligodendrocytes are the myelinating cells of the CNS and essential for saltatory 

conduction and axon survival 54–58. They are generated from oligodendrocyte pro-

genitor cells (OPCs), which arise from neural stem cells in the subventricular zone 

(SVZ) 116. Via the influence of a complex network of attractants and repellents such 

as semaphorins, OPCs proliferate and migrate via three consecutive waves through-

out the developing CNS 117. In addition, OPCs need the physical interaction with the 

vascular endothelium to migrate to their destination 118. When having arrived at their 

destination and then subjected to local, mainly neuron-derived signals, OPCs start 

to differentiate towards mature, post-mitotic myelinating oligodendrocytes. Notably, 

part of the OPCs persist in the adult brain and develop into adult OPCs, while the 

generation of OPCs from neural stem cells also continues into adulthood 116,119,120. 

The differentiation phase consists of 1) establishing contact with the newly formed 

axon, 2) expressing myelin genes and generating myelin membranes and 3) enwrap-

ping the axon and creating a compacted myelin sheath. OPC differentiation requires 

appropriate timing for its initiation and then follows stepwise stages. The course of 

differentiation is well studied and defined in cultured OPCs by morphology and by 
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the appearance of stage-specific lipid and protein markers 121–123. Viewing such char-

acteristics, OPCs are bipolar and distinguished from mature oligodendrocytes by the 

expression of platelet-derived growth factor receptor alpha (PDGFRα), neural/gli-

al antigen 2 (NG2), surface gangliosides that are recognized by A2B5 antibody, and 

transcription factor NK2 Homeobox 2 (Nkx2.2). Concerning this aspect of the pro-

teome, oligodendrocyte lineage cells share expression of the oligodendrocyte tran-

scription factor 2 (Olig2) 124,125. Immature oligodendrocytes are in an intermediate 

status of differentiation, and here the expression of 2’3’-cyclic nucleotide 3’-phos-

phodiesterase (CNP), a myelin specific protein, and glycosphingolipids serve as char-

acteristics. At this stage, the cells present high levels of galactosylceramide (GalCer) 

and its derivative with 3’-O-sulfation, i.e., sulfatide, at their surface. However, they 

do not form myelin membranes yet. Mature oligodendrocytes then have multiple 

processes and generate myelin membranes, while maintaining high levels of sulfati-

de and GalCer at their surface. On the level of proteins, mature oligodendrocytes are 

characterized by the expression of myelin constituents, including the major myelin 

basic protein (MBP) and proteolipid protein (PLP) that are present in compact my-

elin and myelin-associated glycoprotein (MAG) and myelin oligodendrocyte glyco-

protein (MOG) that are present in non-compact myelin. 

Both extrinsic factors and intrinsic signaling mechanisms that can engage tran-

scription factors control OPC differentiation. The onset of OPC differentiation at 

the appropriate time and place is explained by the “derepression” model 126. Central 

to it, transcription factors that maintain the status are downregulated or they are 

relocalized by reducing extrinsic signals that constantly inhibit differentiation. This 

prevents premature OPC differentiation and allows for a tightly regulated timing of 

OPC differentiation by stimulating factors. During development, inhibitory factors 

for OPC differentiation are mainly axon-derived. In fact, there are several means 

by which axons affect OPC behavior and the correct onset of OPC differentiation. 

For example, inhibitory axonal factors inhibit premature OPC differentiation such 

as Jagged-1, neural cell adhesion molecule bearing polysialic acid (α2,8-linked sialic 

acids; PSA) chains 127,128 and LINGO-1 (leucine-rich repeat Ig domain-containing No-

go-interacting protein 1) 33,34,63. Besides the axonal inhibitory signals that determine 

differentiation onset, axons secrete trophic factors (such as PDGF, fibroblast growth 
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factor 2 (FGF-2), insulin-like growth factor 1 (IGF-1)) that regulate OPC proliferation 

and migration 129–131. Myelin formation and OPC differentiation are promoted by the 

release of glutamate from synaptic vesicles along axons in vitro 132–134. It appears that 

synapses onto myelin-forming oligodendrocytes are not required for activity-depen-

dent myelination. In contrast, myelination is regulated by non-synaptic junctions 

that signal through local intracellular calcium 135. Glutamate release from active ax-

ons initiates local production of MBP in oligodendrocytes by the assembly of cho-

lesterol-rich microdomains and induction of Fyn kinase activity 132. In addition, an 

increase of frequency of Ca2+ transient activity in sheaths is correlated with sheath 

elongation 136. Interestingly, a certain oligodendrocyte is able to compartmentalize 

signals as different processes of the cell that act independently regarding myelin in-

duction 135. However, multiple stages are involved in the formation of myelin and only 

within a brief window of opportunity will oligodendrocytes generate new myelin seg-

ments 137,138. 

Next to neuronal-derived signals, communication of astrocytes and microglia to oli-

godendrocytes contributes to developmental myelination and myelin maintenance 
139–141, while being even more prominently involved in the regulation of remyelination 

(see in section Roles of galectins in CNS remyelination). Also, adaptive immune cells 

are involved in developmental myelination. B cells migrate to the developing brain 

and increase OPC proliferation by the secretion of natural IgM antibodies 142. Where-

as the molecular and cellular regulation of developmental myelination has been and 

is studied extensively, insights into the role of the glycome and of galectins in neuro-

nal function and OPC maturation herein are being gained over a comparatively brief 

period. Major steps toward defining galectins as parts of the machinery driving these 

processes are presented in Table 1.
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Table 1. Galectins during developmental myelination and upon de-and remyelination

Galectin Model Main result Mechanism ref

in vivo

gal-1 Lgals1-/- mice 
(C57Bl/6)

less and more loosely 
wrapped myelinated 
axons 

controls myelin compaction 
and integrity

143

gal-1 lysolecithin-induced  
demyelination
(C57Bl/6 mice, 
treatment) 
 

reduced demyelination 
and improved 
remyelination

shifts microglia towards 
a regenerative phenotype, 
increases phagocytosis of 
myelin debris and OPC 
differentiation

143

gal-3 Lgals3-/- mice 
(C57Bl/6)

decreased percentage 
myelinated axons, 
myelin turns and g-ratio. 
Loosely wrapped and 
less smooth myelin

required for proper 
production and organization 
of myelin

144

Lgals3-/- mice 
(129Sv))

no effect on OPC 
differentiation upon 
development

145

gal-3 cuprizone-induced 
demyelination 

(Lgals3-/- C57BL/6 
mice)

decreased OPC 
differentiation, 
enhanced reactive 
astrogliosis, defective 
microglia activation and 
hypomyelination

inability to upregulate 
the phagocytic receptor 
TREM-2b on microglia and 
decreased MMP-3 expression

145,146

cuprizone-induced 
demyelination  

(Lgals3-/- 129Sv 
mice)

increased emigration 
of SVZ cells to 
demyelinated areas 
and no effect on OPC 
differentiation

controls local inflammation 
in the SVZ and limits SVZ 
progenitor emigration 

145

gal-4 cuprizone-induced 
demyelination 
(C57Bl/6 mice)

re-expressed in 
axons and present in 
microglia/macro-phages 

neuronal re-expression and 
secretion of gal-4 may inhibit 
OPC differentiation

49, 147

in vitro

gal-1 astrocytes (primary 
cell culture F344/N 
Slc rats, treatment)

induces differentiation 
and inhibits 
proliferation

increases production of 
BDNF 

148

gal-1 oligodendrocytes 
(primary cell 
culture, Wistar rats, 
treatment)

low concentrations 
inhibit OPC 
differentiation"

upregulates MMP-2 activity 
in conditioned medium of 
immature oligodendrocytes 
that may cleave gal-3’s 
N-terminal tail

144,149

high concentrations 
enhance OPC 
differentiation

may increase OPC  viability 
upon cell cycle exit
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Galectin Model Main result Mechanism ref

gal-3 oligodendrocytes 
(primary cell 
culture, Wistar rats, 
treatment)

promotes OPC 
differentiation

gal-3’s N-terminal tail 
is cleaved by MMP-2 in 
OPCs, but not mature 
oligodendrocytes, gal-3 
induces actin filament 
assembly and drives 
early branching of 
oligodendrocyte processes

144,150

gal-3 microglia (Lgals3-/- 
C57BL/6 mice)

microglia-conditioned 
medium with secreted 
gal-3 promotes OPC 
differentiation

microglia-expressed gal-3 
favors an anti-inflammatory 
phenotype

144,150 

gal-4 oligodendrocytes 
(primary cell 
culture, Wistar rats, 
treatment)

inhibits OPC 
differentiation

direct binding of gal-4 to 
the OPC (protein integrity 
with both CRDs and linker is 
required)

49

oligodendrocytes 
(CG4 cells, primary 
cell culture)

enhances MBP promotor 
activity

involved in p27- and Sp1-
mediated activation of MBP 

151

gal-4 cortical neurons 
(primary cell 
culture, co-culture 
oligodendrocytes, 
Wistar rats)

required for proper axon 
growth and elongation

sorts and organizes transport 
of axonal L1 in a sulfatide-
dependent manner

152

gal-4 deposits on axons 
inhibit myelination

possible role in recruitment 
of contactin-1 and correct 
targeting of nodes of Ranvier

153

Galectins in neuronal function 

Initial evidence for galectin presence on neurons by haemagglutination assays 154–156 

led to immunohistochemical localization 157,158 and application of a galectin as tool 

for detecting accessible binding sites 159. Intriguingly, lactoseries glycoconjugates ap-

pear available so that a functional pairing was hypothesized within the concept of 

the sugar code already at that time 160. In this context, maturation of neurons during 

CNS development involves directed axonal growth towards the correct targets, ac-

companied with neurite branching necessary for an exploration of the environment. 

At present, galectins-1, -3 and -4 have been shown to be instrumental in axonal de-

velopment and functioning including its myelination. Galectin-1 is prominently ex-

pressed in neurons and upregulated during sensory and motor neuron development 

BDNF: brain-derived neurotrophic factor; gal: galectin; MMP: matrix metalloproteinase; OPC: 
oligodendrocyte progenitor cell; SVZ: subventricular zone.
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161,162. Its presence guides primary olfactory and somatosensory axons and promotes 

neurite sprouting, both in vitro and in vivo, as aberrant topography of olfactory ax-

ons observed in Lgal1-/- mice confirms 161,163–165. Galectins-3 and -4 are transiently ex-

pressed during development and downregulated at the onset of myelination 49,144,166. 

Galectin-4 is present in cortical and olfactory neurons 49, here required for proper 

axon growth and elongation 152. In functional terms, neuronal galectin-4 sorts and 

organizes transport of the axonal glycoprotein neural cell adhesion molecule L1 in a 

sulfatide-dependent manner 152. Galectin-4, via binding to LacNAc termini of N-gly-

cans, ensures proper clustering of L1 on axons in membrane microdomains and spa-

tial organization at the axonal surface 152. As observed in polarized epithelial cells, 

neuronal galectin-4 stabilizes distinct membrane microdomains and organizes api-

cal protein transport of its cargo L1 112,167. Of note, in cultured hippocampal neurons 

L1 binds to immobilized galectin-3 when phosphorylated at the serine residues in 

the N-terminal section, what in turn regulates the segregation of L1 to discrete plas-

ma membrane domains 168. These domains recruit membrane-actin linkers (ERMs), 

which destabilize actin to stimulate local axon branching. In addition, extracellular 

immobilized galectin-3 promotes neurite outgrowth, but – in contrast to galectin-1 

– has no effect on axonal guidance in vitro 168–170. When appropriately clustered, L1 

binds to oligodendroglial contactin (also called F3) and activates Fyn kinase, what 

initiates MBP-specific mRNA synthesis and myelin biogenesis in oligodendrocytes 
171–174. In addition, axons harbor discrete galectin-4-containing domains that impede 

the deposition of myelin by oligodendrocytes 153. In these myelination-excluding 

domains, galectin-4 interacts with axonal contactin-1, which in myelinated axons is 

present in the non-myelinated nodes of Ranvier 153. Interestingly, the sequestering 

of the nodal protein contactin-1, the expression of neuronal galectin-4, and the size 

of the galectin-4-containing domains are independent of the interaction with oligo-

dendrocytes or myelin, indicating that this is an intrinsic property of neurons. Hence, 

endogenous galectin-4 modulates axonal formation and outgrowth and it precludes 

myelin deposition, while exogenous galectins-1 and -3 determine the extent and po-

sition of axon branching. Obviously, these data do not only indicate physiological 

significance of individual galectins, but also substantiate functional cooperation so 

that further exploring the galectin network, for example following initial data on RT-

PCR signals for galectins-7 and -8 175, is an attractive endeavor.
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Galectins in oligodendrocyte maturation

In addition to the role of endogenous neuronal galectin-4 as a local axonal inhibitor 

of myelination, secreted neuronal galectin-4 regulates the timing of OPC differenti-

ation and therefore the onset of myelination. Non-myelinated neurons produce and 

secrete galectin-4, which then binds to still uncharacterized counterreceptors that 

transiently appear on primary processes of immature oligodendrocytes 49. Extracellu-

lar galectin-4 binding impairs OPC differentiation and induces dedifferentiation and 

proliferation in a subset of cells. Both CRDs of the heterodimeric galectin that are 

associated by a linker of a length of physiological significance 176, and the integrity of 

this display as tandem-repeat-type protein are required for galectin-4-mediated in-

hibition of OPC differentiation49. This result suggests that galectin-4 may reorganize 

the membrane by bringing distinct glycoconjugates in close proximity exclusively at 

the cell surface of primary processes. Given its association with axonal contactin-1 
153 and that oligodendroglial F3/contactin-1 triggers MBP expression 171,172,174,177, it is 

tempting to assume that one of the galectin-4-binding sites on the oligodendroglia 

surface may be contactin-1. At the onset of myelination, neurons cease to secrete 

galectin-4, which creates a permissive environment for OPC maturation and oligo-

dendrocytes to myelinate the bare axons. What triggers the neuron to discontinue se-

cretion of galectin-4 remains to be determined. In other cells, this process is regulat-

ed by Src family kinase-mediated phosphorylation of its C-terminus 178. Of relevance 

in this respect is that no myelin deficits were observed in Src-/-, Yes/- and Lyn/- mice 

at postnatal day 28. This may be due to compensatory mechanisms, or, because earli-

er time points were not analyzed, potentially accelerated myelination is not revealed 

yet. However, Src-family tyrosine kinase Fyn expression in neurons and oligodendro-

cytes is important for myelination 179,180, although Fyn does not appear to be involved 

in the timing of OPC differentiation 181. Also, Src kinase activity is upregulated in 

Fyn-/- mice 182, and it is tempting to explore the role neuronal Fyn/Src kinases that are 

involved in galectin-4 phosphorylation in relation to its externalization. 

Oligodendrocytes endogenously express, but do not secrete, galectin-4 in vitro. In 

OPCs, galectin-4 is localized to the cytoplasm, and, as OPCs are polarized cells 173,183, 

galectin-4 may affect trafficking of apically located glycoproteins and -lipids, as ob-

served in enterocyte-like cells and neurons 112,152. This can very well include sulfatide, 
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especially the fraction bearing long-chain fatty acids. This galactosphingolipid that 

is enriched at the oligodendroglial surface, acts as a negative regulator of myelination 
184,185, as galectin-4 does, and it is also involved in the timed trafficking of the major 

myelin protein PLP to the myelin membrane 186,187. Upon OPC differentiation, galec-

tin-4 shifts from a cytoplasmic to a nuclear localization 49. In the nucleus, galectin-4 

regulates the expression of MBP by binding to the transcription factor Sp1 to activate 

p27-mediated MBP expression 151,188. Hence, whereas neuronal galectin-4 after secre-

tion precludes OPC differentiation, oligodendroglial galectin-4 in nuclei promotes 

MBP expression. These observations underscore that the where of galectin presence 

matters conspicuously.

In addition to galectin-4, galectins-1 and -3 also modulate the maturation of oligo-

dendrocytes. Galectin-3 expression, similar to that of galectin-4, decreases upon de-

velopmental myelination, the galectin-1 level instead increases upon brain develop-

ment and is leveling-off in the adult rat brain 144,189, our unpublished observations). 

In contrast, in vitro, galectin-1 is downregulated, whereas galectin-3 is upregulated 

upon OPC differentiation 144. In addition, cultured astrocytes and microglia harbor 

galectins-1 and -3. Although monocultures were examined, in situ hybridization 

studies that confirm endogenous galectin-specific mRNA levels in glial cells in vitro 

and in vivo are still lacking, as well as proof that these galectins are externalized by 

cells of the oligodendrocyte lineage will be welcome. In Lgals3-/- mice, MBP expres-

sion is downregulated, less axons are myelinated and myelin is less compact than in 

wild-type mice. The hypomyelination phenotype goes along with increased number 

of OPCs 146 and appears to be reflected by behavioral abnormalities in Lgals3-/- mice 
144. Hence, galectin-3 plays a critical role in OPC differentiation, myelin integrity and 

function, likely via distinct biological processes. For example, in OPCs but not in ma-

ture oligodendrocytes, the N-terminal tail of galectin-3 is cleaved by matrix metal-

loproteinasae 2 (MMP-2) 144, a process shown in Fig. 1. This indicates that different 

biological functions of endogenous galectin-3 in OPCs and mature oligodendrocytes 

appear likely. As already noted, MMP-dependent cleavage impairs the N-terminal 

tail’s capacity toward self-aggregation 190. In addition, processing may also affect 

secretion: a MMP-resistant galectin-3 variant was found to be less secreted 105. Of 

interest, glycoprotein cross-linking of galectin-3 is required for apical sorting of non-
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raft associated proteins, whereas in galectin-3-depleted cells cargo is mistargeted to 

the basolateral membrane 113. Of relevance in this respect is that the growing myelin 

membrane is served by a basolateral trafficking pathway 191–193. Therefore, galectin-3 

may participate in establishing oligodendrocyte polarity, its absence interfering with 

myelin biogenesis and compaction, as is observed in Lgals3-/- mice 144. Similar to 

Lgal3-/- mice, Lgals1-/- mice have significantly less myelinated axons, particularly in 

smaller diameter axons, while myelin was more loosely wrapped around axons than 

in wildtype mice 143. Galectins-1 and -3 do not compensate for each other, indicat-

ing that these galectins control myelin integrity and compaction via distinct mech-

anisms. A case of functional antagonism between them is the inhibition of galec-

tin-1-dependent neuroblastoma growth regulation by galectin-3 194.

In addition to their endogenous roles, when administered to cell cultures, galectins-1 

and -3 interfere with OPC maturation. Exposure in vitro to a relatively low concen-

tration of recombinant galectin-1 impairs OPC differentiation, whereas galectin-3 

treatment at the equivalent concentration increases both OPC differentiation and 

the extent of myelin membrane formation 144,150. In contrast, a relatively high con-

centration of galectin-1, ensuring its presence as homodimer 195,196, increases OPC 

differentiation 143. Similar contrasting effects of different galectin-1 forms have been 

observed in peripheral nerve injury. Thus, the common homodimeric form of galec-

tin-1 enhances degeneration of neuronal processes in a lectin-dependent manner, 

whereas oxidized monomeric galectin-1 that lost its capacity to bind sugar promotes 

axonal regeneration 197,198. The distinct biological functions of galectin-1 on OPC dif-

ferentiation may depend, in addition to its concentration and timing, on the status 

of its six cysteine residue. When oxidized at these sites, galectin-1 loses its carbohy-

drate-binding activity 199–202. Notably, when immature oligodendrocytes are treated 

with galectin-1 at a relatively low concentration, MMP-activity is enhanced which 

may increase the extent of MMP-mediated cleavage of galectin-3, indicating the pos-

sibility for interplay between these galectins in OPC differentiation 144,150. Extracellu-

lar galectin-3 accelerates OPC differentiation by modulating signaling pathways that 

lead to changes in actin cytoskeleton dynamics 150. More specifically, in a CRD-de-

pendent manner, galectin-3 reduces activation of Erk1/2 and increases Akt-mediated 

β-catenin signaling, an inducer of a shift from polymerized to depolymerized actin. 



32

Chapter 1

This change in the status of the actin cytoskeleton dynamics is known to drive oli-

godendrocyte process outgrowth and branching, what is essential to initiate myelin 

membrane formation 149,203. In addition, extracellular galectin-3 increases MBP ex-

pression, a process only partially dependent on its CRD, emphasizes that galectin-3 

modulates OPC differentiation via multiple means including protein-protein inter-

actions via its non-lectin part within the chimeric structure 149.

Microglia and astrocytes are cellular sources of secreted galectin-3 144. At least in vitro, 

cells of the oligodendrocyte lineage do not secrete galectin-3 (our unpublished ob-

servations). The action of extracellular galectin-3 on oligodendrocytes thus appears 

to be paracrine rather than autocrine. During development, galectin-3 is transiently 

present in microglia, and conditioned medium of galectin-3-deficient microglia does 

not promote OPC differentiation 144. Oligodendroglial counterreceptors for galec-

tin-3 remain to be identified, but galectin-3-binding sites are known to be present 

on cell body and processes of bipolar OPCs, with increasing morphology restricted 

to the cell body 150. Of relevance, on microglia galectin-3 binds to IGF receptor 1 204, 

a receptor that when activated on OPCs promotes differentiation 205–207. Therefore, 

galectin-3 may delay its endocytic uptake by crosslinking the IGF-receptor on the oli-

godendroglial cell surface, thereby potentiating IGF-receptor signaling that results in 

enhanced OPC differentiation. 

Taken together, both endogenous galectins and galectin-glycan interactions at the 

cell surface drive oligodendrocyte maturation. Strikingly, extracellular galectins-1, 

-3 and -4 modulate OPC differentiation, rationalizing that potential as novel thera-

peutic targets and/or tools to modulate OPC differentiation in disease. However, as 

galectins-3 and -4 are transiently expressed during development, their roles upon 

CNS demyelination and successful remyelination need to be resolved in order to ver-

ify and/or understand the role of galectins in MS pathology (Table 1). 
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ROLE OF GALECTINS IN CNS REMYELINATION

Regulation of remyelination: major role of microglia and astrocytes

Demyelination is the degeneration of myelin sheaths and is in healthy CNS followed 

by a spontaneous regenerative response, called remyelination. This process covers 

the regeneration of complete, newly formed myelin sheaths that enwrap demyelin-

ated axons to reestablish saltatory conduction, which is salient to resolve functional 

deficits and to prevent axonal degeneration 59,208–210. In rodents, remyelination re-

quires the generation of new mature oligodendrocytes from OPCs 211. Therefore, re-

myelination morphologically resembles developmental myelination. In fact, some 

axonal factors including NCAM with its polysialic acid chains (PSA-NCAM), galec-

tin-4 and LINGO-1 that are involved in the regulation of developmental myelination 

are re-expressed upon injury 35,63,147,212,213. An additional level of regulatory factors, 

mainly provided by microglia and astrocytes, is required to limit inflammation and 

demyelination and to clear myelin debris. More recent studies point also to a direct 

role of the systemic environment in efficient remyelination, i.e., both circulating 

TGFβ and regulatory T cells promote OPC differentiation 214,215. This distinct regula-

tion of developmental myelination and remyelination is reflected in the formation of 

shorter and thinner myelin sheaths on remyelinated axons compared to axons that 

are myelinated upon development.

For successful remyelination to occur, several tightly regulated, well-timed, and dis-

tinct sequential steps as well as interplay between distinct types of glial cells and neu-

rons are required. To study the cells and molecular factors involved in remyelination, 

animal models with global or focally induced demyelination have provided valuable 

information. Examples of these toxin-induced demyelination animal models are the 

cuprizone model, where regional demyelination is most prominent in the corpus 

callosum upon feeding cuprizone 216–219, and the focal lysolecithin model. Here, de-

myelination is induced by a local injection of lysolecithin in the brain or spinal cord 

white matter 218,220,221. Importantly, lysolecithin acts also on pericytes which leads to 

disruption of the blood-brain barrier (BBB) 222, while in the cuprizone model the BBB 

remains seemingly intact with hardly any monocyte and T-cell infiltration and pri-

marily stimulates microglia activation 223,224. In fact, using mice that lack both T cells 

and B cells (Rag-1 -/- mice), it was shown that CD4+ and CD8+ T cells are required for 

successful remyelination upon lysolecithin-induced demyelination 225, while T cells 
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or B cells are not essential for cuprizone-induced de- and remyelination 226. Studies 

with these experimental de-and remyelination models revealed that successful remy-

elination depends on OPCs adjacent to the injured area to be transcriptionally acti-

vated, followed by their proliferation and migration towards the demyelinated area, 

and subsequent differentiation of the recruited OPCs to mature myelinating oligo-

dendrocytes 59. In addition, microglia and astrocytes are recruited to the lesioned 

area upon toxin-induced demyelination 25,221.

 

Microglia, the resident immune cells of the CNS, are one of the first responders upon 

demyelination: they initiate an innate inflammatory response and clear myelin de-

bris 227. Microglia responses are very heterogeneous and complex. Different, not yet 

fully defined activation states exist, of which the classical pro-inflammatory and al-

ternative regenerative phenotype are the most studied 228–231. Transcriptomic analy-

sis of isolated microglia at different stages upon cuprizone-induced demyelination 

shows a signature that supports remyelination already at the onset of demyelination 

involving, among others, phagocytosis of myelin debris 232. Clearance of degenerated 

myelin is essential for remyelination, as myelin proteins are known to negatively in-

fluence remyelination by inhibiting OPC differentiation 27,233,234. 

Similarly, depletion of specific microglia/macrophage phenotypes in toxin-induced 

demyelination models demonstrates that while the pro-inflammatory phenotype is 

initially required, induction of an anti-inflammatory regenerative phenotype of mi-

croglia/macrophages is essential for effective remyelination 22. To control clearance 

of myelin debris and to accomplish remyelination, bilateral cross talk between mi-

croglia with other CNS (glia) cells is of utmost importance. Microglia promote astro-

cytic activation 235,236 and modulate OPC differentiation, while astrocytes instruct 

microglia and OPCs 139,237,238. To control demyelination and to obtain remyelination, 

astrocytes play a dynamic and active role. They enhance the immune response by 

releasing cytokines and chemokines that recruit microglia to the lesion site, inhibit 

demyelination by releasing anti-inflammatory cytokines and regulate myelination 

by transiently depositing distinct extracellular matrix molecules that guide OPC pro-

liferation, migration and differentiation 19,139,140,213,238. Also, astrocyte ablation delays 
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myelin debris clearance 25, what is required for remyelination to occur 27. Also, it in-

hibits the regeneration of oligodendrocytes and myelination 25. In analogy to microg-

lia, distinct astrocyte phenotypes exist, A1 astrocytes being the harmful type and A2 

astrocytes that upregulate neurotrophic factors being protective 26. Classically (LPS) 

activated microglia, via the secretion of IL1-1α, TNF and C1q, are required to generate 

A1 astrocytes in vivo 26. This suggests a strong interplay between microglia and astro-

cytes from the onset of CNS injury onwards, concomitantly with the axon-derived 

secreted and adhesive factors. 

Interplay of astrocytes and phagocytosing cells via galectins

As galectins are known to be involved in neuroinflammation and both endogenous 

and exogenous galectins modulate developmental myelination, the expression and 

function of galectins upon demyelinating injury and subsequent remyelination have 

been studied both in toxin-induced animal models and in cellular processes rele-

vant to remyelination (Table 1, Fig. 2). Galectin-4 is transiently re-expressed on axons 

upon cuprizone-induced demyelination (147, Fig. 2.3). Although no functional stud-

ies on the role of galectin-4 upon demyelination and remyelination are available, it 

is tempting to suggest that similar to the situation in CNS development re-expressed 

axonal galectin-4 can be involved in the timing of remyelination preventing prema-

ture OPC differentiation upon demyelination (Fig. 2.3a) and myelin deposition (Fig. 

2.3b). Remarkably, and in contrast to developmental myelination, galectin-4 resides 

also in the nucleus of microglia/macrophages upon cuprizone-induced myelination 

(147, Fig. 2). In vitro analysis revealed that galectin-4 is not secreted by microglia and 

macrophages 147. In addition, galectin-4 protein expression is upregulated in cul-

tured alternatively activated microglia and macrophages and present in both the cy-

toplasm and nucleus, suggesting that it may add to their pro-regenerative properties. 

In addition, galectin-4 reduces cytokine secretion of anti- and pro-inflammatory cy-

tokines, IL-10 and TNFα in T-cells 239. On the other hand, galectin-4 administration 

to macrophages increases the secretion of TNFα and IL-10 240. This indicates that in 

different cell types galectins are able to induce a distinct cytokine secretion signature, 

which may result in different pathways detrimental or supporting remyelination. Of 

note, context-dependent effects of galectins reflect their ability of binding to differ-

ent counterreceptors in different cells, a hallmark of their functional versatility.
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Figure 2. Schematic illustration of the cellular expression and role of galectins-1, -3 
and -4 in the regulation of OPC differentiation upon successful remyelination.   1) 
Galectin-1 is mainly expressed and secreted by (reactive) astrocytes. Low  galectin-1 levels 
(likely mainly monomeric) impairs OPC differentiation (1a, 143, whereas high levels of galectin-1 
(likely mainly dimeric); increases OPC differentiation (1b, 150). Galectin-1 binds to classically 
activated microglia and inhibits their polarization towards a pro-inflammatory phenotype 
(1c, 241), accelerates the shift towards an alternatively activated pro-myelinating microglia 
phenotype (1d, 143), and increases their capacity to phagocytose remyelination-inhibiting 
myelin debris (1e, 143). Via a positive feedback loop 241, galectin-1 stimulates the release of 
BDNF by astrocytes (1f, 148,242) and enhances the proliferation of neural progenitors (1g, 243). 
2) Galectin-3 is expressed by microglia and oligodendrocyte lineage cells. Oligodendroglial 
galectin-3 is processed by MMP-2 shortening its N-terminal tail in OPCs, but not mature 
oligodendrocytes. Galectin-3 treatment promotes OPC differentiation (2a, 144), may regulate 
astrocyte responses (2b, 244, favors polarization to pro-regenerative microglia (2c) and 
increases phagocytosis of myelin debris by microglia (2d, 245). 3) Galectin-4 is re-expressed 
by neurons and considered to be transiently released from axons to negatively regulate the 
differentiation of OPCs (3a, 147). In addition, the galectin-4-containing domains on axons 
may impede the deposition of myelin (3b, 153). Upon OPC differentiation, oligodendroglial 
galectin-4 regulates MBP promoter activity (3c, 151). Galectin-4 is present in the nucleus and/
or cytosol of microglia. The underlying mechanism(s) of action of galectins-1, -3 and -4 upon 
de-and remyelination is (are) summarized in Table 1.
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Functional studies to determine a role of exogenous galectin-1 in remyelination have 

been performed. Intracranial administration of galectin-1 a few days after lysoleci-

thin-induced demyelination resulted in reduced demyelination and extensive remy-

elination 143. In this model, galectin-1 accelerates the shift towards an alternatively 

activated pro-regenerative microglia phenotype and increases the cell’s capacity to 

phagocytose remyelination-inhibiting myelin debris (143, Fig. 2.1c-e). Galectin-1 binds 

with increased affinity to classically activated microglia and deactivates this detri-

mental status by retaining the glycoprotein CD45 via lattice formation on the surface, 

the homodimer being ideal for cross-linking. This way, the phosphatase activity of 

CD45 is prolonged, what favors alternative polarization 241. In addition, it has been 

suggested that galectin-1 may actively promote alternative activation of microglia by 

binding to neuropilin-1 (NRP-1) 246, as NRP-1 ablation in microglia fails to polarize 

to the anti-inflammatory phenotype 247 and galectin-1 promotes axonal regeneration 

upon spinal cord injury by blocking the binding of Sema3A to NRP-1/PlexinA4 com-

plex 248. Next to galectin-1-mediated acceleration of the shift from classical to alter-

native microglia polarization, galectin-1 also directly acts on cells of the oligodendro-

cyte lineage upon lysolecithin-induced demyelination 143, Fig. 2.1a,b). Although the 

underlying mechanisms remains to be explored, in analogy to neurons, galectin-1 

may interfere with Sema3A binding known to prevent OPC differentiation and re-

myelination 249. 

Bringing astrocytes into play, microglial activation is controlled by astrocytes via 

galectin-1 secretion in vivo. In vitro stimulation of astrocytes by anti-inflammato-

ry signals IL-4 and TGFα1 and galectin-1 itself led to an increase in the release of 

galectin-1, suggesting a positive feed-back loop (241, Fig. 2.1f). Notably, exogenously 

supplied galectin-1 reduces the astroglial response upon lysolecithin-induced demy-

elination 143. Moreover, recombinant galectin-1 reduces astrocyte proliferation and 

induces their differentiation with its glycan-binding activity through the activation 

of protein tyrosine phosphatase 148. This is accompanied by enhanced production of 

brain-derived neurotrophic factor (BDNF) 148,242, a neuroprotective peptide which 

is known to promote neuronal survival and neuronal development (Fig. 2.1f). Upon 

other types of CNS injury, galectin-1 is prominently expressed and secreted by astro-
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cytes and enhances proliferation of neural progenitors (243, Fig. 2.1g). Hereby, bene-

ficial effects of exogenous galectin-1 at demyelinating conditions are established, an 

advantage for considering testing the lectin for a therapeutic potential. 

In addition to galectin-1, galectin-3 also exerts different functions in the process of 

remyelination. For example, Lgals3-/- mice show a similar degree of susceptibility to 

cuprizone-induced demyelination as wild-type mice, but have an impaired efficiency 

of remyelination, as reflected by an increase in number of collapsed axons with de-

fective myelin wraps 146. In more detail, OPCs in cuprizone-induced demyelinated 

areas in Lgals3-/- mice are morphologically less complex and have a decreased ability 

to differentiate, likely due to the absence of exogenous galectin-3 to organize actin 

cytoskeletal rearrangements (144,149, Fig. 2.2a). In contrast, in another study, during 

cuprizone-induced demyelination in Lgals3-/- mice, OPC maturation is not affected 

by the loss of galectin-3 145. This may relate to a difference in the way the knock-out 

mice were generated. The Lgals3-/- mice that show perturbed remyelination have an 

inactivated galectin-3 gene that lacks an exon that encodes a part of the CRD 244,250, 

while the Lgals3-/- mice that showed no effect on OPC maturation lacked also ex-

ons that are required to initiate translation and encode for the N-terminal region of 

galectin-3 145,251. Intracranial administration of MMP-processed or full-length galec-

tin-3 in cuprizone-fed mice may resolve whether galectin-3 is indeed beneficial for 

remyelination. This is conceivable, as – seen in the cuprizone model – galectin-3 

expression is increased and expressed in microglial cells, but not in astrocytes, and 

remains high at remyelinating conditions 232, modulating their microglial phenotype 

(244, Fig. 2.2c). In addition, in cuprizone-fed Lgals3-/- mice astrocytes are more hy-

pertrophic in demyelinated lesions, suggesting also a role for (microglia) galectin-3 

in regulating astroglial responses upon demyelination (244, Fig. 2.2b). The induction 

of transient and focal ischemic injury in Lgals3-/- revealed that galectin-3 is indeed 

required for injury-induced microglial activation 204. In contrast, neonatal Lgals3-/- 

mice were protected from hypoxic-ischemic brain injury 219, indicating different 

means of galectin-3 to modulate microglial phenotype in the adult and immature 

brain. Another study has demonstrated that during cuprizone-induced demyelin-

ation, MMP-3 present in microglia is upregulated and galectin-3 is necessary to 

upregulate MMP-3 expression and promoting microglial activation 146. Also, and in 
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contrast to what is observed upon ischemic injury 204, galectin-3-deficient microglia 

become more proliferative upon demyelination 146. Of importance now is to resolve 

whether the actions of microglia-derived galectin-3 upon demyelination are depen-

dent on lectin binding or its non-lectin activities. 

Table 2. Galectins in non-MS-related CNS injuries

Galectin Model Main result Mechanism ref

in vivo

gal-1 spinal cord injury 
(treatment)

promotes axonal 
regeneration in Lgals1−/− 
C57BL/6 mice (only 
dimeric form)

inhibits Sema3A binding 
to NRP-1-PlexinA4 
complex 

248

gal-1 epileptic seizure 

model (Lgals 1-/- 
129 P3/J mice)

reduced proliferation of 
neural progenitors

astrocyte-secreted gal-1 
may act as a growth-
stimulating factor and/
or increase the supply of 
neurotrophic factors

243

gal-1
gal-3

stab wound injury 

(Lgals 1-/- Lgals3-/- 
C57BL/6 mice)

reduced reactive 
astrocyte proliferation 
and their NSC potential 

may regulate cell cycle 
progression at the G1-S-
phase transition

252

gal-3 acute ischemia 
(gal-3 null 
mutant C57Bl/6 
mice)

defective microglia 
activation and decreased 
proliferation

required for the 
induction of an TLR2 
response, binds to IGFR 
and essential for IGF1-
mediated proliferation 

204

gal-3 neonatal 
hypoxia-ischemia 

(Lgals3-/- SV129 
mice)

protected from injury 
particular in male mice

increased accumulation 
of microglia, decreased 
levels of MMP-9 and less 
oxidative stress in the 
absence of gal-3

253

gal-3 severe transient 
forebrain 
ischemia (male 
Mongolian 
gerbils)

increased galectin-3 
expression in microglia 
after the onset of 
neuronal damage in the 
hippocampal CA1 region

not a trigger of neuronal 
death, hypothermia 
prevents gal-3 expression

254

gal-3 spinal cord 

injury (Lgals3-/- 
C57BL/6 mice)

increased neurological 
recovery

sustains a pro-
inflammatory microglia/
macrophages phenotype 

255

CA: cornu Ammonis (Hippocampus); CNS: central nervous system; gal: galectin; Iba-1: 
ionized calcium binding adaptor molecule 1; IGF: insulin-like growth factor; IGFR: insulin-like 
growth factor receptor; MMP: matrix metalloproteinase; NP-1: neuropilin-1; TLR2: Toll-like 
receptor 2.
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A critical part during toxin-induced demyelination is clearing the remyelination-in-

hibiting myelin debris by resident microglia cells 27. Galectin-3 is involved in myelin 

phagocytosis mediated by the Ras/PI3K signaling pathway (245,256, Fig. 2.2d) and by 

regulation of the expression of the phagocytic receptor TREM-2b 244. Upon demye-

lination in Lgals3-/-mice, TREM-2b is not detected on microglia, along with the ab-

sence of the activation marker CD68. In addition, Lgals3-/-mice were also unable to 

increase TNFα levels upon cuprizone treatment 244, while the mRNA levels of chemo-

kine CCL2, a marker for classically activated microglia, remained high. Altered mi-

croglia activation in Lgals3-/-mice is also reflected by increased levels of caspase-3 

activation 244, a marker for apoptosis, in microglia, indicating an anti-apoptotic role 

of galectin-3. While it is tempting to conclude that galectin-3 may favor polarization 

towards alternatively activated microglia, another study showed that the addition of 

galectin-3 to cultured microglia increased the expression of pro-inflammatory cyto-

kines and enhanced the phagocytic capacities of the cells by activating the JAK-STAT 

cascade 257. Also, galectin-3 is required for complete activation of TLR4, initiates 

TLR4-mediated responses in microglia and prolongs the inflammatory response 258. 

This further complicates the effect of galectin-3 on microglia activation and func-

tion, suggesting that a distinct spatiotemporal course of expression of galectin-3 is 

required for the induction of the correct microglia phenotype to attain successful 

remyelination. Worth considering, posttranslational modifications such as phos-

phorylation and the dissection of biological functions via the non-lectin part or CRD 

may help understand the molecular basis for the contrasting effects of galectin-3 on 

microglia function. 

In summary, galectins-1, -3 and -4 via their interactions act as communication cues 

between neurons, astrocytes, microglia and OPCs and modulate cellular responses 

during de- and/or remyelination (Table 1, Table 2, Fig. 2). In addition, intimately reg-

ulated spatiotemporal expression and secretion of galectins are essential for regulat-

ing innate immune responses required for successful remyelination. As consequence, 

dysregulation in galectin action may contribute to MS pathology. This topic will be 

discussed next. 
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GALECTINS IN MS PATHOLOGY

MS pathology: role of peripheral and resident cells

Neurological diseases that involve myelin pathology can be divided into inherited or 

acquired disorders (reviewed in 259,260). Leukodystrophies are hereditary myelin dis-

orders that are characterized by either hypomyelination or demyelination. Strikingly, 

the primary affected cell type in leukodystropies does not have to be the oligoden-

drocyte itself, i.e., the genetic defect may also cause dysfunction of astrocytes or mi-

croglia, emphasizing the role of other glial cells in myelin biogenesis. Next to genetic 

factors, also viral, trauma (ischemic brain injury), toxic, metabolic and immune-me-

diated factors play a role in the etiology of demyelination. MS has been known to be 

the archetypal acquired demyelinating disorder of the CNS. The cause of MS is un-

known, although both environmental exposure and genetic susceptibility appear to 

play a role. MS is characterized by inflammation, demyelination, axonal damage and 

(astro)gliosis and manifests as demyelinated lesions at multiple regions in the brain 

and spinal cord 1. Autoreactive pathogenic peripheral CD4+ helper T cells penetrate 

the BBB, are re-activated in brain parenchyma by CNS-associated antigen-presenting 

cells, and play a central role in the development of demyelinated lesions in RR-MS. 

The disease pathogenesis during RR-MS is driven by the fine balance between Th1 

and Th17 cells, and their suppressive regulatory T cells (Tregs). These myelin-reactive 

peripheral cells cross the BBB and mediate myelin degeneration 261–265. Peripheral 

monocyte-derived macrophages are also recruited to demyelinated lesions 266–268. In 

active MS lesions, it is estimated that 55% of the macrophages arise from infiltrated 

monocytes 269. In contrast, only a few peripheral macrophages are present in cupri-

zone-induced demyelinated lesions 224. Infiltrated macrophages will add microglia 

to resolve the inflamed and demyelinated area, while differential functions are ap-

parent, microglia being more supportive and macrophages more immune-reactive 
229,270–272. Interestingly, microglia and macrophages directly communicate with each 

other. This has recently been shown in a model for spinal cord injury, where infil-

trated macrophages reduce microglia-mediated phagocytosis and inflammatory re-

sponses 273. However, it is not fully understood whether the infiltration of peripheral 

cells is a primary autoimmune response or a secondary response to demyelination 
1,5,274,275, as primary degeneration of axons is also a characteristic feature of MS 276. In 

fact, de-adhesion of the inner loop of myelin to the axonal surface has been postulat-
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ed to be the initial event in MS lesion formation 275,277. 

Although spontaneous remyelination occurs, most commonly at early stages of MS 

and in active lesions, a major cause of the neurological deficits and disease progres-

sion is due to incomplete or failed remyelination, particularly at the later progressive 

MS stage and in chronic lesions 5,8,15,59,270,272. Remyelination is, however, observed in 

some patients at late-stage progressive MS, emphasizing the heterogeneity in MS 

pathology 1,278,279. The factors involved in remyelination failure are many, including 

axonal damage, dysregulation of the cellular and molecular microenvironment with-

in the lesions and/or failure of OPC recruitment. Strikingly, post-mortem analysis 

revealed that in approx. 70% of MS lesions OPCs are present 14,15,40, indicating that 

extrinsic and/or intrinsic factors in MS lesions that allow differentiation are derailed. 

During the active phase of an MS lesion, microglia and macrophages are skewed to-

wards a pro-inflammatory phenotype 280,281. However, given the altered environmen-

tal factors in MS lesions at hand, a major subset of infiltrated macrophages and res-

ident activated microglia acquire eventually an intermediate activation status 282,283. 

As an anti-inflammatory regenerative phenotype of microglia and macrophages is 

essential for effective remyelination 22, dysregulated activation of microglia and/or 

macrophages may contribute to remyelination failure in MS. Also, reactive astrogli-

osis and astrocytic scar formation negatively affect OPC recruitment and differen-

tiation, and thereby remyelination 284, but are on the other hand also beneficial for 

functional CNS recovery 139,238,285,286.

Dysfunction of astrocytes and/or microglia, for example dysregulated galectin ex-

pression and secretion, disturb their interplay, leading to a molecular environment 

that is non-permissive for OPC maturation. Increased expression of galectins-1, -3, 

-4, and -9 in CNS-resident cells is apparent in MS lesions compared to control white 

matter 287,288, and galectin-1 is one of the most upregulated genes in MS-associated 

microglia signature 289. Galectins are also regulators of peripheral immune responses 
47,288,290 and given the infiltration of peripheral cells in MS lesions, galectins present 

in the periphery may (indirectly) contribute to remyelination failure. Indeed, next 

to infiltration of macrophages, infiltrating regulatory T cells have regenerative prop-
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erties, by promoting OPC differentiation and remyelination 215, while Th17 cells de-

crease OPC differentiation and survival 291. Therefore, before discussing whether an 

increased presence of these galectins in MS lesions is beneficial or detrimental to re-

myelination, we first describe whether these galectins, when present in the periphery, 

may be involved in adaptive immune responses in MS.

Galectins in MS-related neuroinflammation

Experimental models that recapitulate all aspects of MS pathology are not available, 

in part due to the unknown cause, if only one, and heterogeneity in MS. Whereas 

in toxin-induced demyelination animal models pathogenic T cells are not involved 

in the demyelination process 225,226, the adaptive immune system plays an import-

ant role in inducing demyelination in experimental autoimmune encephalomyelitis 

(EAE) models. Dependent on the species, strain, and the used myelin protein/pep-

tide, different courses, including acute, relapsing-remitting and chronic, can be ini-

tiated in EAE models 292. The initiation and peak of the disease are mediated by Th1 

and Th17 responses, while recovery from EAE is initiated by a shift towards Th2 cell 

responses 293, although another study found that Th2 cells also have the potential to 

induce EAE 294. Furthermore, in the EAE model by controlling cytokine production 

and the movement of T cells, regulatory T cells have been found to be protective and 

mediate recovery from EAE 295,296. Also, as in MS lesions, infiltrated peripheral mac-

rophages, as well as B cells, are present at the affected areas 297. In contrast, the role 

of microglia in EAE is considered to be less important than in MS 5. Therefore, the 

EAE model is indispensable in MS research and also exploited to elucidate the role of 

galectins in modulation of inflammatory response in the CNS (Table 3).

Endogenous galectin-1 expression is dynamically regulated in EAE, being increased 

in astrocytes at the lesion edges, and in subsets of CD4+ Th1 cells and microglia be-

fore and at the onset of EAE symptoms, while its expression remains increased in 

astrocytes at the chronic stage 241. Intravenously administration of galectin-1, either 

before or at EAE onset, results in a reduced severity of symptoms 298, mainly by in-

ducing tolerogenic dendritic cells, selective elimination of pro-inflammatory Th1 and 

Th17 cells and enhanced development of Tr1 and regulatory T cells 299,300. This is also 
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shown by the inhibitory effect on T cell proliferation upon binding of galectin-1 to 

NP-1, a glycoprotein counterreceptor 246,301. Consistently, induction of EAE in Lgals1-/- 

mice increases the severity of symptoms via a T helper cell response mechanism 

and a concomitant increase in classically activated microglia and axonal damage 300. 

Moreover, adoptive transfer of galectin-1-secreting astrocytes or galectin-1-treated 

microglia augmented EAE symptoms via a mechanism that involves deactivation of 

pro-inflammatory microglia 241. This indicates a role of this lectin as an anti-inflam-

matory mediator and neuroprotective agent.

Table 3. Galectins during MS-relevant inflammation

Galectin Model Main result Mechanism ref

In vivo

gal-1 EAE (GP-BP, female 
Lewis rats, treatment 
before or at induction) 

inhibits clinical and 
histological signs, 
most effective when 
applied at induction

prevents sensitization of 
encephalitogenic GP-BP-
specific T-cells and induces 
timely expression of 
suppressor CD8+ T-cells

298

gal-1 EAE (MOG35-55, female 

Lgals1-/- 129/Sv mice)

exacerbated disease 
severity 

increases pathogenic Th1 
and Th17 responses 

299

EAE (MOG35-55, C57Bl/6 
mice, treatment after 
immunization but before 
disease onset) 

ameliorates disease 
severity

reduces the numbers of 
IL-17 and IFNg producing 
CD4+ T-cells

gal-1 EAE (MOG35-55, female 

Lgals1-/- C57Bl/6 mice)

not reported enhances classical 
microglia activation, 
promotes axonal damage

241

EAE (MOG35-55. female 

Lgals1-/- C57Bl/6 mice, 
adoptive transfer WT 
astrocytes)

ameliorates disease 
severity

regulates microglial 
activation 

EAE (MOG35-55, female 
C57Bl/6 mice, treatment 
around onset clinical 
disease)

ameliorates disease 
severity

decreases microglial 
activation, prevents 
neurodegeneration and 
demyelination and reduces 
GFAP expression

EAE (MOG35-55. female 

Lgals1-/- C57Bl/6 mice, 
adoptive transfer of 
treated control and LPS-
stimulated microglia)

ameliorated disease 
severity

prevents microglia 
activation
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Galectin Model Main result Mechanism ref

gal-3 EAE (MOG35-55, Lgals3-/- 
C57Bl/6 mice)

slightly delayed onset 
and ameliorated 
disease severity

decreases IL-17 and IFNg 
levels, increases the 
development of Th2 and 
Treg cells

302

gal-4 chronic relapsing EAE 

(rrMOG1-125, in male 
Dark Agouti rats)

increased presence 
in inflammatory 
infiltrates

localizes to ED1+ cells at 
relapse phase 

147

gal-8 EAE (MOG35-55, Lgals8-/- 
C57BL/6NTac mice) 

faster onset and 
increased disease 
severity

increases Th17 polarisation 
and decreases the 
frequency of Treg cells that 
impact Th17

303

EAE (PLP139-151, female 
C57BL/6 mice, treatment 
at induction)

delayed onset and 
ameliorated disease 
severity

apoptotic elimination of 
activated Th17 cells

gal-9 EAE (MOG35-55, female 
C57BL/6J mice, treatment 
after immunization but 
before disease onset) 

ameliorates disease 
severity

eliminates IFNg producing 
Th1 cells through Tim3

304

EAE (MOG35-55, SJL/J 
mice, injection at 
induction) 

exacerbates disease 
severity

in vitro

gal-1 human bone marrow 
mesenchymal stem cells 
(MSCs)

MSC-derived gal-
1 inhibits T-cell 
proliferation 

binds to NP-1 on T cells 246,301

gal-1 primary microglia 
(C57BL/6 WT and 

Lgals1-/- C57Bl/6 mice 
mice, treatment)

deactivates classically 
activated microglia

controls microglial 
activation through 
p38MAPK, CREB and 
NF-κB signaling pathways 
and promotes microglial 
deactivation by retaining 
CD45 at the surface 

241

 gal-3 blood monocyte-derived 
human macrophages 

gal-3 expression 
and proteolytic 
processing are higher 
in alternatively 
activated cells, while 
its secretion is higher 
in classically activated 
macrophages

not determined 305

gal-3 microglia and astrocytes 
(primary cells, Sprague 
Dawley rats, BV2 
microglia cell line, 
treatment)

enhances production 
of pro-inflammatory 
mediators 

triggers the JAK-STAT 
signaling cascade through 
IFNRG1(CRD-independent, 
IFNγ-independent) 

257
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Galectin Model Main result Mechanism ref

gal-3 bone marrow- and 
blood monocyte-derived 
macrophages (129Sv WT 

and Lgals3-/-  mice, THP-
1 monocytic cell line)

reduced alternative 
macrophages 
activation

mediates alternative 
activation by PI3K 
activation upon binding 
to CD98 

306

gal-9 primary microglia, 
astrocyte and mixed glial 
cultures (Sprague Dawley 
rats, C57Bl/6J WT and 

Lgals9-/- mice)

astrocyte-derived gal-
9 enhances microglia 
TNF production

poly(I:C-) treated 
microglia stimulate 
gal-9 mRNA 
expression in 
astrocytes

Tim-3 independent 

mediated via a heat-
sensitive microglia 
secreted factor

307

Lgals3-/- mice show reduced severity upon induction of EAE 302, a sign for a detri-

mental role for galectin-3 in EAE pathology. Interestingly, this effect is associated 

with a decreased Th17 and an increased regulatory T cell response, i.e., an underlying 

mechanism similar as observed for galectin-1 administration (see above), as well as 

decreased infiltration of peripheral macrophages 302. In contrast, a higher incidence 

and more severe course of EAE is apparent in mice lacking Mgat5, an enzyme neces-

sary for β1,6-branching (GnT-V) on N-glycans, to which galectin-3 can bind, prefer-

ably when presenting LacNAc repeats. Given the hereby caused reduction in galec-

tin-3 counterreceptors on the T cell surface, Mgat5-/- mice displayed enhanced T cell 

receptor (TCR) clustering and diminished polarization to Th2 cells, and developed 

spontaneous inflammatory demyelination and neurodegeneration 308,309. Similarly, 

earlier studies have identified galectin-3 as a negative regulator of T-cell activation 
308,310. By crosslinking TCRs and other glycoproteins on the surface of naive T cells, 

galectin-3 restricts TCR clustering at the site of antigen presentation, what prevents 

T cell activation. Thus, the role of galectin-3 on T cell responses in EAE is currently 

controversial. 

EAE: experimental autoimmune encephalomyelitis; gal: galectin; GFAP: glial fibrillary acidic 
protein; GP-BP: guinea pig myelin basic protein; IL: Interleukin; LPS: Lipopolysaccharide: 
MOG: myelin oligodendrocyte glycoprotein; MSC: mesenchymal stem cells; NP-1: 
neuropilin-1; poly(I:C): polyinosinic:polycytidylic acid; siRNA: small interfering RNA; Tim-3; 
T-cell immunoglobulin and mucin domain containing molecule-3; Th: T helper; TNF: tumor 
necrosis factor.
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Inside the CNS, galectin-3 is highly implicated in the pathophysiology of EAE. In 

EAE, galectin-3 is present in phagocytosing microglia and macrophages and is up-

regulated in areas of demyelination and myelin degeneration 311,312. Along with the 

expression of MAC-1 (CD116), which mediates myelin phagocytosis, galectin-3 (also 

known as MAC-2) is, as in the case for microglia, an in vivo marker for an activated 

phagocytosing macrophage 311,313. Interestingly, peripheral macrophages obtained 

from Lgals3-/- mice are defective to become alternatively activated 306. Alternatively 

induced macrophages have increased expression and secretory activity for endoge-

nous galectin-3 306. On macrophages, galectin-3 binds to CD98 and stimulates the 

PI3K pathway that drives alternative activation route of macrophages 306. Hence, this 

type of macrophage activation phenotype is dependent and sustained by the endog-

enously expressed galectin-3. In contrast, in vitro, enhanced secretion and expression 

of galectin-3 by classically activated human macrophages is observed 305. Moreover, 

galectin-3 sustains a pro-inflammatory microglia and macrophage phenotype in a 

spinal cord injury model 255. Evidently, effects of galectin-3 on phagocytosing cells 

are complicated, suggesting that a timed and context-dependent expression of galec-

tin-3 is necessary for the induction of the correct microglia/macrophage phenotype. 

Despite the dual properties of galectin-3 in EAE, i.e., peripherally and at the lesion 

site, the overall impact upon demyelination in the CNS is that galectin-3 is instru-

mental in modulating the phenotype of macrophages at the demyelinated area. 

Galectin-9, a tandem-repeat-type family member, has also been implicated in EAE 

development. Intraperitoneal administration of galectin-9 early after EAE induc-

tion results in a reduced severity, whereas siRNA-mediated silencing of galectin-9 

results in an increased severity of clinical symptoms 304. Galectin-9 is a binding part-

ner for the glycoprotein Tim-3, a type-1 membrane protein specifically expressed on 

the surface of fully differentiated Th1 cells. Galectin-9 is a negative regulator of Th1 

cell function and induces phosphorylation of Tim-3. what in turn triggers Th1 cell 

apoptosis, thereby shifting the balance towards Th2 cells and reducing extent of in-

flammation 304,314. Bat-3, a binding partner of intracellular tail of Tim-3, promotes 

proliferation and is a protective agent of Th1 cells against galectin-9-mediated cell 

death 315. Also, reduced expression of Tim-3 on T cells has been suggested as an in-

trinsic defect that contributes to the pathogenesis of MS 316. Blocking the interaction 
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of galectin-9 with Tim-3 results in reduced apoptosis of T cells of RR-MS patients, 

but in T cells obtained from PP-MS patients, which may relate to the upregulation of 

Bat-3 in PP-MS 317. Thus, the Tim-3/Galectin-9 pathway seems to be malfunctional in 

PP-MS. Of note, when IFN-β, applied to treat RR-MS, is fused to galectin-9 to build 

a conjugate, the immunosuppressive effects of IFN-β on Th1 cells are more effective 

and its side effects are reduced 318. Galectin-8 that also has the tandem-repeat-type 

architecture exerts similar immunosuppressive responses as galectin-9 does in EAE. 

Fittingly, EAE is exacerbated in Lgals8-/- mice, by modulating the balance of Th17 and 

Th1 cells and their Tregs 303. This galectin induces apoptosis in Th17, but not Th1 cells, 

and galectin-8 administration ameliorates EAE 303. In the clinical situation, the pos-

sibility for the occurrence of auto-antibodies against galectins should be considered 

(see below, 319,320).

In conclusion, galectins-1, -8 and -9 exert immunosuppressive and anti-inflamma-

tory effects, and galectin-3 acts as a pro-inflammatory regulator. These observations 

strongly suggest that galectins-1, -3, -8 and -9 are involved in EAE/MS pathology by 

modulating T cell mediated inflammation, macrophage recruitment and function at 

the periphery and/or within the infiltrated lesioned areas. While the effect of galec-

tin-4 in EAE pathology has not been examined, the ameliorating effect of sulfatide 

treatment on EAE (sulfatide being a counterreceptor), among others via inhibition 

of T cell proliferation, is galectin-4 dependent 321. It is obviously of importance to 

gain further knowledge on how these galectins play a role in remyelination failure, 

which mainly unfolds inside the CNS, and then how this knowledge can be used to 

overcome remyelination failure in MS.

Galectins in remyelination failure

Although OPCs are recruited at the demyelinated site, an environment that nega-

tively impacts OPC differentiation is suggested to be one of major causes of remye-

lination failure in MS 8,59. Why remyelination ultimately fails in MS is still unknown 

and may not be assigned to one particular cause, but likely relates to multiple events 

in different cells and even may differ in the different MS lesion stages. MS lesions 

can be partly remyelinated, but remyelination is most prominent in sites of active 
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lesions 279,322,323, suggesting that the molecular and cellular environment is import-

ant for remyelination efficiency. This may include a beneficial role microglia/mac-

rophages, when appropriately activated, and a detrimental role for the astrogliotic 

scar in chronic lesions 322,324. Given their role in remyelination, dysregulated galectin 

expression and function may contribute to remyelination failure in MS. 

Galectin-1,-3, and -9 protein levels are significantly increased in MS lesions com-

pared to control white matter 149,288, a clear hint to a contribution to MS pathology, 

including remyelination failure. In MS lesions, galectin-1 is mainly localized to the 

cytoplasm of microglia/macrophages, while the number of astrocytes harbouring 

galectin-1 is decreased in astrocytes compared to control white matter 288. In con-

trast to cuprizone-mediated demyelination, microglia/macrophages rather than as-

trocytes appear as main cellular source of galectin-1 in MS. Studied by Western blot 

analysis in vitro, MS astrocytes externalize relatively more galectin-1 as homodimers, 

while normal astrocytes mainly secrete monomers 288. In addition, in contrast to 

normal astrocytes, galectin-1 is localized in nuclei of MS astrocytes, both in vitro 

and in vivo 288. This may be a feature of A1 astrocytes, which are observed in RR-MS 
26, while their role in remyelination (failure) remains to be established. Presence of 

galectin-1 as homodimers may be beneficial for OPC differentiation when ligated to 

galectin-1-binding sites on OPCs 143,325, while galectin-1 monomers secreted by nor-

mal astrocytes may prevent OPC differentiation 144. Also, galectin-1 deactivates classi-

cally activated microglia, thereby favouring their alternative activation 241 and induc-

ing myelin phagocytic capacity, both processes beneficial for OPC differentiation 22,27.

 

Galectin-3 expression is increased in active MS lesions, and the lectin is present in 

the cytoplasm of microglia/macrophages and astrocytes 288. At first glance, increased 

galectin-3 expression seems to be beneficial for OPC differentiation, as exogenously 

applied galectin-3 directly promotes OPC differentiation 144, and indirectly modu-

lates OPC differentiation by playing a pivotal role in the switch towards a regenerative 

phenotype of microglia/macrophages 245,311. Nevertheless, although more frequently 

observed in active lesions compared to other MS lesions, complete remyelination 

fails in MS lesions. This may imply that 1) galectin-3 is not secreted at the lesion site, 
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2) exogenous galectin-3 is not sufficient to induce OPC differentiation, i.e., other 

local inhibitory factors may be dominant, or 3) OPCs and/or microglia/macrophages 

may lack cognate determinants for galectin-3 to initiate a response.

Although not observed at the mRNA level 288, axonal galectin-4 is (re)-expressed in 

chronic MS lesions, as also observed in cuprizone-induced demyelination and likely 

a default response to demyelination 147. Provided that axonal galectin-4 is secreted 

in MS lesions, galectin-4 may impair OPC differentiation 147. Its presence on axons 

per se likely prevents myelination deposition 153. In active MS lesions, galectin-4 was 

observed in the nucleus and cytoplasm of activated microglia/macrophages, which 

efficiently endocytose galectin-4 in vitro 147. In this way, microglia/macrophages may 

scavenge galectin-4 away from immature oligodendrocytes and attenuate the neg-

ative role of galectin-4 on differentiation 147. Its persistent presence on and poten-

tial secretion by demyelinated axons indicates that axonal galectin-4 in MS lesions 

may be a potential cause of remyelination failure in MS, particular in chronic lesions 

where the number of microglia/macrophages is reduced 326,327.

A role of galectins-8 and -9 in demyelination-remyelination models has not been 

thoroughly investigated yet. Although total galectin-8 protein expression is not en-

hanced, at the cellular level galectin-8 is abundantly present in microglia/macro-

phages in active lesions, while being absent in microglia in tissue adjacent to the le-

sion 288. The presence of galectins-8 and -9 at the lesion site may have immunomodu-

lating roles on the infiltrated T cells that are present in MS lesions, which may include 

selective apoptosis of Th17 and Th1 cells. Th cells and cytotoxic T cells are localized 

perivascularly, as well as being diffusely present throughout MS lesions 322,328. Galec-

tin-9 is produced and secreted by activated astrocytes 307,329,330 and synergizes with 

the TLR3 agonist poly(I:C) to increase TNF-α secretion by microglia in a Tim-3-inde-

pendent manner 307. Interestingly, poly(I:C)-stimulated microglia enhance galectin-9 

expression in astrocytes, emphasizing a role for galectin-9 in astrocyte-microglial 

cell crosstalk. Although galectin-9-specific mRNA levels are increased in astrocytes 

that were isolated from MS lesions  287, enhanced protein expression of galectin-9 in 

MS lesions is related to its presence in microglia/macrophages rather than astrocytes 
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288. Remarkably, galectin-9 is mainly present in microglia/macrophage nuclei in ac-

tive lesions, while in chronic active MS lesions galectin-9 exclusively localizes to the 

cytosol 288. This nuclear-to-cytoplasmic relocation may reflect changes in galectin-9 

function, as respective shuttling of galectin-3 is known to exert 101. A potential role 

of endogenous galectin-9 in microglia/macrophages polarization and secretion of 

galectin-9 by microglia/macrophages remain to be determined. Notably, galectin-9 

levels are higher in CSF of SP-MS patients than in CSF of RR-MS patients, which is 

likely a reflection of innate rather than adaptive immune responses 331. This indicates 

that galectin-9 is involved in the pathophysiology of SP-MS, and given its role in 

interglial communication, may contribute to remyelination failure by retaining or 

inducing a pro-inflammatory microglia/macrophage phenotype. 

In summary, galectins-1,-3, -4, -8 and -9 may contribute to remyelination failure in 

MS lesions. Although several questions remain open on the contribution of galec-

tins to remyelination failure, the fact that several galectins appear to be involved in 

successful remyelination combined with the derailed regulation of galectins in MS 

lesions, investing further efforts to delineate, if possible, a therapeutic potential ap-

pears to be warranted. 

GALECTINS: NOVEL TARGETS OR TOOLS TO OVERCOME REMYELINATION 
FAILURE IN MS?

A favored strategy to overcome remyelination failure in MS is to promote OPC dif-

ferentiation. Several compounds, including benztropine, are known to promote 

remyelination in vivo after cuprizone treatment by direct antagonism of receptors 
332. Although these compounds are very effective in promoting OPC differentiation 

(reviewed in 333), OPCs in MS lesions usually face cellular and molecular environ-

ments that inhibit their differentiation. Given the multifaceted actions of galectins 

in interglial communication, there are several hurdles that have to been taken before 

considering modifying therapies that are based on the gain or loss of (extracellular) 

galectin function. 
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The first is to define whether galectins may be useful to overcome remyelination fail-

ure, taking also into account the context of the cellular environment in the distinct 

MS lesions. Galectins-1 and -3 act as modulators of microglia and macrophage acti-

vation and phenotype, driving the onset of remyelination. In addition, galectins-1 

and -3 enhance, whereas galectin-4 impairs OPC differentiation. Therefore, in active 

MS lesions, where microglia and macrophages are evenly distributed throughout the 

lesion, galectins-1 and -3 may help to skew the intermediate phenotype microglia 

and macrophages towards an anti-inflammatory phenotype and increase phagocytic 

capacity 143,241,306. Microglia and macrophages are hardly present in chronic inactive 

MS lesions, while their presence is limited to (parts) of the lesion border of chronic 

active lesions 279,322. Therefore, targeted delivery of these galectins may promote OPC 

differentiation in chronic lesions. However, in chronic lesions galectin-4 is also abun-

dantly present, in addition to many other negative regulators of OPC differentiation. 

Hence, it is essential to critically assess whether galectins-1 and -3 can overcome re-

myelination failure in an MS lesion environment, and to verify whether a specific 

galectin-4 antagonist such as a high-affinity sulfatide derivative or a neutralizing an-

tibody against galectin-4 counteracts its inhibiting effect on OPC differentiation. 

A second hurdle to be cleared is that biochemical nature of the binding sites of galec-

tins-1, -3, and 4 on microglia, macrophages, astrocytes, and cells of the oligodendro-

cyte lineage is not known yet. Identification of their counterreceptors, e.g., being a 

protein and/or a glycosphingolipid, will provide useful information about the chain 

of events toward effects. Equally important, although the activity profiles of galec-

tins-1 and -3 appear to be similar, these galectins are not redundant and can likely act 

via different mechanisms at different sites, as they do not compensate for each other 

in experimental models. Therefore, it is of utmost importance to define the biochem-

ical nature of counterreceptors for galectins, in the case of galectin-1 especially for 

both forms. Notably, the glycosylation signature of the putative galectin counterre-

ceptors(s) may alter during development and in different phases of de- and remye-

lination, and may thus be only transiently suited for the galectin. How access to the 

termini of N-glycans of the α5β1-integrin is regulated via α2,6-sialylation and sialic 

acid biosynthesis as crucial molecular switches to enable galectin-1-dependent anoi-

kis induction by the tumor suppressor p16INK4a as master factor provides a salient les-
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son for such mechanisms 334. Indeed, glycosylation is subject to dynamic regulation, 

which definitely influences the extent of lattice formation by galectins 335. Respective 

molecular switches with clinically relevant implications have been disclosed in the 

case of Tn sialylation by ST6GalNAc2 that blocks production of O-glycan core 1/2 

counterreceptors for galectin-3 and hereby attenuates breast cancer metastasis 336 

and in the case of prostate cancer progression, in which O-glycan core 2 presence and 

susceptibility to galectin-1 and sialylated core 1 presence and binding to galectin-4 let 

the clinical course go into opposite directions 337–339. Also, oligodendroglial counter-

receptors for galectins-3 and -4 are transiently expressed and spatially distributed at 

the surface 49,144. Identification of binding sites of galectins will also provide infor-

mation whether these surface receptors are present in MS lesions and can thus be 

targeted by galectins when applied as a tool. As indicated above for the sialylation 

status of N-glycans and also known for enzymatic conversion among gangliosides, i.e. 

GD1a to GM1, or the shift from core 1 to core 2 O-glycans, the glycosylation status of 

glycoconjugates influences avidity of galectins binding, and disease-related changes 

in glycosylation may prevent galectin binding. Environmental and genetic factors are 

shown to dysregluate N-glycosylation by Golgi-localized enzymes that could lead to 

inflammatory demyelination and neurodegeneration in MS 340. Finally, as the same 

galectin has multifaceted roles on different cells at different stages of the remyelin-

ation process, knowing the identity of the counterreceptor(s) will allow for more spe-

cific understanding of post-binding effects. 

Galectins are potent modulators of peripherally immune responses and in this way 

may affect the clinical course of MS 298,299,302–304. Hence, a third hurdle is that target-

ed delivery of galectins or their agonists/antagonists to MS lesions is required. For ex-

ample, modulation of galectin levels may be accomplished by their local secretion at 

the lesion area from engineered nanocarriers and exosomes that pass the BBB. Also, 

it is essential to determine their effect on axons and astrocytes in the demyelinated 

areas. For example, galectin-1 dimers induce neuronal degeneration 198 and promote 

astrocyte differentiation 148. On the other hand, the anti-inflammatory properties of 

galectin-1 may overcome the effect of infiltrated T cells 341,342. In addition, the het-

erogeneity and region-specific differences in microglia, astrocytes and OPCs in for 

example grey and white matter areas also need to be considered, as well as that timely 
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expression of several galectins is crucial for proper remyelination. Hence, targeting 

galectin-glycan interactions may represent a new therapeutic approach for promot-

ing remyelination in MS lesions, provided that a comprehensive analysis on their 

effect on all lesion-resident cells has been performed. 

Having emphasized the importance of the protein architecture for activity (Fig. 1), it 

is noteworthy that altering protein design is a means to generate new classes of galec-

tin-based effectors, to block or to induce activities with clinical benefit. Galectin-3, 

for example, can become a cross-linking homodimer like galectin-1, and galectin-1 a 

galectin-3-like chimera-type protein 343. This special type of variant of galectin-1, mo-

nomeric in solution in contrast to the galectin-1 homodimer, has been shown to serve 

as functional antagonist of the wild-type protein 90. The CRDs of galectins-3 and -4, 

here especially the N-terminal unit, may likewise serve as galectin-based means to 

saturate counterreceptors and hereby preclude triggering of harmful effects by the 

physiologically present galectin. Due to the high target specificity for glycoconju-

gates of each domain that they share with the wild-type proteins, this engineered 

type of reagent will likely be preferable to sugar-based inhibitors. Concerning galec-

tin blocking, another means is specific (auto)antibodies, briefly referred to above.

AUTOANTIBODIES AGAINST GALECTINS IN MS

Autoantibodies against galectins may play an important role in the onset or progres-

sion of immune diseases 344,345, and the presence of autoantibodies could contribute 

to a continuous immune dysregulation in MS. Furthermore, autoantibodies against 

galectins may be a possible therapeutic target to treat MS 303,319,346, while on the other 

hand autoantibodies may also interfere with the action of galectins when therapeu-

tically applied. A recent study found that sera from SP-MS patients contain autoanti-

bodies against galectin-3, which may serve as a biomarker for SP-MS 346. Anti-galec-

tin-3 antibody binding to galectin-3 at the surface of human brain microvascular 

endothelial cells increases, among others, the expression of ICAM-1 on brain endo-

thelial cells. This contributes to the disturbance of BBB integrity, resulting in leuko-

cyte leakage to the CNS 346. Interestingly, fingolimod, an oral sphingosine-1-phos-

phate-receptor (S1P) modulator used for treatment of RR-MS, leads to reduced level 

of infiltration of aggressive lymphocytes and was suggested to prevent endothelial 
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cell activation induced by anti-galectin-3 antibodies 346. Similarly, when adminis-

tered at the time of EAE immunization, the FDA-approved drug for MS, glatiramer 

acetate (copolymer 1) reduces galectin-3 expression on macrophages at the lesion 

area 311. Anti-galectin-8 antibodies have also been detected in sera and CSF of RRMS 

patients: these proteins neutralize the immunosuppressive role of galectin-8 303 and 

may thus worsen relapses. Hence, anti-galectin-8 antibodies may hold promise as a 

potential early prognostic marker. In addition, levels of autoantibodies against galec-

tin-1 were significantly higher in sera from MS patients 319, and it would be interesting 

to determine whether these antibodies contribute to disease pathology. 

The presence of anti-galectin autoantibodies in the clinical situation in situ introduc-

es a further level to be considered, their presence and significance warranting further 

efforts. In addition, anti-galectin autoantibodies may serve as (prognostic) biomark-

er of disease progression. However, their presence may be a complicating factor when 

targeting galectin-glycan interactions to promote remyelination in MS lesions.  

CONCLUDING REMARKS

Why remyelination ultimately fails in MS is still unknown. This review provides a 

survey of galectin involvement and reflects the multifunctionality of these tissue 

lectins. Indeed, galectins have multifaceted functions in modulating innate and 

adaptive immune responses in MS and are actively involved in regulating success-

ful remyelination by affecting OPC differentiation in a direct and indirect manner. 

Galectins-1, -3 and -4 can be considered as factors that determine OPC differentia-

tion and thereby (re)myelination by placing glial communication in the right timely 

and spatial context. Identifying the biochemical nature of the counterreceptors and 

the chain of post-binding events as well as the antagonism/synergy between galec-

tins in situ are open issues that need to be resolved. Also, a role of galectins that so 

far have not been investigated in the context of remyelination needs to be considered. 

For example, galectin-2, acting via the TLR4 pathway, skews macrophages toward a 

pro-inflammatory phenotype 347, which may also be valid in MS lesions. Interestingly, 

proto-type galectins-1, -2 and -7 induce apoptosis in activated T cells via different 

profiles of caspase activation 348. In addition, involvement of members of other lectin 
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families such as myelin-associated glycoprotein (siglec-4) could be worth exploring 
349, and this on the network level considering various emerging modes of functional 

cooperation 350. Altogether, the evidence and considerations presented in this re-

view emphasize that dynamic expression, secretion and re-uptake of galectins, all 

in an intimately regulated manner, is crucial for remyelination to take place. Fur-

ther research is definitely needed to understand the mechanisms that control the 

properties of galectins and their effect on OPC differentiation, astrocytes, microglia/

macrophage activation, neurodegeneration and T cells. Taken together, galectins do 

have potential as target or tool for the development of remyelination-based therapies 

in MS, but more work on the basic-science level is required prior to attempting to 

realize their potential.
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ABSTRACT

Neuron-derived molecules are potent regulators of oligodendrocyte differentiation 

and myelination during brain development and upon demyelination. Their analysis 

will thus contribute to understand remyelination failure in demyelinating diseases, 

such as multiple sclerosis (MS). Previously, we have identified neuronal galectin-4 as 

a novel negative soluble regulator in the timing of developmental myelination. Here, 

we investigated whether galectin-4 is re-expressed in axons upon demyelination to 

regulate the timing of remyelination. 

Our findings revealed that galectin-4 is transiently localized to axons in demyelinat-

ed areas upon cuprizone-induced demyelination. In contrast, in chronic demyelinat-

ed MS lesions, where remyelination fails, galectin-4 is permanently present on axons. 

Remarkably, microglia/macrophages in cuprizone-demyelinated areas also harbor 

galectin-4, as also observed in activated microglia/macrophages that are present in 

active MS lesions and in inflammatory infiltrates in chronic-relapsing experimental 

autoimmune encephalomyelitis. In vitro analysis showed that galectin-4 is effectively 

endocytosed by macrophages, and may scavenge galectin-4 from oligodendrocytes, 

and that endogenous galectin-4 levels are increased in alternatively IL-4-activated 

macrophages and microglia. 

Hence, similar to developmental myelination, the (re)expressed galectin-4 upon 

demyelination may act as factor in the timing of oligodendrocyte differentiation, 

while the persistent presence of galectin-4 on demyelinated axons may disrupt this 

fine-tuning of remyelination.
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INTRODUCTION

Multiple sclerosis (MS) is an inflammatory, demyelinating and degenerative disease 

of the central nervous system (CNS) 1,351. While remyelination occurs frequently at 

early stages of MS, it generally fails at later stages, although remyelination is observed 

in some patients at late-stage progressive MS 278,279,352. Remyelination involves the 

recruitment of activated oligodendrocyte progenitor cells (OPCs) to demyelinated 

areas, followed by their differentiation into mature oligodendrocytes (OLGs) and 

enwrapment of newly-formed myelin around the demyelinated axons 59. Why remy-

elination generally fails in MS lesions is still unknown, but both aging and a dysreg-

ulated signaling environment are important determinants 59. Likely for most lesions, 

not the recruitment of OPCs, but rather an altered microenvironment in the lesioned 

area seem to contribute to an impaired differentiation of OPCs to mature myelinat-

ing OLGs 8,15.

Myelination is a tightly regulated and balanced process that involves spatial and se-

quential appearance of multiple interacting environmental signals. During develop-

mental myelination, OPC differentiation is mainly orchestrated by both positive and 

negative regulatory signals derived from axons 33,34,63,212,353–359. As remyelination is 

seen as a recapitulation of developmental myelination 59,211, most axonal regulators 

of OPC differentiation are re-expressed upon demyelination to enable the fine-tun-

ing of OPC differentiation during remyelination 35,359,360. Next to (re-expressed) 

axonal-derived signals, signals from (activated) microglia and macrophages play a 

prominent role in OPC differentiation upon remyelination 22,232,361,362. Guided by mi-

cro-environmental signals generated upon demyelination, a continuum of dynamic 

states of resident microglia and infiltrated blood-derived macrophages exists. In-

triguingly, the predominance of alternatively activated microglia and macrophages 

at the onset of remyelination is essential for OPC differentiation to proceed 22. 

Neuronal galectin-4 is a novel player in the regulation of the timing of OPC differen-

tiation during CNS development 49. As receptor for distinct glycoconjugates, i.e., sul-

fatide and glycoproteins with N-acetyllactosamine termini at N-glycans, it can trans-

late the presence of glycan-encoded signals into bioactivities, such as glycoprotein 
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routing 72,74,167,363. Galectin-4 belongs to the tandem-repeat-type group of galectins 
44,45,364,365 that are defined by a modular architecture of two distinct carbohydrate 

recognition domains connected via a linker. This way, it can cross-link two types of 

receptors, the lectin hereby acting as molecular bridge, as shown in aggregation and 

raft organization assays 366,367. We have previously demonstrated that non-myelinat-

ed neurons express and secrete galectin-4 that leads to an arrest in OPC differentia-

tion, indicating that neuronal galectin-4 is a negative regulator of myelination 49. At 

the same time, endogenous neuronal galectin-4 organizes the transport and spatial 

organization of glycoprotein L1 at the axon 152. Correct delivery of L1 is required for 

proper axon growth, and ligation of axonal L1 with oligodendroglial F3/contactin 

initiates translation of myelin basic protein (MBP) 171,172, a myelin-specific protein 

imperative for myelination to occur. In addition, galectin-4 containing domains on 

developing axonal membranes repel myelin deposition 153. The arrangement of these 

galectin-4-containing domains is regulated by neurons and myelin-independent. In 

developing OLGs, localization of oligodendroglial galectin-4 shifts from the cyto-

plasm to the nucleus to regulate MBP promoter activity upon OPC maturation 49,151. 

In contrast to neurons, galectin-4 is not released by OLGs 49. Thus, galectin-4 ap-

pears to be able to act at several sites to control myelination. In the present study, 

we aimed to identify whether galectin-4 might fulfill a regulatory role upon demy-

elination. We determined the presence of galectin-4 in MS-relevant experimental 

animal models, including cuprizone-induced demyelination and chronic-relapsing 

experimental autoimmune encephalomyelitis (cr-EAE) and human MS lesions. Our 

findings revealed that upon demyelination galectin-4 is transiently re-expressed in 

axons, and in contrast to developmental myelination galectin-4 is also present in 

activated microglia/macrophages. Accordingly, we analyzed galectin-4 binding, up-

take and expression in classically and alternatively activated bone marrow-derived 

macrophages (BMDMs) and microglia in vitro. Interestingly, in chronic MS lesions 

where remyelination fails, axonal galectin-4 is persistently present. Hence, interven-

tions aimed at antagonizing the effect of galectin-4 on OPC maturation may promote 

remyelination in MS lesions. 



2

63

Galectin-4, a negative regulator of oligodendrocyte differentiation, is persistently present in axons and microglia/
macrophages in multiple sclerosis lesions

MATERIALS AND METHODS

MS lesions

Human autopsy brain material 

Autopsy samples of human brain material were obtained from the Netherlands Brain 

Bank and with the approval of the VU University Medical Ethical Committee (Am-

sterdam, The Netherlands). All donors from whom material was collected had signed 

written informed consent for brain autopsy and the use of material and clinical in-

formation for research purposes. Human post-mortem brain material from 25 pa-

tients with clinically diagnosed and pathologically confirmed MS [14 (chronic) active 

lesions, 9 chronic inactive lesions and 2 remyelinated lesions] and from 11 control 

subjects without neurological diseases were obtained according to a procedure as 

described 368. Characteristics of the used brain autopsy material, identification and 

classification of white matter lesions have been described 288. 

Immunohistochemistry

Deparaffinized paraffin-embedded sections (5 µm) were incubated in 10 mM citrate 

buffer (pH 6) at 125 °C for 10 min, followed by an incubation with 0.5 M sodium ace-

tate for 5 min at room temperature (RT). Cryosections (10 µm) were fixed in acetone 

for 10 min at RT. Unspecific binding was blocked with 10% normal goat serum (NGS; 

Vector Laboratories, Burlingame, CA) and 0.3% Triton X-100 (TX100) for 1 h at RT. 

Sections were incubated with primary antibodies (Table 1) overnight at 4 °C, followed 

by incubation with appropriate secondary antibodies (Dako Real EnVision™/HRP, 

Rabbit/Mouse K5007, DakoCytomation, Glostrup, Denmark) for 30 min at RT. Per-

oxidase activity was visualized with 30% (w/v) 3,3-diaminobenzidine (DAB, Sigma, 

St. Louis, MO) in Tris-buffered saline (TBS) containing 0.03% H2O2. Sections were 

counterstained with hematoxylin and analyzed with a bright-field BX50 Olympus 

microscope using Cell B software. For double-immunohistochemical fluorescence 

staining, acetone-fixed cryosections were first incubated with anti-galectin-4 anti-

bodies overnight at 4 °C, followed by a 1 h incubation with the other primary anti-

bodies. Sections were incubated with their respective Alexa-labeled secondary anti-

bodies (1:400) and the nuclei were stained with 4’6-diamidino-2-phenylindole (DAPI, 

1 µg/ml, Sigma) for 1 h at RT. The home-made anti-galectin-4 antibody was system-

atically tested against other galectin family members by ELISA and by Western blot 
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[galectins-1, -2, -3, -7, -8 and -9, data not shown, 369], and cross-reactive material had 

been removed by affinity chromatography to ensure specificity. Furthermore, when 

tissue was incubated with an anti-galectin-4-recombinant galectin-4 complex, no 

staining was observed and no galectin-4-immunoreactive band appears on Western 

blot of lysates of cells that do not express galectin-4, e.g. astrocytes (data not shown, 
49). Sections were analyzed with a confocal laser scan microscope Leica SP2 AOBS 

CLSM equipped with Leica Confocal Software. Profiles of fluorescence were recorded 

sequentially and processed using Fiji 370 and Adobe Photoshop CS6. 

Cuprizone-induced demyelination

Animals

Experimental animal protocols for the cuprizone demyelination model and primary 

cell cultures were approved by the Institutional Animal Care and Use Committee 

of the University of Groningen (the Netherlands). All methods were carried out in 

accordance with national and local experimental animal guidelines and regulations. 

To induce demyelination, 8 to 10-week old adult male C57Bl/6 mice (Harlan) were 

fed 0.2% cuprizone (bis-cyclohexanone oxalhydrozone, Sigma) mixed into standard 

rodent chow for 5 weeks. After 5 weeks of cuprizone-supplemented chow, mice were 

fed a standard chow diet for 2 weeks to induce remyelination. Cuprizone-fed an-

imals were sacrificed after 3 or 5 weeks feeding and after 2 days, 7 days or 2 weeks 

remyelination. Control animals were kept at the same conditions for 7 weeks without 

cuprizone feeding 

Tissue preparation and selection

For biochemical analysis, the corpus callosum was dissected and homogenized using 

a Wheaton homogenizer in ice-cold TE buffer (10 mM Tris-HCl, 2 mM EDTA, 0.25 

M sucrose and a cocktail of protease inhibitors (Complete Mini; Roche Diagnostics, 

Mannheim, Germany). For immunohistochemical purposes, both fresh-frozen and 

perfused tissue samples were used. Animals were anesthetized and intracardially 

perfused with PBS, followed by 4% paraformaldehyde (PFA) in phosphate-buffered 

saline (PBS, pH 7.4). PFA-perfused brains were cryoprotected in 20% sucrose in PBS 

at 4 °C for 1-3 days, and afterwards embedded in Tissue-Tek® (Sakura Finetek Europe, 
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Alphen aan de Rijn, the Netherlands) and frozen on dry ice. For fresh-frozen tis-

sue, brains were dissected out and snap-frozen in isopentane, which was kept on dry 

ice. All brains were kept at -80 °C until used for cryostat sectioning. Using the Allen 

Mouse Brain Atlas 371 as a reference, sections of brain and corpus callosum were stud-

ied at the level of 59-63 of the Atlas. De- and remyelinated areas were characterized 

by the myelin stain luxol fast blue (LFB). 

Table 1. antibodies Primary used during WB, ICC and IHC
company dilution WB dilution ICC/IHC

anti-actin Sigma 1:3000 n.a.

anti-arginase BD Biosciences 1:500 n.a.

anti-CD206/MMR Abcam n.a. 1:100

ED1 kind gift of Dr. C.D.Dijkstra (VUmc, 
the Netherlands), 372

n.a. 1:50

anti-galectin-3  home-made (250 mg/ml) 1:500 n.a.

anti-galectin-4 home-made (250 mg/ml) 1:250 1:25/1:50

anti-Iba1 Abcam n.a. 1:400

anti-iNOS/NOS 
Type II

BD Biosciences 1:250 n.a.

anti-MHC-II ThermoFisher Scientific n.a. 1:100

anti-NF-H Encor Biotechnology n.a. 1:5000

anti-Olig2 R&D systems n.a. 1:20

anti-PLP Serotec n.a. 1:500

anti-SMI-312 BioLegend n.a. 1:100

Immunohistochemistry

Fresh-frozen brain sections (16 μm) were air-dried for 10 min followed by acetone fix-

ation for 10 min at RT. PFA-perfused brain sections (12 µm) were immersed in citrate 

buffer (pH 6.0; Sigma) and heated for 20 min at 100 °C. Sections were blocked with 

5% NGS in PBS for 2 h at RT or with 5% normal donkey serum and 0.1% TX100 for 30 

min (anti-Olig2 and Iba1 antibodies) at RT and incubated with primary antibodies 

(Table 1) overnight at 4 °C. Sections were incubated with their respective Alexa-la-

beled secondary antibodies (1:400, Invitrogen, Carlsbad, CA) and DAPI for 1 h at RT. 

n.a.: not applicable; mAb: monoclonal antibody; pAb: polyclonal antibody; WB: Western blot; ICC: 
immunocytochemistry; IHC: immunohistochemistry; MMR: macrophage mannose receptor
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To determine the extent of de- and remyelination, sections were stained with Sudan 

Black (0.1% in 70% ethanol) for 10-15 min. Immunofluorescence was visualized on a 

Leica TCS SP8 Confocal Laser Scanning Microscope. Fluorescence intensity (mean 

grey values without background subtraction) was measured drawing a ROI of the 

whole corpus callosum on each condition using Fiji. Measurements were set on in-

tegrated density and 3-4 animals per condition were analyzed. To combine data of 

fluorescent intensities, one control condition was set to 100% in sections of perfused 

and snap-frozen specimen and relative intensity levels were determined.

In situ hybridisation

The digoxigen-labeled proteolipid protein (PLP) probe was generated as described 
373. The probes (1:1000) were diluted in hybridization buffer (formamide 50%, 200 

mM NaCl, 5 mM EDTA, 10 mM Tris-HCl, 5 mM NaH2PO4x2H2O, 5 mM Na2HPO4, 

yeast RNA (Sigma; 100 µg/ml), 10% Dextran sulphate, 1x Denhardts in DEPC-treat-

ed H2O). Before use, the RNA probe was denatured for 5-10 min at 75 °C. Sections 

were hybridized with the RNA probe overnight at 65 °C. Sections were then washed 

3 times in washing buffer (1x saline citrate buffer; 50% formamide, 0.1% Tween-20) 

at 65 °C, and incubated with MABT (100 mM maleic salt pH 7.5, 150 mM NaCl, 0.1% 

Tween-20) at RT twice for 30 min. Sections were blocked for 1 h with blocking buffer 

(1x MABT, 2% blocking reagent (Roche), 10% sheep serum), after which sections were 

incubated overnight with alkaline phosphatase-conjugated sheep anti-DIG Fab frag-

ments (Roche) in blocking buffer at 4 °C. After washing with MABT, hybrids of RNA 

were visualized with a mix of NBT/BCIP-alkaline phosphatase and 10% poly(vinyl 

alcohol) (PVA). Sections were washed with water and mounted with DPX mounting 

medium (Sigma). Staining was monitored using an Olympus bright field BX50 DIC 

microscope, and images were acquired with the Olympus CellB program.

Chronic experimental autoimmune encephalomyelitis

Animals

All experimental procedures for the cr-EAE studies were approved of by the local 

Animal Ethical Committee of the VU University (the Netherlands). All methods were 

carried out in accordance with national and local experimental animal guidelines 
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and regulations. Chronic relapsing EAE (cr-EAE) was induced in adult male Dark 

Agouti rats (weight 230-250g, Harlan) with recombinant rat myelin oligodendrocyte 

glycoprotein (rrMOG1–125) emulsified in incomplete Freund’s adjuvant (IFA; Difco) 

together with 10 mM sodium acetate (pH 3), as described 374. Controls received IFA 

in sodium acetate solution only. Rats were weighed daily and the neurological symp-

toms of EAE were scored on the following scale: 0, no clinical disease; 0.5, partial loss 

of tail tone; 1, complete tail atony; 2, paresis, partial hind limb paralysis; 3, complete 

paralysis of the hind limbs and/or lower part of the body; 4, moribund or dead due to 

EAE. Perfusion was performed with 4% PFA at the indicated phase and spinal cords 

were processed as described 374. 

Immunohistochemistry

Fresh-frozen rat spinal cord cryosections (10 µm) were air-dried for 1 h at RT. En-

dogenous peroxidase was blocked with 0.3% H2O2 in 50 mM in TBS (pH 7.4) for 15 

min at RT. Unspecific staining was blocked by a solution of 5% non-fat dried milk 

in TBS containing 0.5%. Sections were incubated with primary antibodies (Table 1) 

overnight at 4 °C, followed by an incubation for 1 h at RT in DAKO Real EnVision™/

HRP. Immunoreactivity was visualized using 0.5 mg/ml DAB in Tris-HCl containing 

0.03% H2O2. Sections were counterstained with hematoxylin, dehydrated in series 

of alcohol, followed by xylene and mounted in Entellan®. For immunofluorescent 

double stainings, cryosections were fixed with acetone for 10 min at RT, blocked in 

5% NGS and stained with the activated macrophage/microglia marker ED1 (table 1) 

overnight at 4°C, followed by secondary Alexa-labeled antibody (1:400) for 45 min at 

RT. Sections were incubated with 0.1% TX100 for 30 min at RT, incubated with an-

ti-galectin-4 antibody (table 1) overnight at 4 °C, after which galectin-4 staining was 

visualized with appropriate Alexa-conjugated antibodies (1:400). Nuclei were stained 

with DAPI (1 µg/ml). Sections were analyzed with a conventional fluorescence micro-

scope (Provis AX70; Olympus) equipped with analySIS software. 



68

Chapter 2

Primary cell cultures

Microglia and bone marrow-derived macrophages 

Cortical primary mixed glial cultures were generated from brain tissue obtained from 

newborn Wistar rats as described 375. Microglial cells were harvested by collecting 

the floating fraction after a 1 h shake-off procedure at 37 °C at 150 rpm. Bone mar-

row-derived macrophages (BMDMs) were isolated from leg bones (femur and tibia) 

of newborn rats and flushed with BMDM medium (RPMI supplemented with 10% 

fetal bovine serum, 1% sodium pyruvate and 1% penicillin/streptomycin). Isolated 

microglia and BMDMs were plated at a density of 2-3 x 106 cells/55 cm2 in culture 

medium supplemented with rat recombinant macrophage colony-stimulated factor 

(M-CSF, 10 ng/ml; PeproTech, London, UK) before activation. On day 6 (BMDMs) 

or 7 (microglia), cells were gently scraped and plated on dishes at densities of 1 x 

106 cells/9 cm2/6 ml or on 13-mm coverslips at densities of 9 x 104 cells/500 µl and 

stimulated for 48 h with lipopolysaccharide (LPS, 200 ng/ml; Sigma) and rat interfer-

on-γ(IFNγ, 2000 U/ml; PeproTech) to induce classically activated microglia/BMDMs 

or stimulated with rat interleukin-4 (IL-4, 40 ng/ml; PeproTech) to induce alterna-

tively activated microglia/macrophages. Control microglia/macrophages were not 

stimulated. At the start of the experiments, microglia and BMDM cultures were typi-

cal 95% pure, as assessed by immunocytochemistry using Iba1 (Abcam) and the GSA 

isolectin-B4 (IB4, Invitrogen).  

Immunocytochemistry

PFA-fixed cells were permeabilized with 4% bovine serum albumin and 0.1% TX100 

for 30 min. Cells were incubated for 5 h with anti-galectin-4 antibody (Table 1) at RT, 

and incubated for 25 min with appropriate TRITC-labeled secondary antibody (1:50; 

Jackson ImmunoResearch Inc., West Grove, PA). Cells were analyzed with a Leica 

TCS SP8 Confocal Laser Scanning Microscope.

Uptake and binding assays

Live cells were incubated with biotinylated galectin-4 (20 µg/ml) for 30 min at 4 °C 

(binding) or with Alexa-555-labeled galectin-4 (20 µg/ml) for 30 min at 37 °C (up-

take). Biotinylated galectin-4 was visualized with TRITC-labeled streptavidin (1:50; 

Jackson ImmunoResearch). Cells were subsequently washed and fixed with 4% PFA. 
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To inhibit carbohydrate-mediated uptake or binding of galectin-4, a mixture of the 

glycoprotein asialofetuin (ASF, 1.3 mg/ml) that has up to 9 galectin-reactive N-acetyl-

lactosamine termini 376 and lactose (7 mM) was pre-incubated with labeled galec-

tin-4 for 30 min at 37 °C prior to its addition to the cells. Nuclei were stained with 

DAPI (1 µg/ml). Cells were analyzed with a Leica TCS SP8 Confocal Laser Scanning 

Microscope. The results were expressed as percentage of galectin-4-positive cells in 

the entire cell population

Western blotting

Western blotting was performed as described previously 377. Equal amounts of pro-

teins present in tissue homogenates (30 µg), cell lysates (50 µg) and equal volume of 

trichloroacetic acid-precipitated medium (250 µl) were loaded. Primary antibodies 

(Table 1, 378) were incubated overnight at 4 °C, followed by a 1 h incubation with ap-

propriated IRDye-labeled secondary antibodies (1:3000, Li-Cor Biosciences, Lincoln, 

NE). Proteins were visualized with the Odyssey Infrared Imaging System (Li-Cor Bio-

sciences) and analyzed with Scion image software. 

Statistical analysis 

Data are expressed as mean ± standard deviation (SD) of at least three independent 

experiments. Statistical differences were calculated using GraphPad Prism software 

(version 5.03). When absolute values of two means were compared, statistical signif-

icance was calculated by a Student’s t-test. When absolute values of more than two 

means were compared, statistical significance was calculated by a one-way ANOVA 

followed by a Bonferroni post-hoc test. Statistical analysis was performed with a one 

sample t-test when relative values of the conditions were calculated by setting the 

control as 1 in each independent condition. In all cases, p<0.05 was considered sig-

nificant.
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RESULTS

Increased presence of galectin-4 in axons and microglia/macrophages upon 
cuprizone-induced demyelination

To address a possible role of galectin-4 in OPC differentiation in remyelination, we 

first examined its presence in the well-established cuprizone experimental animal 

model of demyelination 379. When mice were fed for 3 or 5 weeks with a diet con-

taining 0.2% cuprizone, demyelinated areas, as visualized with LFB, were readily 

observed in the corpus callosum (Supplementary Fig. 1A), while PLP mRNA in situ 

hybridizations demonstrated that OPCs were hardly differentiated (Supplementary 

Fig. 1B). An increase of galectin-4 immunoreactivity was observed in the demyelinat-

ed areas at 3 and 5 weeks cuprizone feeding compared to the levels in control animals 

(Fig. 1A and B). To visualize demyelinated areas, immunofluorescent analysis was 

combined with Sudan Black myelin staining, which reveals a demyelinated lesion 

as an unstained pale area. In control animals, galectin-4 is localized in the nucleus 

of cells which form linear pearls-on-a-string arrays, characteristic of interfascicular 

OLGs (Fig. 1A, cntrl inset, 380). A double labeling with the OLG lineage marker Olig2 

showed that nuclear galectin-4 is present in the Olig2-positive cells (Fig. 1A, inset). 

Western blot analysis of homogenates of total dissected corpus callosum revealed a 

slight and consistent increase in galectin-4 expression in 5-weeks demyelinated cor-

pus callosum compared to control total corpus callosum homogenates (Fig. 1C and 

D, arrow). An additional galectin-4 immunoreactive band was visible at approx. 62 

kDa (Fig. 1C, arrowhead). The presence of this band has been reported before, while 

its origin (likely a dimer) or physiological significance are currently not yet clarified 
49,381,382. To assess whether galectin-4 is localized to axons, a double immunolabeling 

with the axonal marker neurofilament-H (NF-H) was performed. Consistent with its 

expression on naked axons during developmental myelination 49, galectin-4 was lo-

calized to NF-H-positive axons at 5 weeks of cuprizone-induced demyelination (Fig. 

1E, arrow). In addition, a more diffuse galectin-4 pattern around the galectin-4-posi-

tive NF-H-positive axons was noticed. Interestingly, not all NF-H-positive axons were 

positive for galectin-4 (Fig. 1E, DM 5 wks, arrowhead), indicating that the expression 

of galectin-4 on axons may be not an immediate response to demyelination and/or 

transiently expressed. Of relevance in this respect is that previous in depth studies 

of the cuprizone model have demonstrated that between 3 and 5 weeks of cuprizone 
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feeding myelin debris clearance parallels early processes of remyelination, while ma-

ture OLGs appear at 5.5 wks even when cuprizone feeding is continued (282, Sup-

plementary Fig. 1B). In addition to axonal staining, cells with a nuclear localization 

of galectin-4 were present in the demyelinated corpus callosum. Notably, in vitro 

galectin-4 is localized to the cytoplasm in OPCs, and only upon maturation of OLGs, 

cytoplasmic galectin-4 shifts to the nucleus 49. As upon 5 weeks cuprizone feeding, 

mature OLGs are hardly present in the corpus callosum 383 we next assessed whether 

galectin-4 was detectable in microglia, which densely populate cuprizone-induced 

demyelinated areas (Fig. 1F, 384,385). Of note, while peripheral macrophages cross the 

blood-brain barrier upon cuprizone-mediated demyelination, they are by far out-

numbered by resident microglia 386. Microglia and macrophages were visualized by 

staining with the microglia/macrophage marker Iba1. Galectin-4 was present in the 

nucleus of Iba1-positive cells in the demyelinated areas of the corpus callosum at 

5-weeks cuprizone feeding (Fig. 1F, arrow), while 49.4±7.0% of the galectin-4-positive 

Figure 1. Galectin-4 is present in axons and microglia/macrophages in the corpus 
callosum upon cuprizone-induced demyelination. (A) Immunohistochemical detection 
of galectin-4 (red) on cryosections of control mice (Cntrl) and mice that were fed with 0.2% 
cuprizone for 3 or 5 weeks (demyelination, DM 3 wks and DM 5 wks), and 2 weeks after 
cuprizone removal (remyelination, RM 2 wks). Representative confocal images of sections 
of the corpus callosum of 4 animals per condition are shown. Nuclei are visualized with 
DAPI (blue); myelin is visualized with Sudan Black. Scale bars are 75 µm. Insets (scale bars 
are 10 µm) show regions at higher magnification. Olig2, an oligodendrocyte lineage marker 
is indicated in green (inset). (B) Quantification of relative intensities of immunofluorescence 
signals in (A) from 3-4 animals per group. (C,D) Western blot analysis of presence of 
galectin-4 in total corpus callosum homogenates of control animals and of animals after 
5-weeks cuprizone feeding. Data are shown as mean ±SD of 4 animals per condition (D). 
Statistical differences with control animals was assessed with a student t-test (not significant). 
(E) Double immunohistochemistry of galectin-4 (Gal-4, red) and the axonal marker NF-H 
(NF, green). Arrow at 5 wks DM points to a galectin-4-positive axon; arrowhead at 5 wks 
DM points to an axon that is galectin-4 negative. Arrow at 2 wks RM points to an axon 
that is devoid of galectin-4; arrowhead at 2 wks RM points to a galectin-4-positive NF-H-
negative ‘stroke’. Representative confocal images of 3-4 animals per condition are shown. 
Scale bars are 10 µm. (F) Double immunohistochemistry of galectin-4 (Gal-4, red) and the 
microglia/macrophage marker Iba1 (green). Arrow points to an Iba1-positive cell that is 
galectin-4-positive. Representative confocal images of 3 animals per condition are shown. 
(G) Double immunohistochemistry of galectin-4 (Gal-4, red) and the axonal marker NF-H 
(NF, green). Arrows point to an axon that is devoid of galectin-4; arrowhead points to a 
galectin-4-positive NF-H-negative ‘stroke’. Representative confocal images of 3 animals per 
condition are shown. Scale bars are 25 µm.
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cells were Iba1-positive. Hence, these data indicate that galectin-4 is present both in 

axons and microglia/macrophages in the corpus callosum upon cuprizone-induced 

demyelination.

Galectin-4 is transiently expressed in axons upon cuprizone-induced  
demyelination

To assess whether galectin-4, similar to developmental myelination 49, is downreg-

ulated in axons upon remyelination, we next examined galectin-4 expression upon 

cessation of cuprizone feeding, which allows robust remyelination. Remyelination 2 

weeks after cessation of cuprizone was confirmed by LFB staining, and PLP mRNA 

in situ hybridization revealed substantial OPC differentiation (Supplementary Fig. 

1). Upon 2 weeks of remyelination galectin-4 immunoreactivity in NF-H-positive 

axons was absent, indicating that the increase in axonal galectin-4 levels upon de-

myelination was transient (Fig. 1E, RM 2wks, arrow). In fact, galectin-4 immunore-

activity in NF-H-positive axons was already lost after 2 days cuprizone cessation (Fig. 

1G, RM 2 days), similar to axonal galectin-4 expression in myelinating OLG-neuron 

co-cultures at the onset of OPC differentiation 49. At 7-days and 2-weeks remyelin-

ation, galectin-4-positive ‘strokes’ were visible, which were not positive for the axonal 

marker NF-H (Fig. 1E, RM 2 wks, Fig. 1G, RM 7 days, arrowhead). The total number 

of Iba1-positive cells was reduced at 2-weeks remyelination (Fig. 1F, 29.6±5.5% at DM 

5 wks vs 20.1.±3,8% at RM 2 wks), consistent with previous findings 385. Also, the 

number of galectin-4-positive cells that are Iba1-positive was reduced by approx. 50% 

(24.5±1.9%), indicating that other cells than microglia/macrophages expressed galec-

tin-4 in nucleus at remyelination. In fact, at 2 weeks remyelination, galectin-4 was 

present in nuclei of Iba1-negative cells that show a similar ‘lined’ pattern as in control 

corpus callosum (Fig. 1F, arrowhead cf Fig. 1A, cntrl). Moreover, total galectin-4 im-

munoreactivity localized to the nucleus of cells in the corpus callosum was increased 

upon 2-weeks remyelination (respectively, 75.7±6.9% RM 2 wks and 55.8±8.0% DM 

5 wks). Hence, these data indicate that galectin-4 is transiently present in the cor-

pus callosum following cuprizone-induced demyelination, its level then subject to 

downregulation in axons at remyelination. To further examine whether upregulation 

of galectin-4 is a natural response to CNS injury, we next examined galectin-4 immu-

noreactivity in cr-EAE. 
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Galectin-4 is localized to inflammatory lesions in spinal cord of chronic relapsing 
(cr)-EAE

Cr-EAE is a widely accepted model that shares similarities with MS, including a mul-

tiphasic course, infiltration of CD68-positive mononuclear cells, early signs of de-

myelination mainly periventricularly and perivascularly, and axonal loss 386,387. At 

around day 12-13 after induction with recombinant MOG peptide, the animals under-

go the first period of clinical symptoms (Fig. 2A, phase I), characterized by localized 

CD68-positive inflammatory infiltrates containing both infiltrated macrophages and 

activated resident microglia 388. The infiltration phase was followed by a remission 

phase (Fig. 2A, day 16-18, phase II) and a relapse phase (Fig. 2A, day 21-23, phase III). 

Demyelination is limited compared to the cuprizone model and tends to appear only 

during the second disease relapse, and likely represent early starting demyelinating 

areas 387–389. Galectin-4 was readily seen in a rather diffuse pattern in spinal cord 

white matter at phase I of cr-EAE (Fig. 2B, phase I), whereas controls presented no 

galectin-4 immunoreactivity in spinal cord white matter. The presence of galectin-4 

was transient, as at the remission phase, where the neurological score was almost as 

low as in controls, galectin-4 immunoreactivity was absent (Fig. 2B, phase II). At the 

relapse phase, galectin-4 immunoreactivity re-appeared, indicating a similar change 

in microenvironment at recurrent injury (Fig. 2B, phase III). Analysis of serial sec-

tions stained for ED1, an antibody directed against rat CD68 and a marker for activat-

ed rat microglia, monocytes and macrophages 372, showed that in the relapse phase 

galectin-4 was present in and around inflammatory infiltrates (Supplementary Fig. 

2). A fluorescent co-labeling of galectin-4 and ED1 confirmed that galectin-4 was 

present in the cytoplasm of ED1-positive microglia/macrophages (Fig. 2C). Not all 

galectin-4 co-localizes with microglia/macrophages, indicating that either other cell 

types than ED1-positive microglia/macrophages at the inflammatory infiltrates may 

harbor galectin-4 or that it reflects secreted galectin-4. As galectin-4 is not detectable 

in serum at the relapse phase of cr-EAE (data not shown), the diffuse staining pat-

tern of galectin-4 may reflect local externalization of galectin-4 rather than entry of 

galectin-4 via blood-brain barrier disruption. Remarkably, and in contrast to cupri-

zone-induced demyelination, galectin-4 was only occasionally present in axons at the 

relapse phase (Supplementary Fig. 3). Taken together, consistent with cuprizone-in-

duced demyelination, galectin-4 was transiently expressed during the inflammatory 

relapse phase, down-regulated at the remission phase, and re-appeared at the relapse 
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phase. However, in contrast to cuprizone-induced demyelination, galectin-4 was 

more diffusely present at the infiltration phase, and mainly present in the cytoplasm 

of activated microglia/macrophages, rather than axons, at the relapse phase. To fur-

ther examine a role for neuronal galectin-4 in demyelination, we next analyzed galec-

tin-4 expression in demyelinated MS lesions, i.e., in areas where remyelination fails.

Increased galectin-4 immunoreactivity in axons and activated microglia/mac-
rophages in MS lesions

In contrast to cr-EAE inflammatory demyelinating lesions, post-mortem MS lesions 

are mostly demyelinated, as demonstrated by a lack of the myelin proteolipid protein 

(PLP; Fig. 3A,B). Active MS lesions were characterized by the prominent presence of 

Figure 2. Galectin-4 is present in spinal cord white matter at the infiltration (I) and 
relapse phase (III) of cr-EAE. (A) Mean neurological score of chronic relapsing EAE rats 
(induced with rrMOG1-125 in incomplete Freund’s adjuvant) and control rats (Cntrl, incomplete 
Freund’s adjuvant only) up to 25 days post-immunization ((I) infiltration phase 1, (II) remission 
phase and (III) relapse phase). Graph is a representation of 3-4 animals per condition. (B) 
Immunohistochemical detection of galectin-4 in control spinal cord white matter and the three 
distinct cr-EAE phases; a-d represent the inset boxes. Representative images of sections of 
specimen from 3-4 animals per condition are shown. Scale bars are 20 µm and 5 µm (insets). 
(C) Double immunohistochemistry of galectin-4 (Gal-4, red) and the activated microglia/
macrophage marker ED1 (green). Insets show regions at higher magnification. Nuclei were 
visualized with DAPI (blue). Scale bars are 25 µm and 10 µm (merged). 
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MHC-II-positive cells at the center of lesions (Fig. 3A), which were also present at the 

edge of chronic active lesions, but absent in chronic inactive MS lesions, the center 

of chronic active MS lesions and control white matter (CWM, Fig. 3). Notable, MHC-

II is a marker for antigen-presenting cells, which in active MS lesions mainly stains 

microglia/macrophages  390, and not OLGs and astrocytes 391,392. In CWM, a low level 

of expression of galectin-4 in axons (arrowhead) and in cells with typical microg-

lia/macrophage morphology (arrow) was observed (Fig. 3B). The number of galec-

tin-4-positive axons increased in all examined active and chronic active MS lesions 

compared to CWM and to surrounding normal appearing white matter (NAWM) of 

MS patients (Fig. 3B, arrowhead). Double immunolabeling with the axonal marker 

SMI-312 confirmed that galectin-4 was present in some axons in active MS lesions, 

and in most SMI-312-positive axons in chronic inactive MS lesions (Fig. 4A-C). In 

contrast, SMI-312-positive axons in remyelinated lesions hardly showed galectin-4 

immunoreactivity (Fig. 4D). It should be noted that in active MS lesions ample ac-

tive remyelination occurs 391, while chronic inactive lesions may also contain areas of 

remyelination 279,322. In all examined active MS lesions, galectin-4 immunoreactivity 

was also observed in cells with a morphology that resembles activated microglia/

macrophages (Fig. 3B, arrow). Indeed, with the use of MHC-II, the presence of galec-

tin-4 in activated microglia/macrophages was ascertained (Fig. 4E). Galectin-4 was 

only present in the cytoplasm of MHC-II-positive cells, while in others galectin-4 was 

detected in both cytoplasm and nucleus. In addition, occasionally MHC-II-negative 

cells with nuclear galectin-4 immunoreactivity were observed (Fig. 4E). To gain fur-

ther insight as to what type of microglia/macrophages express galectin-4 in active 

MS lesions, a double labeling of galectin-4 with an antibody against macrophage 

mannose receptor (CD206/MMR), a commonly used marker for remyelination-fa-

voring alternatively activated microglia/macrophages 393, was performed. Virtually 

all CD206/MMR-positive microglia/macrophages harbored galectin-4 immunoreac-

tivity in their cytoplasm and intensely in their nuclei (Fig. 4F, arrowhead). Howev-

er, not all galectin-4-positive cells were CD206/MMR-positive, indicating that the 

presence of galectin-4 was not restricted to cells expressing CD206/MMR. Hence, as 

observed in cuprizone-induced demyelinated white matter, galectin-4 was expressed 

both in axons and activated microglia/macrophages in demyelinated white matter 

MS lesions. Notably, in contrast to previous findings and in control tissue of young 

adult mice (Fig. 1) and rats (Fig. 2), some axons harbor galectin-4 in human control 
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white matter, which may relate to age-related loss of myelinated fibers and the de-

creased ability to remyelinate upon aging 221,394,395 or to species differences. 

CWM active MS lesion chr. active MS lesion center

P
LP

M
H

C
-II

G
al

ec
tin

-4

`NAWM

ac
tiv

e 
M

S
 le

si
on

PLP MHC-II galectin-4
A

B

Figure 3. Level of immunoreactivity for galectin-4 is markedly increased in active 
and the center of chronic active MS lesions. (A,B)  Serial cryosections of post mortem 
control white matter (CWM, 8), active and chronic active MS lesions (11) were stained for 
the activated microglia/macrophage marker MHC-II, the myelin marker PLP, and galectin-4. 
Arrowheads points to axons, arrows point to cells morphologically resembling activated 
microglia/macrophages. Representative images per lesion type are shown. Scale bars are 
200 µm (A) and 50 µm (B). 
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As our findings clearly identify the presence of galectin-4 in microglia/macrophages 

upon demyelination and since galectin-4 is absent in microglia upon developmental 

myelination49, we next addressed the question whether exogenous galectin-4 is im-

ported by microglia/macrophages.

Lore

E F

CWM active MS lesion ch. inactive MS lesion

active MS lesion active MS lesion

Gal-4 Gal-4 Gal-4

SMI-312 SMI-312 SMI-312

Merged Merged Merged
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remyelinated MS lesion

B C
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Figure 4. Galectin-4 is localized to axons and activated microglia/macrophages in 
demyelinated MS lesions. (A-D) Cryosections of post-mortem control white matter (CWM, 
A) as well as of active (B), chronic inactive (C), and remyelinated (D) MS lesions are double 
stained for galectin-4 (Gal-4, green) and the axonal marker SMI-312 (red). Representative 
confocal images of 2-3 different lesions are shown, which are different from the lesion shown 
in Fig. 3. Classification of lesions using MCH-II and PLP immunohistochemistry is performed 
on serial sections. Scale bars are 50 µm. Insets show regions at higher magnification (scale 
bar is 10 µm). (E,F) Cryosections of post-mortem active MS lesions were double stained 
for galectin-4 (green) and either MHC-II (E, red), in MS lesions a marker for activated 
microglia/macrophages, or the tandem-repeat-type mannose-specific C-type lectin referred 
to as MMR or CD206 (F, red), a marker for alternatively activated microglia/macrophages. 
Insets show respective region at higher magnification. Representative confocal images of 3 
different lesions are shown. Scale bars are 25 µm. Arrow points to cytoplasmic-localized and 
arrowhead points to nuclear-localized galectin-4 in MHC-II-positive microglia/macrophages.



2

79

Galectin-4, a negative regulator of oligodendrocyte differentiation, is persistently present in axons and microglia/
macrophages in multiple sclerosis lesions

IFNγ/LPS- and IL-4-activated bone marrow-derived macrophages import galec-
tin-4 in a carbohydrate-dependent manner

To evaluate the presence of galectin-4 in microglia/macrophages upon demyelin-

ation and given the presence of galectin-4 in cytoplasm of microglia/macrophages in 

MS lesions, we determined whether the presence of galectin-4 in these cells may be 

a result of uptake of galectin-4, secreted from axons. As a major part of the activated 

macrophages in active MS lesions are derived from infiltrated macrophages 396, and 

microglia and macrophages may have unique roles in MS lesions development 397,398, 

we assessed galectin-4 uptake in BMDMs. To this end, cultured naïve BMDMs were 

treated with either IFNγ/LPS to induce a classical pro-inflammatory activation state 

or IL-4 to induce an anti-inflammatory pro-regenerative alternative activation phe-

notype. As shown in fig. 5, IFNγ/LPS-activated and IL-4-activated BMDMs readily 

imported fluorescently-labeled galectin-4 within 30 min, irrespective of the activa-

tion state. In both BMDM activation states, galectin-4 uptake was inhibited upon ad-

dition of a mixture of lactose and asialofetuin (ASF), which inhibits carbohydrate-de-

pendent binding of the lectin (Fig. 5A, 376). This suggests that uptake of galectin-4 by 

BMDMs requires cell binding via glycans to make endocytosis possible. Live labeling 

with biotinylated-galectin-4 at 4°C showed that IFNγ/LPS-activated and IL-4-acti-

vated rat BMDMs had galectin-4-binding sites at their cell surface and that galectin-4 

binding was carbohydrate-inhibitable (Fig. 5B and C). Approx. 80% of the cells in ei-

ther activation state displayed galectin-4 binding sites, which was reduced to approx. 

10-20% in the presence of the mixture of cognate glycan. Therefore, macrophages 

may scavenge galectin-4 from the environment, for example to prevent its binding 

to OLGs. Looking at cell stimulation, a particular microglia/macrophage activation 

state that is of relevance for de- and remyelination may endogenously express galec-

tin-4, which was a hypothesis that was examined next.

Galectin-4 expression is enhanced in IL-4-activated microglia and bone mar-
row-derived macrophages 

To evaluate whether BMDMs and microglia endogenously express galectin-4, West-

ern blot analysis on monocultures was performed. Galectin-4 protein levels were 

significantly upregulated in alternatively IL-4-activated BMDMs and microglia com-
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pared to IFNγ/LPS-activated and naïve BMDMs and microglia (Fig. 6A-D). The ac-

tivation states were verified by measuring expression of iNOS and arginase, which 

are markers for classically or alternatively activated BMDMs and microglia, respec-

tively 228,399,400. Western blot analysis of conditioned medium provided no evidence 

for detectable galectin-4, suggesting that the levels of secreted galectin-4 were very 

low, or, more likely, that galectin-4 was not secreted (Fig. 6E). In contrast, galectin-3 

was secreted by BMDMs and microglia (Fig. 6E), as described 144,258,306. Immunocy-

tochemical analysis showed that galectin-4 was localized to the cytoplasm and nu-

cleus in IL-4-activated BMDMs and microglia (Fig. 6F). Upon IFNγ/LPS activation, 

galectin-4 was also present, although to a lesser extent, in the cytoplasm and nu-

cleus of IFNγ/LPS-activated BMDMs, while galectin-4 appeared to be restricted to 

the cytoplasm in IFNγ/LPS-activated-microglia. In conclusion, galectin-4 expression 

was significantly enhanced in IL-4-activated BMDMs and microglia. However, galec-

tin-4 was not secreted by BMDMs and microglia. Thus, in contrast to axonal-derived 

Figure 5. IFNγ/LPS- and IL-4-activated bone marrow-derived macrophages import 
galectin-4 in a carbohydrate-inhibitible manner. (A) Uptake (30 min at 37 °C) of Alexa-
555-labeled galectin-4 in IFNγ/LPS and IL-4-activated bone marrow-derived macrophages 
(BMDMs) in the absence (Cntrl) or presence of a potent inhibitor of carbohydrate-dependent 
galectin binding, i.e., a mixture of ASF/lactose. Representative image of 3 independent 
experiments are shown. (B) Binding of biotinylated galectin-4 (30 min at 4 °C) to IFNγ/LPS- 
and IL-4-activated BMDMs. Representative image of 3 independent experiments are shown. 
(C) Quantitative analysis of B. The percentage of cells that have galectin-4-binding sites at 
the surface of total DAPI-stained cells is indicated. Data are shown as mean ± SD. Statistical 
differences as assessed with a one-way ANOVA are indicated (*** p < 0.001, Bonferroni, 
n=3). Scale bars are 25 µm.
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Figure 6. Analysis of the level of galectin-4 presence in rat bone marrow-derived 
macrophages and microglia following in vitro stimulation of IL-4. (A-D) Relative levels 
of galectin-4 presence in IFNγ/LPS- and IL-4-activated bone marrow-derived macrophages 
(BMDMs) (A,C) and microglia (B,D) compared to control (Cntrl). Intensities of protein bands 
were quantified using Scion Image software, actin and GAPDH serve as a loading control; 
iNOS is a marker for classically activated microglia/macrophages; arginase is a marker for 
alternatively activated microglia/macrophages. Representative Western blots of 3 (BMDM) or 
5 (microglia) independent experiments are shown. In each independent experiment, control 
was set to 1. Data are shown as mean ± SD relative to control (horizontal line). Statistical 
differences relative to controls as assessed with a one sample t-test are indicated (* p ≤ 
0.05). (E) Western blot analysis of presence of galectins-3 and -4 in non-conditioned medium 
(NCM) as well as conditioned medium (CM) of control and IFNγ/LPS- or IL-4-activated 
BMDMs (n=3) and microglia (n=6). (F) Immunocytochemical detection of galectin-4 (red) 
in IFNγ/LPS- and IL-4-activated BMDMs. Nucleus is visualized with DAPI. Representative 
images of 3 independent experiments are shown. Scale bars are 10 µm.
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galectin-4, the microglia/macrophage galectin-4 likely does not affect OLG differen-

tiation via its secretion.

DISCUSSION

Understanding the process of remyelination and why it fails in MS may provide tar-

gets for remyelination-based therapy that preserves axons and halts disease progres-

sion. Here, we show that galectin-4, a soluble negative neuronal regulator of myelin-

ation 49, was transiently re-appeared in axons of the corpus callosum upon cupri-

zone-induced demyelination, while galectin-4 was persistently present in axons of 

chronic MS lesions. Galectin-4 was also detected in the nucleus of activated microg-

lia/macrophages in cuprizone-demyelinated areas, and in the cytoplasm and nuclei 

of activated microglia/macrophages in active MS lesions. In vitro analyses revealed 

that galectin-4 resided in BMDMs, following endocytosis in a carbohydrate-inhibit-

able manner, while IL-4-mediated activation towards alternatively activated BMDMs 

and microglia induced the expression of endogenous galectin-4. Thus, these find-

ings suggest that, similar to developmental myelination, neuronal galectin-4 may 

play a regulatory role in the fine tuning of OPC differentiation upon demyelination 

involving activated microglia/macrophages, which may remove secreted galectin-4 

from the environment preventing its action on immature OLGs (Fig. 7). Whether 

galectin-4 is also taken up by astrocytes and whether endogenous galectin-4 in mi-

croglia/macrophages is important for remyelination to occur, e.g., via modulating 

the production and/or release of pro-myelinating factors, remains to be determined 

(Fig. 7). During CNS development, the disappearance of neuronal galectin-4 is co-

incident with the initiation of myelination 49. The present study showed a similar 

inverse correlation between axonal galectin-4 and the initiation of remyelination. 

Also, demyelinated chronic inactive and, to a lesser extent, active white matter MS 

lesions axons showed strong intensity of galectin-4 immunoreactivity. Interestingly, 

not all axons in active MS lesions and in cuprizone-demyelinated corpus callosum 

were galectin-4-positive. In addition, galectin-4 was only occasionally expressed in 

axons at inflammatory infiltrates in the cr-EAE animal model. This indicates that 

the observed presence of galectin-4 in demyelinated areas is likely not an immediate 

response to demyelination. Alternatively, the absence of axonal galectin-4 in cr-EAE 

may partially be explained by the still limited and ongoing demyelination 387,388,401. 
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Figure 7. Hypothetical model of the role of galectin-4 (Gal-4) upon demyelination (A), 
remyelination (B) and remyelination failure in multiple sclerosis (MS, C). (A) Upon 
demyelination, galectin-4 is re-expressed in axons. Similar to its role during developmental 
myelination, secreted neuronal galectin-4 binds to immature oligodendrocytes which will 
halt their premature differentiation. Hereby, an environment is maintained, where first myelin 
debris could be cleared. (B) At the onset of remyelination, galectin-4 is not expressed by 
neurons, and the remaining secreted galectin-4 may be cleared by microglia/macrophages, 
allowing OPC maturation and remyelination. In addition, alternatively activated microglia/
macrophages that are essential for remyelination to occur 22 express galectin-4. Microglia/
macrophage galectin-4 and may modulate OPC maturation via secreted factors by 
facilitating their secretions, or by enhancing their expression at the transcriptional level. (C) 
In MS lesions, the expression and likely secretion of galectin-4 in axons persists, which may 
arrest OPC differentiation. Given the observed presence of a mixed microglia/macrophage 
phenotype in MS lesions 282,283, the number of microglia/macrophages with nuclear positivity 
for galectin-4 is decreased, all of these events may prevent OPC maturation and contribute 
to remyelination failure.
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Indeed, during development only non-myelinated axon segments contain galectin-4, 

while neuronal galectin-4 is segregated from myelinated axons 153. The presence of 

axonal galectin-4 upon cuprizone-induced demyelination was transient, i.e., axonal 

galectin-4 expression was downregulated upon remyelination. Hence, the absence 

of axonal galectin-4 in some axons, may also reflect early remyelination events or 

successful remyelination. In contrast, in chronic MS lesions where remyelination 

fails, axonal galectin-4 expression was maintained. Given the negative regulatory role 

of neuronal galectin-4 in the timing of myelination 49, the transient presence upon 

demyelination at non-pathological conditions suggests a similar role of galectin-4 

in the fine-tuning of remyelination. The persistent presence of axonal galectin-4 in 

chronic MS lesions may contribute to the quiescence of OPCs, and therefore remy-

elination failure (Fig. 7). Re-expression of an axonal protein that acts as an inhibitor 

of developmental myelination is not unique, as other negative regulators of OLG 

differentiation are re-expressed upon demyelination. For example, the neural cell 

adhesion molecule PSA-NCAM is re-expressed by demyelinated axons upon demy-

elination and is present in MS lesions 35. Also LINGO-1 is re-expressed upon demy-

elination and the functional inhibition of LINGO-1 promotes remyelination upon 

toxin-induced demyelination 353,360. To what extent re-expressed galectin-4 is secret-

ed by demyelinated axons and/or is able to localize the adhesion molecule L1 at the 

axonal membrane for functional interaction with oligodendroglial F3/contactin 152 

and, in this way, fine-tune the remyelination process, remains to be established. In 

addition, it will be of interest to examine whether upon demyelination similar galec-

tin-4 containing domains will be formed on axonal membranes, as observed during 

neuronal development that locally determine myelin-free axon segments 153.

In addition to its presence in axons, galectin-4 was also detected in activated microg-

lia/macrophages upon cuprizone-induced demyelination, in active MS lesions and 

in inflammatory infiltrates in cr-EAE. While no specific markers for either microglia 

or macrophages were used, it is likely that in vivo both activated resident microg-

lia and infiltrated macrophages harbor galectin-4. Microglia outnumber infiltrated 

macrophages in cuprizone-induced lesions 383-386, and infiltrated macrophages are 

prominently present in cr-EAE and MS lesions 388,396. In fact, in active MS lesions, 

it is estimated that 45% of the macrophages are derived from activated resident mi-
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croglia and 55% from infiltrated monocytes/macrophages 396. The presence of galec-

tin-4 in activated microglia was caused by an upregulation, as galectin-4 protein is 

hardly detected in microglia in brain tissue during development 49. Our in vitro anal-

ysis showed that both classically IFNγ/LPS- and alternatively IL-4-activated BMDMs 

had galectin-4-binding sites at their surface and that galectin-4 was taken up to by 

either type of macrophage in a carbohydrate-inhibitable manner. This in part may 

explain the localization of galectin-4 in the cytoplasm of microglia/macrophages in 

MS lesions. Potentially, given the presence of galectin-4-binding sites on BMDMs, 

galectin-4 secreted by neurons may modulate macrophage activation and function, 

as has also been reported for an oxidized form of galectin-1, which is monomeric and 

has lost lectin activity 402. In addition, galectin-4 is known as potent modulator of the 

proteome of colon cancer cells at multiple sites, e.g., binding of galectin-4 to the cell 

surface increased expression of proteins related to secretory and transport functions 
403. Also, exogenous addition of galectin-4 to blood-derived macrophages increases 

the secretion of TNFαand IL-10, and regulates T-cell function by macrophage prim-

ing 240. Our preliminary findings showed that iNOS and arginase expression was not 

altered by galectin-4 treatment or galectin-4 overexpression (data not shown), sug-

gesting that (neuronal) galectin-4 does not drastically alter or switch these mark-

ers of the activation state of macrophages. Of interest, in mice with induced colitis, 

galectin-4 has been linked to stimulate IL-6 production by CD4+ cells only under 

inflammatory conditions 404. Galectin-4 may play a similar role during inflammatory 

processes in MS lesions, and its effective endocytosis may preclude its effect on OLGs 

as noted above.

Galectin-4 was also present in ED1-positive microglia/macrophages at the relapse 

phase of cr-EAE with less prominent expression of axonal galectin-4. This indicates 

that the expression of galectin-4 in microglia/macrophages is likely an immediate 

endogenous response to CNS injury. Indeed, our previous findings demonstrate that 

galectin-4 mRNA is hardly detectable in postmortem MS lesions, while galectin-1, -3, 

and -8 mRNA levels were enhanced 288. Upon cuprizone-mediated demyelination 

where a remyelination-supportive microglia/macrophage phenotype is predominant 
232, galectin-4 was mainly localized to the nucleus of microglia/macrophages in the 

demyelinated areas of the corpus callosum. Our in vitro findings demonstrate that 
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galectin-4 was expressed, but not released by BMDMs and microglia, with an in-

creased expression of galectin-4 in alternatively IL-4-activated BMDMs and microg-

lia, a phenotype that is supportive for remyelination 22. Remarkably, galectin-4 was 

localized to the cytoplasm and nucleus in IL-4-activated BMDMs and microglia. In 

MS lesions, galectin-4 was present both in the cytoplasm and nucleus of alternatively 

activated CD206/MMR-positive microglia/macrophages. In comparison, the major-

ity of galectin-4-positive CD206/MMR-negative microglia/macrophages had galec-

tin-4 in their cytoplasm, as also observed for cultured IFNγ/LPS-activated microglia. 

This suggests an additional role of endogenous (nuclear) galectin-4, most likely in 

gene transcription regulation, in alternatively activated microglia/macrophages in 

addition to scavenging neuronal galectin-4 from OLGs. Notably, nuclear presence 

of galectins is a frequently encountered phenomenon, and cytoplasmic to nuclear 

translocation of galectin-4 has been documented upon OPC differentiation 49,151 and 

in the rat small intestine 405. In mature OLGs, nuclear galectin-4 binds to both glyco-

sylated p27 and Sp1, the latter associating to the MBP promoter. Hence, the observed 

increased number of Iba-1-negative cells that showed galectin-4 immunoreactivity 

in the nucleus upon remyelination following cuprizone-induced demyelination may 

represent differentiated OLGs. How galectin-4 is targeted to the nucleus in microg-

lia/macrophages and in OLGs remains to be determined. 

 

Taken together, in addition to axonal adhesive signals in MS, demyelinated axons in 

MS lesions persistently express and likely secrete galectin-4, what may contribute to 

prevent OPC differentiation (Fig. 7). In the majority of microglia/macrophages in 

MS lesions, galectin-4 was present in the cytoplasm, rather than in the nucleus as 

observed upon cuprizone-induced demyelination. This finding may be related to the 

fact that microglia/macrophages do not fully reach the alternatively-activated state 

in MS lesions 282,283. This may also contribute to the inhibition of OPC differentiation 

(Fig. 7). Therefore, the observed persistence of re-expressed neuronal galectin-4 and 

the absence of nuclear galectin-4 in most microglia/macrophages may be involved to 

disrupt the process of remyelination and play a part in the disease progression of MS. 

Hence, pharmacological modulation of galectin-4 function at this site may be envi-

sioned to represent a novel therapeutic strategy to overcome remyelination failure. 
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SUPPLEMENTARY FIGURE 1. De- and remyelination in the cuprizone model. (A,B). Luxol 
fast blue (LFB, myelin stain, A) staining and PLP in situ hybridization (OPC differentiation 
marker, B) of control mice (Cntrl) and mice that were fed with 0.2% cuprizone for 3 or 5 weeks
(demyelination, DM 3 wks and DM 5 wks), and 2 weeks after cuprizone removal (remyelination, 
RM 2wks). Representative images of sections of the corpus callosum of 3-4 animals per 
condition are shown. Scale bar are 100 µm. 
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Supplementary figure 1. De- and remyelination in the cuprizone model. (A,B). Luxol 
fast blue (LFB, myelin stain, A) staining and PLP in situ hybridization (OPC differentiation 
marker, B) of control mice (Cntrl) and mice that were fed with 0.2% cuprizone for 3 or 5 
weeks (demyelination, DM 3 wks and DM 5 wks), and 2 weeks after cuprizone removal 
(remyelination, RM 2wks). Representative images of sections of the corpus callosum of 3-4 
animals per condition are shown. Scale bar are 100 µm.

Galectin-4ED1

SUPPLEMENTARY FIGURE 2. Galectin-4 localizes to inflammatory infiltrates at the 
relapse phase of cr-EAE.  Immunohistochemical staining of serial sections to detect 
galectin-4 and the activated microglia/macrophage marker ED1 at the relapse phase 
of cr-EAE. Scale bar is 200 µm.

Supplementary figure 2. Galectin-4 localizes to inflammatory infiltrates at the relapse 
phase of cr-EAE. Immunohistochemical staining of serial sections to detect galectin-4 and 
the activated microglia/macrophage marker ED1 at the relapse phase of cr-EAE. Scale bar 
is 200 µm.
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SUPPLEMENTARY FIGURE 3. Galectin-4 is only occasionally present in NF-H-positive 
axons in the relapse phase (III) of cr-EAE. Double immunohistochemistry of galectin-4 (Gal-4, 
red) and the axonal marker NF (green). Insets show regions at higher magni�cation. Repre-
sentative images of sections of of 3-4 animals are shown. Nuclei were visualized with DAPI 
(blue). Scale bars are 25 µm and 10 µm (merged). 

Supplementary figure 3. Galectin-4 is only occasionally present in NF-H-positive axons in 
the relapse phase (III) of cr-EAE. Double immunohistochemistry of galectin-4 (Gal-4, red) and 
the axonal marker NF (green). Insets show regions at higher magnification. Representative 
images of sections of 3-4 animals are shown. Nuclei were visualized with DAPI (blue). Scale 
bars are 25 µm and 10 µm (merged).
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ABSTRACT

Galectin-4 is a tandem-repeat-type galectin with two different carbohydrate recog-

nition domains (CRDs) that are connected via a small linker peptide. In the adult, 

galectin-4 is mainly present in epithelial cells of the alimentary tract, while upon 

development galectin-4 is also expressed and secreted by neuronal axons of the 

central nervous system (CNS). Previously, we revealed hat neuronal galectin-4 is 

a negative regulator of myelination that is transiently re-expressed on axons upon 

demyelination in experimental models, while being persistently present on axons 

in demyelinated multiple sclerosis lesions. As microglia/macrophages also harbor 

galectin-4 protein in demyelinated areas, we aimed to unravel whether both neurons 

and microglia/macrophages are cellular sources of galectin-4 upon demyelination 

by examining galectin-4 at the mRNA level. Using an in situ hybridization probe 

against the C-terminal CRD of galectin-4, galectin-4 mRNA was not detected in cu-

prizone-induced demyelinated corpus callosum. By contrast, qPCR analysis revealed 

an increase in galectin-4 mRNA levels upon lysolecithin-induced demyelination. 

RT-PCR analysis demonstrated that galectin-4 mRNA levels are increased in alter-

natively (IL-4)-activated bone marrow-derived macrophages. Surprisingly, two PCR 

products were observed, suggesting a possible new isoform of galectin-4. More elab-

orate RT-PCR analysis with different primer pairs revealed that in vitro, microglia and 

bone marrow-derived macrophages, but also oligodendrocytes and cortical neurons, 

expressed in addition a galectin-4 isoform with likely a similar linker length, but with 

a different N-terminal and C-terminal CRD as intestine galectin-4. Further research 

on this non-intestine isoform of galectin-4 is warranted before it can be concluded 

whether microglia/macrophages are cellular sources of galectin-4 upon CNS demy-

elination. 
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INTRODUCTION

Galectins are lectins that bind specifically to β-galactoside-binding glycoconjugates 

and known to have a role in numeral processes such as differentiation, inflammatory 

responses and intracellular signaling (reviewed by Barondes et al. 1994; Cummings 

and Liu 2009; Gabius 1997). Galectin-4 is a tandem-repeat-type galectin and con-

sists of two different carbohydrate recognition domains (CRDs) connected by a small 

linker peptide 406,407. Galectin-4 is synthesized as a cytosolic protein and while galec-

tin-4 harbors no signal peptide for secretion, the lectin is secreted via a non-classical 

secretion pathway 106. In healthy adults, galectin-4 is primarily observed in epithelial 

cells in organs along the alimentary tract 408,409, while galectin-4 expression is upreg-

ulated in several different cancers 410,411. The two CRDs of galectin-4 have different 

carbohydrate binding specificities, and therefore galectin-4 is able to simultaneously 

bind different ligands. In addition, the presence and length of the linker between the 

CRDs is crucial for the function of tandem-repeat-type galectins 49,412–415, including 

for the function of galectin-4 49,416. 

During brain development galectin-4 is present on axons, while its expression on 

axons is downregulated at the onset of myelination 49. Functional studies revealed 

that secreted neuronal galectin-4 negatively regulates the differentiation of oligo-

dendrocyte progenitor cells (OPCs) into myelin membrane forming oligodendro-

cytes 49. Both galectin-4 CRDs and the connecting linker region are essential for its 

role as a negative regulator of OPC differentiation 49. In addition, neurons regulate 

myelin deposition by sorting galectin-4 domains along the axon surface 153. Finally, 

galectin-4 is transiently expressed in the nucleus of immature oligodendrocytes and 

involved in the regulation of the expression of MBP 151, a major myelin protein that is 

imperative for myelination. While, in healthy adult brain tissue galectin-4 is virtually 

absent 49,288,408, upon demyelination galectin-4 is transiently re-expressed on axons 
147. In the neurodegenerative and demyelinating disease multiple sclerosis (MS), the 

re-expressed neuronal galectin-4 persists 147, and may contribute to remyelination 

failure in MS. Remarkably, and in contrast to developmental myelination, galectin-4 

is also present in microglia/macrophages upon cuprizone-induced demyelination, in 

chronic relapsing experimental autoimmune encephalomyelitis (crEAE) spinal cord 

lesions and in white matter MS lesions 147.  
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While both neuronal and oligodendroglial galectin-4 are regulators for myelination, 

a function for galectin-4 in microglia/macrophages in demyelinated areas remains to 

be determined. For example, it is still unclear whether the presence of galectin-4 in 

microglia/macrophages upon demyelination may be a result of endogenous produc-

tion of galectin-4 by microglia and/or by infiltrating macrophages, or by the uptake 

of secreted neuronal galectin-4. Of note, galectin-4 is localized to both the cyto-

plasm and nucleus in microglia/macrophages in demyelinated areas 147. Also, in vi-

tro, galectin-4 expression is increased in alternatively (IL-4)-activated microglia and 

bone marrow-derived macrophages (BMDMs) monocultures 147, suggesting that mi-

croglia/macrophages may endogenously express galectin-4. Here, we aimed to study 

whether microglia/macrophages are cellular sources of galectin-4 upon demyelin-

ation by in situ hybridization (ISH). Rather unexpectedly, and in contrast to previous 

findings at the protein level 147, our findings using an ISH-probe against the galec-

tin-4 C-terminal CRD revealed that galectin-4 mRNA was not detected upon cupri-

zone-induced demyelination, while qPCR analysis of lysolecithin-induced demyelin-

ated lesions demonstrated an increase of galectin-4 mRNA at de- and remyelination. 

Additional RT-PCR analysis using several distinct sets of primer pairs demonstrated 

that in vitro, BMDMs and microglia, but also oligodendrocytes and cortical neurons, 

expressed an alternatively spliced galectin-4 isoform in addition to galectin-4 pres-

ent in intestine epithelial cells that differs in its N-terminal and C-terminal CRD. 
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MATERIAL AND METHODS    

Toxin-induced demyelination

Cuprizone-induced demyelination

Experimental animal protocols for the cuprizone demyelination model and primary 

cell cultures were approved by the Institutional Animal Care and Use Committee 

of the University of Groningen (the Netherlands). All methods were carried out in 

accordance with national and local experimental animal guidelines and regulations. 

Eight to 10-week old adult male C57Bl/6 mice (Harlan) were individually housed in 

a controlled environment with free access to food and water in the central animal 

facility of the University Medical Center Groningen. To induce demyelination, mice 

were fed 0.2% cuprizone (bis-cyclohexanone oxalhydrozone, Sigma) mixed into 

standard rodent chow for five weeks. After 5 weeks of cuprizone-supplemented 

chow, mice were fed a standard chow diet for two weeks to allow for remyelination. 

Cuprizone-fed animals were sacrificed after three (DM 3 wks) and five weeks (DM 

5 wks) feeding and after two weeks remyelination (RM 2 wks). Control animals 

were kept at the same conditions for seven weeks without cuprizone feeding.  

 
Lysolecithin-induced demyelination

As described previously, processing of tissue and surgery were performed 221. Briefly, 

eight to ten week-old female CL57BL/6 mice were anaesthetized with isoflurane and 

lesions in the spinal cord were generated by direct injection of 1 µl 1% lysolecithin 

(Sigma) into the ventral funiculus. Mice were sacrificed at the indicated time post 

lesion and tissue processed for qPCR analysis as described 221,417. Control spinal 

cord tissues were taken from non-lesioned thoracic segments of spinal cord. 

Experiments were performed in compliance with UK Home Office regulations. 

 
Tissue preparation and selection cuprizone-induced demyelination

Mice were anesthetized with isoflurane and intracardially injected with an over-

dose of pentobarbital (Euthasol®, AST Farma). Mice were intracardially perfused 

with PBS, followed by 4% PFA in PBS (pH 7.4). Paraformaldehyde (PFA) perfused 

brains and intestines were cryoprotected in 20% sucrose in PBS at 4°C for 1-3 days. 
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Brains and intestines (only controls) were embedded in OCT, frozen on dry ice 

and sectioned at 16 µm. According to Steelman and colleagues demyelination in 

the corpus callosum after cuprizone-feeding is significant at -0.9 mm from Breg-

ma 418. Therefore, using the Allen Mouse Brain Atlas 371 as a reference, brain slices 

and the corpus callosum were studied at the level of 59-63 of the Atlas. Sudan Black 

staining (0.1% in 70% ethanol for 10-15 min) was used to identify demyelinated ar-

eas in the corpus callosum, which appear as pale areas. To check the specificity of 

the galectin-4 ISH probe, intestine slices of the control mice were used as a posi-

tive control. Brain and intestine slices (16 µm) were kept at -80°C until further use. 

 
In situ hybridization

A PCR product of 417 bp (RT-MM001, C-terminal CRD) galectin-4 mRNA (Lgals4) 

was prepared by RT-PCR using total RNA isolated from mouse intestinal tissue. 

Sequences of primers used for RT-PCR are described in table 1 and their location 

on the galectin-4 gene are depicted in figure 1. The fragment was subcloned into 

plasmid pGEM4 with promoters for SP6 and T7 RNA polymerase. The galectin-4 

antisense probe (417 bp) was transcribed using the DIG RNA labeling kit (Roche) 

and T7 RNA polymerase according to manufacturer’s protocol. A sense probe was 

used as a negative control by linearization of the plasmid and transcribed with the 

SP6 polymerase. The DIG-labeled probes used for in situ hybridization were diluted 

1:500 in hybridization buffer (formamide 50%, 200 mM NaCL, 5mM EDTA, 10 mM 

Tris-HCL, 5 mM NaH2PO4.2H2O, 5 mM Na2HPO4, Yeast RNA (Sigma R-7125; 100 

µg/ml), 10% Dextran sulphate, 1x Denhardts in DEPC-treated H2O). Before use 

the probe was denatured for 5-10 min at 75°C. In a humidity chamber intestine and 

brain sections were hybridized with the Lgals4 probe and afterwards covered with 

a glass coverslip and incubated overnight at 65°C. After incubation excess unbound 

probe was removed by subsequently wash the sections 3 times each in washing 

buffer (1x saline citrate buffer; 50% formamide, 0.1% Tween-20) in a waterbath at 

65°C. The first wash for 15 min and then each for 30 min. The slides were 2 times 

for 30 min incubated with 1x MABT (100 mM maleic salt pH 7.5, 150 mM Nacl, 0.1% 

Tween-20) at RT. Slides were blocked for 1 h with a blocking mixture (1x MABT, 2% 

blocking reagent (Roche; 1096176), 10% sheep serum). Slides were incubated with 

alkaline phosphatase-conjugated sheep anti-DIG Fab fragments (Roche; 1093274) in 

blocking solution overnight at 4°C. After washing with 1x MABT hybrids of RNA were 
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visualized with a mix of NBT/BCIP and 10% polyvinyl alcohol resulting in a dark 

purple deposition. After 1.5h – 3h the reaction was stopped by washing the slides 

in water. Sections were mounted with DPX mounting medium (Sigma). Samples 

were visualized with an Olympus bright field BX50 DIC microscope and images were 

acquired with the Olympus CellB program.     

Primary cell culture

Primary mixed glia cultures

Mixed glia cultures were generated from brain tissue obtained from 1-3 day-old Wis-

tar rats (Charles River) as described previously 375,419. In short, papain-digested cor-

tices were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum 

(FBS), 1% penicillin/streptomycin, 1% L-glutamine on poly-L-lysine (PLL; 5 µg/ml, 

Sigma) coated 80 cm2 flasks (Nunc). After 10-12 days a confluent astrocyte layer is 

formed to which microglia and OPCs adhere. 

Microglia

Microglia were shaken off with a 1h shake-off procedure on an orbital shaker (Innova 

4000, New Brunswick Scientific).) at 150 rpm at 37°C. Microglia were plated at a 

density of 2-3 x 106 cells/55 cm2 in culture medium (DMEM consisting 10% FBS, 

1% penicillin/streptomycin) supplemented with rat recombinant macrophage 

colony-stimulated factor (M-CSF; 10 ng/ml, PeproTech, before activation. Cells 

were gently scraped on day 7 and plated in culture medium at a density of 0.5 x 

106 cell/9.5 cm2/2 ml and stimulated for 6h with LPS (200 ng/ml, Sigma) and rat 

IFNγ (2000 U/ml, PeproTech) to induce classically activated microglia or stimulated 

with rat IL-4 (40 ng/ml, PeproTech) to induce alternatively activated microglia. 

Control microglia were cultured for the same period without additional stimuli. 

 
Oligodendrocytes 

After the 1h shake-off to obtain microglia, the flasks were shaken overnight at 

240 rpm and the medium consisting of remaining microglia, OPCs and some 

astrocytes were plated on a non-tissue culture dish at 37°C. In this so-called 

differential adhesion procedure, microglia and astrocytes attached on the 

bottom and the medium with the floating OPCs were collected after 15 min and 
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centrifuged for 7 min at 1000 rpm. OPCs were resuspended in SATO medium 375 

and once attached to the PLL-coated dish PDGF-AA (10 ng/ml, PeproTech, Rocky 

Hill, NJ) and FGF-2 (10 ng/ml, PeproTech) were added for 48h. A combination 

of PDGF-AA and FGF-2 will prevent differentiation and synchronize OPCs to the 

early progenitor stage 420. For RT-PCR OPCs were plated at a density of 0.5 x 106 

cells per 6 well plate (9.5 cm2; 2 ml). After 48h, differentiation was induced by 

refreshing the medium with SATO supplemented with 0.5% FBS and withdrawal 

of the growth factors. OPCs were allowed to differentiate for 3 days to the immature 

oligodendrocytes (OLGs) stage, where endogenous galectin-4 is most expressed 49.  

 
Cortical neurons

Primary rat cortical neurons were isolated from Wister rat embryo’s (E15; Harlan) 

as described earlier with modifications 421,422. Briefly, rat cortices were collected 

in HBSS with 30% glucose content (Invitrogen) on ice. Tissue was trypsinized 

(0.25% trypsin solution) for 20 min at 37°C. After incubation, trypsin was 

removed and the tissue was dissociated by trituration, filtered (70 µm Falcon 

cell strainer; BD Bioscience) and centrifuged at 1000 rpm for 10 min. Cells were 

resuspended in medium (Neurobasal medium (Invitrogen) supplemented 

with 1 x B-27 (Life Technologies), 0.5 mM L-Glutamine and 1% P/S) and plated 

onto PLL-coated dishes. Cells were plated at a density of 3 x 106 cells (1.9 

cm2), medium was refreshed every 2 days and cells were grown for 5-7 days.  

 
Bone marrow-derived macrophages 

To obtain bone marrow-derived macrophages (BMDMs), hind and front legs of 

1-3-days-old Wistar rat pups (Charles River) were dissected and the bone marrow 

cavity of femur and tibia were flushed with BMDM medium containing RPMI medi-

um (Gibco) supplemented with 10% FBS, 1% sodium pyruvate, 1% penicillin/strep-

tomycin. After centrifuging for 5 min at 1500 rpm, the pellets were resuspended in 

BMDM medium containing rat M-CSF (10 ng/ml, PeproTech) to differentiate mono-

cytes towards macrophages. Differentiated bone marrow monocytes were plated at a 

density of 2-3 x 106 cells/55 cm2 and cultured for 6 days. On day 6 BMDMs were gently 

scraped and plated in culture medium at a density of 1 x 106 cell (55 cm2) stimulated 

for 6h with LPS (200 ng/ml, Sigma) and rat IFNγ (2000 U/ml, PeproTech) to induce 

classically activated macrophages or to induce alternatively activated macrophages 
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and were stimulated with rat IL-4 (40 ng/ml, PeproTech). Control BMDMs were cul-

tured for the same period without additional stimuli. 

RT-PCR and qPCR

Tissue and cells were processed using the RNeasy Mini Kit (Qiagen, Hamburg, 

Germany) according to manufacturer’s protocol to retrieve RNA. A total of 1 µg of 

RNA was reversely transcribed using oligo (dT), 10 mM dNTP mix, 5x first strand 

buffer and Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV-

RT; Invitrogen). GoTaq Green Master Mix (Promega, M7122), Mg2+ and dNTPs 

was used to amplify cDNA according to the following protocol; 94°C for 5 min; 

40 cycles: 94°C for 1 min, annealing temperature dependent on used primer for 

30 s (Table 1), 72°C for 1 min, followed by final extension at 72°C for 7 min. PCR 

products were separated on agarose gel containing Midori Green (GC Biotech). 

Real-time quantitative PCR (qPCR) was performed using the Applied Biosystems 

StepOnePlus Real-Time PCR System. Each reaction contained 5-10 ng cDNA, 0.2 

µM primers (Table 1) and 1x Absolute SYBR Green Rox mix (Thermo Scientific). 

The following protocol was used; 40 cycles: 95°C for 30 s, annealing temperature 

dependent on used primer for 30 s (Table 1), 72°C for 30 s, followed by final 

extension at 72°C for 7 min. Next to checking the required primer efficiency 

>90% a no-template negative control was used to ensure no cross contamination  

occurred. Gene  expression levels  were  calculated  using  the Comparative Ct (2-

∆∆Ct) method 423 and were normalized against HMBS and HPRT1. Relative fold 

expression of Arg1 (Arginase-1) and Tnf (TNFα) were used as positive controls for the 

alternatively-induced phenotype and the classically induced phenotype, respectively. 
 
Sequencing

RNA was isolated from rat intestine tissue and cultured cortical neurons with the 

RNeasy Kit (Qiagen, Hamburg, Germany) according to manufacturer’s protocol. 

As described above cDNA was prepared and PCR products were amplified using 

the primer pair RT-RN001 (Table 1). Samples were send to Baseclear B.V. (The 

Netherlands) and the Quickshot single sequencing procedure with PCR purification 

was chosen. 
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Statistics

Data are expressed as mean ± standard deviation (SD) of 3 independent cell culture 

preparations. Relative values were compared to untreated control cells, which were 

set to 1 in each independent experiment. Statistical differences were calculated by 

column statistics where the column means significant different that a hypothetical 

value of 1.0 (one sample t-test) using GraphPad Prism version 5.03. In all cases, p<0.05 

was considered significant. 
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RESULTS

Galectin-4 mRNA is not detected by a C-terminal CRD in situ hybridization probe 
in cuprizone-demyelinated corpus callosum.

Our previous findings demonstrate the presence of galectin-4 protein in neuronal 

axons and microglia/macrophages in demyelinated areas, including MS lesions 147, 

while upon development galectin-4 is only present in neurons and oligodendrocytes 
49. To demonstrate whether microglia/macrophages produce galectin-4 upon 

demyelination, and are therefore a cellular source of galectin-4, we examined the 

cellular localization of galectin-4 mRNA (Lgals4) in demyelinated areas by in situ 

hybridization. Upon oligodendrocyte intoxication with the copper chelator cuprizone, 

demyelination is induced most prominently and reproducibly in the corpus callosum 
219,424,425, while robust remyelination occurs upon cuprizone withdrawal. A Sudan 

Black myelin staining confirmed demyelination in the corpus callosum at 3 wks and 

5 wks of cuprizone feeding, and remyelination at 2 wks upon cuprizone withdrawal 

(Fig 2A). In situ hybridization using an ISH-probe against the C-terminal CRD 

(Fig. 1A) revealed that galectin-4 mRNA was hardly, if at all, observed in the corpus 

callosum at 3 wks or 5 wks upon cuprizone-induced demyelination (Fig. 2B; inset). 

Also, galectin-4 mRNA was not detectable by in situ hybridization in neuronal cell 

bodies in the surrounding grey matter, and in the corpus callosum in control and at 

2 wks remyelination (Fig. 2B; zoom in). In contrast, galectin-4 mRNA was detected 

in the epithelial cells in the loops of the intestinal villi (Fig. 2C), indicating that the 

galectin-4 ISH probe was effective. Also, the probe seemed to be specific, as with 

the sense probe hardly if at a signal was measured (Fig. 2C). In fact, the galectin-4 

mRNA hybridization signal in the demyelinated and remyelinated corpus callosum 

is about equal to the sense background level. As we previously showed that galectin-4 

protein is transiently expressed upon cuprizone-induced demyelination 147, these 

findings may indicate that mRNA expression of galectin-4 during demyelination 

and/or remyelination is short-living and/or that galectin-4 mRNA expression is 

present at a different time period upon demyelination. Therefore, we next examined 

galectin-4 mRNA expression in a different toxin-induced demyelination model, i.e., 

focal lysolecithin-induced demyelination, by qPCR using a primer pair that is specific 

to the N-terminal CRD (Table 1, Fig. 1A, primer pair qRT- MM002).
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In the lysolecithin model, demyelination and remyelination are more clearly separated 

with prominent demyelination at 3 and 5 days post lesion (DPL), while the onset of 

remyelination is at 10 DPL 221. As shown in figure 2D, galectin-4 mRNA levels were 

increased at 3 and 5 DPL compared to non-lesioned tissue. This indicates that upon 

lysolecithin-induced demyelination galectin-4 mRNA is produced for a prolonged 

period and/or relatively stable. At remyelination, i.e., 14 DPL, the galectin-4 mRNA 

levels are still increased, which may represent oligodendroglial galectin-4 49,151. Thus, 

these findings revealed that galectin-4 mRNA levels are upregulated upon toxin-

induced demyelination, but given the lack of signal of the ISH galectin-4 C-terminal 

CRD probe, it is still unclear whether in addition to neurons, microglia/macrophages 

are cellular sources for galectin-4. Therefore, we next examined the presence of 

galectin-4 mRNA in cultured microglia and BMDMs.

Figure 1
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Figure 1. Schematic overview of the used sets of primer pairs aligned on the 
predicted galectin-4 gene (Lgals4).  Mouse galectin-4 primer pairs are aligned to the 
curated galectin-4 mRNA (NM_010706.2) in (A), and rat galectin-4 primer pairs and shRNA 
constructs in (B) (NM_012975). Differences in coding regions with a predicted mouse and rat 
galectin-4 mRNA sequence is indicated in (A) (XM_006539566.4) and (B) (XM_008759113), 
respectively. The carbohydrate recognition domains (CRDs) are indicated as grey bars. 
RT-PCR pairs that generate no, 1 or more PCR products are depicted in red, green and 
orange, respectively (see Fig. 4). RT are RT-PCR primer pairs, qRT are qPCR primer pairs, 
shRNA are shRNA constructs, only (3) generated a galectin-4 knockdown (our unpublished 
observations, 152). RN is Rattus norvegicus, MM is Mus musculus. See Table 1 for the 
sequences of the primer pairs.
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Figure 2. Detection of galectin-4 mRNA in toxin-induced demyelination models. (A) 
Sudan Black myelin staining on fixed section of control mice (Cntrl) and mice that were fed 
with 0.2% cuprizone for 3 or 5 weeks (DM 3 wks and DM 5 wks) as demyelination appears 
as a pale area in the corpus callosum and as a darker area in Cntrl and in mice 2 weeks 
after cuprizone removal (remyelination, RM 2 wks). Representative images of sections of 
the corpus callosum of 3-4 animals per condition are shown. Scale bar is 250 µm. (B) In 
situ hybridization (ISH) detection of galectin-4 mRNA (Lgals4) using a ISH probe against the 
C-terminal CRD of galectin-4 (RT-MM002, Table 1, Fig. 1B) on fixed sections at the indicated 
stages of cuprizone-induced demyelination. Note that no galectin-4 mRNA was observed in 
the corpus callosum or in the grey matter of mice upon cuprizone-induced demyelination. 
Scale bars at lower magnification are 1000 µm, at the insets 250 µm. (C) Small intestine 
tissue slices were probed with antisense and sense ISH probes against C-terminal CRD 
galectin-4. Note that the signal with the galectin-4 anti-sense probe was restricted to the 
epithelial cells in the intestinal villi, while hardly, if at all, signal (purple/blue color) was 
observed with the sense probe. Scale bar is 250 µm. (D) cDNA obtained from lysolecitin-
induced demyelinated lesions at the indicated days post lesion (DPL) were subjected to 
qPCR analysis using primer pair directed against the N-terminal CRD of galectin-4 (qRT-
MM002, Table 1, Fig. 1B). Bar represents mean expression levels relative to Hprt1 of two 
to four animals per condition. Error bars show the standard deviation. Similar findings were 
obtained when using Hbms as housekeeping gene.  
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Galectin-4 mRNA is hardly detectable by qPCR in BMDMs and microglia

Our previous in vitro data revealed that galectin-4 protein expression is upregulated 

in IL-4-treated (alternative activation), but not IFNγ+LPS treated (classical 

activation) BMDMs and microglia 147. To assess whether microglia and BMDMs 

express galectin-4 mRNA in vitro, we examined galectin-4 mRNA expression in 

alternatively (IL-4) and classically (IFNγ+LPS) activated microglia and BMDMs. 

Unexpectedly, and in contrast to galectin-4 protein expression, qPCR analysis using 

a set of primer pairs directed against the C-terminal CRD (primer pair (q)RT-RN002, 

table 1, Fig. 1B) demonstrated that both in BMDMs and in microglia galectin-4 mRNA 

expression was hardly increased upon 6h IL-4 treatment compared to untreated 

and IFNγ+LPS treated cells (Fig 3A, B). IL-4- and IFNγ+LPS-stimulated BMDMs 

significantly increased the mRNA expression of the alternatively activated marker 

Arginase-1 (Arg1) and the classically activated marker TNFα (Tnf), respectively 

(Fig. 3A), indicating that the cells were polarized. In contrast, TNFα mRNA was not 

increased in IFNγ+LPS-treated microglia, while the level of arginase-1 transcripts was 

increased upon IL-4 stimulation (Fig. 3B). This may indicate that in microglia TNFα 

mRNA expression upon IFNγ+LPS-activation is either faster or slower compared to 

BMDMs. Using Western blot analysis for Arginase-1 and iNOS (classical activation), 

our previous findings showed that microglia do polarize upon exposure to IL-4 or 

IFNγ+LPS 147,426. Of relevance, the Ct values were around threshold indicating a 

very low galectin-4 mRNA expression in microglia and BMDMs per se or bad primer 

specificity. Therefore, another set of qPCR primers (primer pair qRT-RN003, table 

1, Fig. 1B) was designed that anneal to the N-terminal CRD of rat galectin-4. Similar 

to the findings with the previous qPCR primer pair, the expression of galectin-4 

mRNA upon IL-4 or IFNγ+LPS stimulation was very low and similar to the levels 

detected in untreated BMDMs (Fig. 3C). Hence, these findings suggest that in 

contrast to galectin-4 protein at 48 h of treatment 147, galectin-4 mRNA levels in 

alternatively and classically activated microglia and BMDMs appeared to be very low 

after 6 h-treatment. This does however not exclude that galectin-4 transcript levels 

are altered at an earlier or later time point after treatment. Given that we previously 

revealed a detectable amount of galectin-4 mRNA in untreated microglia with 

RT-PCR analysis 49, we next assessed galectin-4 mRNA expression in BMDMs and 

microglia by RT-PCR. 
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BMDMs and microglia express an additional galectin-4 isoform that differ in their 
C-terminal CRD with intestine-derived galectin-4

To further assess whether BMDMs and microglia produce galectin-4 mRNA, we 

performed a RT-PCR using the qPCR primer pair that is directed against the 

C-terminal CRD (primer pair (q)RT-RN002, Table 1, Fig. 1B). For untreated and IL-4-

treated BMDMs two PCR products were amplified, i.e., a PCR product at the predicted 

size of 273 bp and a PCR product of approx. 350 bp, while for IFNγ+LPS-treated 

BMDMs only the predicted PCR product was formed (Fig. 4A). RT-PCR analyses of 

cDNA generated from rat intestine tissue, where galectin-4 is abundantly expressed, 

showed only the predicted 273 bp product (Fig. 4A), indicating that the primers were 

specific for (intestine) galectin-4 and suggesting that an alternative spliced isoform of 

galectin-4 may be present in BMDMs. Similarly, using the same primer pair, multiple 

RT-PCR products at relatively low levels, were observed with cDNA obtained from 

microglia. More specifically, for untreated microglia 4 products, for IFNγ+LPS-
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Figure 3. Detection of galectin-4 mRNA in cultured bone marrow-derived macrophages 
and microglia by qPCR. Rat-derived bone marrow-derived macrophages (BMDMs, A,C) or 
microglia (B) were left untreated (cntrl), treated with rat IL-4 (40 ng/ml, alternative activation) 
or a combination of LPS (200 ng/ml) and rat IFNγ (2000 U/ml) (classical activation). Galectin-4 
mRNA (Lgals4) expression levels were analyzed using either qPCR primers against the 
C-terminal CRD of galectin-4 ((q)RT-RN002, Table 1, Fig. 1B, A,B) or N-terminal CRD 
(qRT-RN003, Table 1, Fig. 1B, C). Arginase-1 (Arg1, marker for alternative activation) and 
TNFα (Tnf, marker for classical activation) mRNA levels are used as to confirm polarization. 
Bars represent means of relative fold change of control (cntrl, set to 1 at each independent 
experiment, horizontal line) of three independent experiments using Hprt1 as a housekeeping 
gene. Note galectin-4 mRNA levels hardly alter upon classical or alternative activation of 
BMDMs and microglia. 
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treated microglia 1 product was detected and for IL-4-treated microglia 2 products 

(Fig. 4A). Of relevance, and consistent with galectin-4 protein expression, but in 

contrast to the qPCR findings, galectin-4 mRNA levels were increased in BMDMs 

that were treated for 6 h with IL-4 (Fig. 4A). Remarkably, in IL-4-treated microglia, 

the predicted PCR product was absent. Interestingly, galectin-4 splice variants that 

differ in their linker length have been identified in porcine small intestine 427. Using a 

set of RT-PCR primer pairs (RT-RN004, Table 1, Fig. 1B) that amplify across the linker 

region of intestine galectin-4, demonstrated that 1 PCR product was formed for 

BMDMs and microglia that appeared at a seemingly similar or maybe slightly higher 

size than the amplified product of intestine cDNA (Fig 4B). However, although the 

exact size of the products, including a small difference in bp, could not be quantified 

with the used primer pair, these findings indicate that the size of the linker region 

may be similar in BMDMs, IFNγ+LPS-treated microglia and intestine tissue (Fig. 4B, 

primer pair RT-RN004). An additional smaller product of approx. 250-300 bp was 

detected for IFNγ+LPS-treated BMDMs. Similar to the previous RT-PCR primer pair 

((q)RT-RN002), galectin-4 mRNA levels were also increased in IL-4-treated BMDMs 

(Fig. 4B) with the linker-spanning primer pairs. In IL-4-treated microglia, galectin-4 

mRNA levels were too low to detect, while present in IFNγ+LPS-treated microglia. 

Hence, BMDMs and microglia expressed mRNA for galectin-4 with a seemingly 

similar linker length as intestine galectine-4 mRNA, while the multiple RT-PCR 

products suggest that BMDMs and microglia express in addition a potential different 

galectin-4 isoform that differ in its C-terminal CRD. To examine whether this isoform 

is a galectin-4 splice variant, we next aimed to amplify the whole cDNA of galectin-4.

BMDMs and microglia express a galectin-4 isoform with a distinct N-terminal CRD 
as intestine-derived galectin-4

To assess whether the total length of galectin-4 mRNA in BMDMs and microglia 

was of similar size of galectin-4 derived from intestine, a RT-PCR primer pair up 

was designed that captured total intestine galectin-4 (primer pair RT-RN001, table 

1, Fig. 1B). A PCR product of the predicted size (1053 bp) was observed after gel 

electrophoresis of small intestine cDNA, while no product was visible with cDNA 

derived from BMDMs and microglia. As schematically shown in figure 1, the ISH 

probe that was unable to detect mouse galectin-4 mRNA upon cuprizone-induced 
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demyelination (RT-MM001), and the RT-PCR primer pair that resulted in multiple 

products ((q)RT-RN002), were both directed against the same region of C-terminal 

CRD (Fig. 1B). We therefore hypothesized that the C-terminal CRD of galectin-4 may 

differ in BMDMs and microglia, and that the generated galectin-4 probe directed 

against the C-terminal CRD is specific to intestine galectin-4, but unspecific to detect 

galectin-4 mRNA in brain-resident cells and BMDMs. RT-PCR with the forward 

primer of primer pair (q)RT-RN002 and the reverse primer of primer pair RT-RN001 

demonstrated that a product of a similar size as with intestine cDNA is produced 

(Fig. 4C, RT-RN005). Notably, an increase in galectin-4 mRNA levels is noticed in 

IL-4 treated BMDMs and microglia. In addition, and consistent with primer pair (q)

Figure 4
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Figure 4. Detection of galectin-4 mRNA in cultured BMDM, microglia, immature 
oligodendrocytes and cortical neurons by RT-PCR. A-C. RT-PCR analysis of galectin-4 
mRNA expression in bone marrow-derived macrophages (BMDM), microglia, immature 
oligodendrocytes (OLG) and cortical neurons (CN) using primer pairs that amplify the whole 
galectin-4 gene (RT-RN001, A), that are directed against either the C-terminal ((q)RT-RN002, 
A, RT-RN006, C) or N-terminal CRD (RT-RN005, RT-RN007, C), or that are spanning the 
linker region between the 2 CRDs (RT-RN004, B). Actin is used as a loading control. Primer 
sequences and predicted product sizes are provided in Table 1, and their alignment against 
galectin-4 mRNA sequence in figure 1B. BMDMs and microglia were left untreated (cntrl, 
M0), treated with rat IL-4 (40 ng/ml, alternative activation, M2) or a combination of LPS (200 
ng/ml) and rat IFNγ (2000 U/ml) (classical activation, M1). Rat-derived intestine cDNA (I) was 
used as a positive control. Note that with the RT-PCR primer pairs that are directed against 
the C-terminal CRD (A,C), in addition to the predicted PCR product size, an additional PCR 
product is amplified that is approx. 75 bp larger in size in all non-intestine, but not intestine, 
cells, while no PCR products were formed in non-intestine cells when using primer pairs that 
start at the coding sequence of the N-terminal site of the galectin-4 gene (A,C). bp=base 
pairs. 
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RT-RN002, two products were formed for BMDMs and microglia, but not intestine 

galectin-4, that differ approx. 75bp in length. Therefore, the C-terminal end of 

BMDM- and microglia-derived galectin-4 is likely similar to intestine galectin-4, 

while two different splice variants that differ in size of their C-terminal CRD exist. As 

total galectin-4 was not amplified from BMDM and microglia cDNA (Fig. 4A), while 

the used reverse primer generated a PCR product with another forward primer, this in 

addition indicate that the starting coding sequence of N-terminal part of galectin-4 

may differ from intestine galectin-4. Indeed, a RT-PCR approach with a primer pair 

that amplifies the N-terminal part of galectin-4 (RT-RN006, Table 1, Fig. 1B) showed 

no detectable product for BMDMs and microglia cDNA, while the predicted PCR 

product of 404 bp was generated from intestine cDNA (Fig. 4C). In addition, one 

product of similar size as with intestine cDNA was formed when the right part of the 

N-terminal CRD was amplified (RT-RN007, Table 1, Fig. 1B, Fig. 4C). Remarkably, and 

in contrast to the other RT-PCR results, a decrease in galectin-4 mRNA transcripts is 

observed in IL-4-treated BMDMs and microglia with this primer pair. This indicates 

that the BMDMs and microglia express an additional galectin-4 isoform with a 

distinct N-terminal and C-terminal CRD as intestine-derived galectin-4.

Cortical neurons and oligodendrocytes express a galectin-4 isoform with a dis-
tinct N-terminal CRD as intestine-derived galectin-4

The previously noted 4 kDa difference in molecular weight of cortical neuron- and 

oligodendrocyte-derived galectin-4 compared to intestine galectin-4 49, indicates 

that galectin-4 in these cells may be also different from galectin-4 that is present 

in epithelial cells of the intestine. RT-PCR analysis using the same primer pairs 

as used for BMDMs and microglia, revealed that cortical neurons and immature 

oligodendrocytes likely also express an additional galectin-4 isoform that differ in their 

C-terminal and N-terminal CRD (Fig. 4A-C). Thus, also for these cells total galectin-4 

was not amplified (Fig. 4A RT-RN001), while 3 PCR products were visible with the 

linker spanning primer pair for cortical neuron cDNA and 1 product for immature 

oligodendrocyte cDNA (Fig. 4B, RT-RN0004). To gather some more information 

about the differences observed between intestine galectin-4 transcripts compared to 

non-intestine-derived galectin-4 transcripts, we next sequenced the PCR products 

from rat small intestine and cDNA from cultured rat cortical neurons (primer pair RT-
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RN001). Sequencing results showed that the sequence obtained from small intestine 

tissue was identical to the described curated sequence (NM_012975). The sequence 

data obtained from cortical neuron cDNA had multiple signals, the strongest signal 

matched the galectin-4 (Lgals4) sequence of the small intestine cDNA. However, the 

presence of a double signal is indicative for another PCR product or isoform, and 

therefore it remains to be elucidated what the origin of that specific sequence is. 

Thus, the different PCR product observed with cortical neurons, oligodendrocytes, 

BMDMs and microglia cDNA may originate from different galectin-4 isoforms, with 

differences in both their C- and N-terminal CRD compared to intestine galectin-4 

and this needs to be further investigated. 
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DISCUSSION

To unravel whether microglia and macrophages are cellular sources of the transiently 

upregulated galectin-4 protein expression upon demyelination we aimed to link 

galectin-4 mRNA expression with cell type in in vivo toxin-induced demyelination 

models and in vitro in several glia cells. Based on the presence of galectin-4 protein it 

was hypothesized that potential cellular sources in demyelinated areas are neurons and 

microglia/macrophages 147 and immature oligodendrocytes in remyelinating areas 151. 

RT-PCR, but not qPCR analysis, revealed an upregulation of galectin-4 mRNA upon 

(IL-4) alternatively activation of cultured BMDMs and microglia, consistent with the 

previously observed increase galectin-4 protein expression levels in IL-4 treated cells 
147. Unexpectedly, for an intestine tissue effective in situ hybridizing probe directed 

against the C-terminal CRD of mouse galectin-4 failed to visualize galectin-4 mRNA 

in cuprizone-induced de- and remyelinated corpus callosum. In contrast, qPCR 

analysis on lysolecithin-induced de- and remyelinating spinal cord tissue tend 

to show an increase in galectin-4 mRNA levels at de- and remyelination. RT-PCR 

analyses with distinct sets of primer pairs revealed that these seemingly discrepant 

findings likely originate from the presence of a different galectin-4 isoform in brain-

derived cells and BMDMs that differ both in its C-terminal and N-terminal CRD. The 

identity of this potential new galectin-4 isoform needs to be further explored before 

any conclusions can be drawn on whether microglia and/or macrophages are cellular 

source of galectin-4 upon demyelination.

Upon  cuprizone-induced  demyelination we previously observed a transient 

expression of galectin-4 in axons and microglia/macrophages that are present in 

demyelinated areas of the corpus callosum 147. With a DIG-labeled mouse galectin-4 

ISH probe, galectin-4 mRNA was detected in epithelial cells of the mouse intestinal 

loops, while the probe failed to locate galectin-4 mRNA in cells present in demyelinated 

areas of corpus callosum or in the surrounding grey matter upon cuprizone-mediated 

demyelination. In the mouse intestine, two almost similar galectins, galectin-4 and 

galectin-6, that come from a tandem duplication, are identified 408,428. The two 

galectins have 83% amino acid identity, and differ in linker length with galectin-6 

lacking a 24-amino acid stretch in the linker region 428. It is difficult to distinguish 

the almost similar galectin-4 from galectin-6 by antibody-based and nucleotide 
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hybridization in mice. However, in contrast to galectin-4, galectin-6 is a mouse-

specific galectin that is only present in a subset of mouse strains. The C57BL/6J 

mouse strain used in our studies with the toxin-induced demyelination models does 

not contain the Lgals6 gene 428, indicating that galectin-4 mRNA, and not galectin-6 

mRNA is detected in vivo. 

The inability to detect galectin-4 mRNA by in situ hybridization may relate to the 

timing of galectin-4 mRNA expression, i.e., galectin-4 mRNA expression starts at 

a different time after administration of cuprizone than investigated. Indeed, qPCR 

analysis show that upon lysolecithin-induced demyelination, galectin-4 mRNA levels 

tend to increase upon demyelination, and remained increased at remyelination. 

Given that the qPCR primers were directed against the N-terminal CRD of mouse 

galectin-4, these findings do not exclude that the C-terminal CRD galectin-4 ISH 

probe may not be specific towards brain-derived galectin-4 mRNA. Elaborated RT-

PCR analyses with cultured rat-derived CNS resident cells and BMDMs demonstrated 

that indeed 2 PCR products are generated with primer pairs that are directed against 

the C-terminal CRD; a product of similar size as for intestine cDNA, and a product 

that is approx. 75 bp higher in size. The genome of Rattus norvegicus encodes two 

variants of Lgals4. A curated Lgals4 mRNA transcript of 1053 bp (NM_012975) and 

another predicted transcript variant X1 that encodes an mRNA molecule of 1535 

bp (XM_008759113). The X1 transcript has an extended 5` region and an insertion 

within the coding sequence of 74 bp in the C-terminal CRD (Fig. 1B). Remarkably, 

this coding sequence is of similar size as the difference in size between the 2 PCR 

products that were generated with primer pairs that span this region (Fig. 1B, (q)RT-

RN002, RT-RN004, RT-RN005). Also, the genome of Mus musculus has a predicted 

X1 transcript. The X1 transcript (XM_006539566.4) has however a deletion of 24 bp, 

and not an insertion compared to the curated mouse Lgals4 (NM_01076.2) and is 

not in the region to which the C-terminal CRD galectin-4 ISH probe was directed 

(Fig. 1A; RT-MM001). This does not explain why the galectin-4 ISH probe failed 

to detect galectin-4 mRNA in demyelinated areas of the corpus callosum. Several 

studies showed that mRNA levels are not always corresponding to their protein levels 
429–432, and an upregulation of the transcription machinery instead of an elevation of 

total mRNA can not be excluded yet. Hence, additional in situ hybridization studies 

at different time points upon cuprizone administration or in other toxin-induced 
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models may locate galectin-4 mRNA in cells that are present in demyelinated areas. 

In favor is that in cultured non-intestinal cells a PCR product of similar size as the 

product that was amplified with intestine cDNA was generated, indicating that 1 of 

potential 2 isoforms of galectin-4 is likely similar to intestine galectin-4 to which the 

generated probe is directed.

Isoforms of other tandem-repeat-type galectins, including galectins-8 and -9, have 

previously been described 433. These isoforms have differences in the size of their 

linker region, and do not differ in their CRD coding sequence. A previous study 

described the presence of 2 galectin-4 splice variants in porcine small intestine with 

an in-frame difference of 27 bp (9 aa) in their linker size 434. Using RT-PCR on the 

brain-resident cells and BMDMs with linker-spanning primers, a similar or maybe 

slightly higher PCR product with non-intestine cDNA compared to intestine cDNA 

was generated. Of note, the linker region of galectin-4 is 26 aa (aa 151–177), i.e., approx. 

78 bp DNA length 406, and small bp differences in linker length will not be visible with 

the used primer pair. Interestingly, multiple PCR product sizes with cDNA of cortical 

neurons were observed, including a product that is approx. 75-100 bp smaller in size 

than the main PCR product. As the primer pair that amplify across the linker region 

spans also the 74-bp insertion in the coding sequence of the predicted X1 sequence of 

rat galectin-4, the main product that was amplified with the linker spanning primer 

pair may represent the galectin-4 isoform that is not detected in the intestine (Fig. 

1B, RT-RN004). In fact, the intensity of the PCR product that may include this 74-bp 

insertion was higher than the PCR product that likely lack the insertion. In the other 

cells only this higher PCR product is detected. The presence of a smaller 250-300 bp 

PCR product observed with the linker spanning primer pair in cortical neurons and 

BMDMs also warrants further investigation. Hence, brain-resident cells and BMDMs 

appear to express galectin-4 mRNA that appears to be similar in its linker region, but 

may differ in their C-terminal CRD coding sequence. 

 

The distinct galectin-4 isoforms predict different galectin-4 proteins that differ in 

size. Western blot analysis of tissue distribution of galectin-4 protein expression 

showed that rat intestinal samples showed only a specific immunoreactive band 

of a 36-kDa galectin-4 406. Also, only one band at about 36-kDa was identified as 
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galectin-4 in highly differentiated human cancer cell lines, indicating that  although 

rat and human galectin-4 share 70.6% amino acid similarity no differences in protein 

size are observed 411,435. The galectin-4 isoforms identified in porcine intestine appear 

on Western blot as 34 and 28 kDa 434. We have previously shown on Western blot 

that both rat and human brain-derived galectin-4 is 4 kDa (approx. 100bp) smaller 

in size than the rat intestine galectin-4 49. Although this may reflect the occurrence 

of a splice variant of galectin-4, the difference in size is not explained by a potential 

insertion of 74bp in the coding sequence of rat galectin-4 as this would predict an 

approx. increase of 2-3 kDa in size rather than a decrease. Our attempts to amplify 

total galectin-4 mRNA of brain-derived tissue (data not shown) and cells failed. More 

extensive RT-PCR data using primer pairs (Fig. 4C (RT-RN006)) directed against the 

N-terminal-CRD revealed that galectin-4 in brain-derived cells and BMDMs also 

differ in the first part of their N-terminal CRD compared to intestine galectin-4 at 

the 3’ terminal region. Preliminary sequencing data of intestine and cortical neuron-

derived galectin-4 cDNA confirmed the possibility of different mRNA isoforms of 

cortical neuron galectin-4. More specifically, cDNA from rat small intestine resulted 

in a perfectly matched sequence to the one on NCBI (NM_012975.1), while sequencing 

of galectin-4 from cortical neurons resulted in double strands (data not shown). 

Though the presence of a double signal is indicative for another product or isoforms, 

it remains to be determined what the origin of that specific sequence was. Also, 

whether there is a deletion of 100 bp (or 174 bp when the insertion in the C-terminal 

CRD is included) at the start of the N-terminal CRD remains to be determined. 

Notably, the coding sequence of galectin-4 is specified by 10 exons; exons 1-4 encode 

the N-terminal CRD, exons 5-7 the linker region, and exons 8-10 the C-terminal CRD 
409. Obviously, a galectin-4 isoform that differ in its CRDs may have a major impact on 

binding to glycoconjugate ligands and therefore its function. Of relevance, galectin-4 

in the CNS and intestine have different functions. While galectin-4 in the intestine 

is involved in the regulation of nutrient adsorption, intracellular trafficking and 

pathogen entry, in the CNS galectin-4 is more involved in cellular maturation and 

the regulation of the timing of myelination at different (sub)cellular levels 49,151–153. 

Our in vitro results using an RT-PCR approach showed that galectin-4 mRNA 

transcripts seemed to be increased in alternatively (IL-4)-activated BMDMs and 

microglia, which is consistent with our previous findings that show galectin-4 protein 
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upregulation upon IL-4 treatment of BMDMs and microglia 147. However, this is not yet 

confirmed with qPCR analysis, which suggest that low levels of mRNA were present. 

In retrospect, this may be a result of primer pairs that are directed against regions 

that differ with intestine galectin-4 (Fig. 1B). Alternative, galectin-4 mRNA may be 

relatively unstable. Therefore, to assess whether the increased galectin-4 protein 

expression in IL-4-activated microglia and macrophages was a result of increased 

galectin-4 transcripts, an shRNA-approach may be taken. However, previous 

developed shRNA constructs against galectin-4 mRNA in our lab were not successful. 

The shRNA galectin-4 constructs were targeted against the linker region (Fig. 1, 526-

547bp, (1)) and the C-terminal CRD (Fig. 1, 678-696bp, (2)) of intestine galectin-4 

and that the presence of an additional galectin-4 isoform may explain the inefficient 

silencing of galectin-4 in neurons with these shRNA constructs (unpublished results). 

Indeed, another study showed silencing of galectin-4 in neurons when targeted in 

the nucleotide region (Fig. 1, 330-348bp, (3)) within the N-terminal CRD 152. 

Taken together, to our surprise while aiming at identifying microglia/macrophages 

as cellular sources of galectin-4 in demyelinated lesions, we may have identified a 

potential novel galectin-4 isoform that is present in brain-derived cells and BMDMs. 

This isoform likely differs in its N-terminal and C-terminal CRD compared to intestine 

galectin-4. To confirm the identity and presence of the distinct isoform of galectin-4, 

further analyses are warranted, including detailed comparison of their sequences. 

Among others, this will reveal whether the different isoforms are coded by separate 

genes, or result from alternative splicing of exons within a single gene. Only after this, 

it can be assessed whether microglia/macrophages are cellular sources of galectin-4 

upon demyelination, and whether and how galectin-4 has a functional role in these 

cells.
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Table 1. Primer sequences

Primer # FW sequence RV sequence Ta Product 
size

Total Lgals4 
(rat)

RT-
RN001 

ACCAAAGCTTAC
CATGGCCTATGT
CCCAGCACCC

CTTCAACATTTT 63,0 1053 bp

ISH probe 
Lgals4 
(mouse)

RT-
MM001

AAGGATCCCA
ACCCTCCACAG
ATGAACACCTT

GGTAAGCTTTCC
AGCGTGTCTACCA
TTTGGAAT

60,0 417 bp

N-terminal 
(mouse)

qRT-
MM002

AAGCACTTCGA
GCTGGTGTT

GAATTTCCGTT
CACCACGAC 60,0 65 bp

C-terminal 
domain (rat)

(q)RT-
RN002

GCTATATGAAT
GGCTCTTGG 

GGGATTAGATGG
AACTTGGG 59,0 273 bp

N-terminal 
domain (rat)

qRT-
RN003

CAAGGAATAGC
CAAAGACAACA

ACAGCAAAGTTC
ACGTGG 63,0 50 bp

Linker (rat) RT-
RN004

ACATGAGACG
GTTCCACGTG

CGGATTGACAGATC
AAAGAACTG 59,0 715 bp

C-terminal 
domain (rat)

RT-
RN005

GCTATATGAAT
GGCTCTTGG

CTTCAACATTTTAT
TAGGGGATTAGATGG 60,0 290 bp

N-terminal 
domain (rat)

RT-
RN006

ATGGCCTAT
GTCCCAGCACCC

TGGGTGACCA
TCTGTAGGG 60,0 404 bp

N-terminal 
domain (rat)

RT-
RN007

ACATGAGAC
GGTTCCACGT

TGGGTGACCA
TCTGTAGGG 58,0 280 bp

Linker (rat)
siRNA 
Gal-4 
(1)

GGTACAACCC
TCCACAGATG

C-terminal 
domain (rat)

siRNA 
Gal-4 
(2)

CCTTATCATC
AACTTCAAG

N-terminal 
domain (rat)

siRNA 
Gal-4 
(3)

GCACTACAAG
GTCGTGGTA

Actb (RT) AACACCCCA
GCCATGTAC

TGTCACGCA
CGATTTCC

60,0 254 bp

Hbms (qRT) CCGAGCCAA
GCACCAGGAT

CTCCTTCCAG
GTGCCTCAGA

Hprt (qRT) GACTTGCTC
GAGATGTCA

TGTAATCCA
GCAGGTCAG
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Arg1 (qRT) ATATCTGCCA
AGGACATCGT

ATCACTTTGC
CAATTCCCAG

Tnf (qRT) ATGGGCTGTA
CCTTATCTACTC

GTATGAAATG
GCAAATCGGCT

BamHI restriction site (GGATCC); HindIII restriction site (AAGCTT); MM, Mus Musculus; Rat, Rattus 
Norvegicus; bp, basepairs; Ta, annealing temperature; RT are RT-PCR primer pairs, qRT are qPCR primer 
pairs.
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ABSTRACT

Neuronal galectin-4 (Gal-4) is an inhibitor of oligodendrocyte progenitor cell 

differentiation that is transiently re-expressed upon demyelination. Gal-4 expression 

persists in demyelinated multiple sclerosis (MS) lesions, likely contributing to 

remyelination failure. As a step to disclose its mechanism of action, pull-down 

assays led to mass spectrometric identification of counterreceptors presented on the 

surface of oligodendrocytes. UDP-galactose: ceramide galactosyltransferase (UGT8, 

also named CGT), and contactin-1, an adhesive protein involved in the onset of 

myelin basic protein expression, were identified as the prominent oligodendroglial 

surface binding partners, along with two Rab proteins. Using a sulfatide-specific 

antibody, chlorate treatment and engineered cell lines, this glycosphingolipid was 

found to be a minor ligand for Gal-4 in these cells, in contrast to the situation in 

axons and enterocytes. UGT8, the enzyme that turns ceramide by β-galactosylation 

into galactosylceramide (GalCer), was found to be transiently present at the proximal 

part of primary processes of immature oligodendrocytes. Upon binding of the 

bivalent Gal-4, GalCer levels in membrane microdomains were reduced on an inert 

substratum, but not on a fibronectin substratum, a remyelination inhibitor present 

in MS lesions. Rather unexpectedly, in functional assays designed to direct (re)

myelination, and in contrast to their individual activities, simultaneous presence of 

Gal-4 and fibronectin effectively promoted myelin membrane formation in vitro. The 

presented results guide to analysis of post-binding effects of Gal-4, likely involving 

cross-linking and signaling, with the aim to find innovative ways to eventually 

promote remyelination in MS lesions. 



4

121

Identification of oligodendrocyte counterreceptors for galectin-4 that promotes myelin membrane formation together 
with the remyelination inhibitor fibronectin

INTRODUCTION

Loss of myelin by a chronic autoimmune process and neurodegeneration are the 

hallmarks of multiple sclerosis (MS)1. Remyelination, i.e., the regeneration of 

myelin membranes, could restore saltatory conduction and prevent (secondary) 

neurodegeneration 56–58,436, but the efficiency of this process is often compromised 

in progressive MS 41,59,279. Oligodendrocyte progenitor cells (OPCs) that are present 

in approximately 70% of MS lesions 14,15,40, are relatively quiescent, also at the 

transcriptional level 437,438, and likely fail to differentiate into mature myelinating 

oligodendrocytes (OLGs) 15,59. A non-permissive microenvironment, including a 

dysregulated remodeling of extracellular matrix (ECM) components can account for 

the failure of OPC differentiation 439-441. For example, fibronectin is a major ECM 

glycoprotein that accumulates in MS lesions in aggregates and impairs remyelination 
30,442.

Giving this study direction, the observation that neurons secrete the endogenous 

lectin galectin-4 (Gal-4), a negative regulator in the timing of OPC differentiation 
49, suggests that glycan-protein recognition is involved in the dysregulation of OPC 

differentiation. In principle, endogenous lectins are the ‘readers’ of glycan-encoded 

information presented by cellular glycoconjugates 72,350. Whereas negative neuronal 

effectors for OPC differentiation, including Gal-4, are transiently re-expressed upon 

a demyelinating event, they persist in MS lesions 8,35,36,42,147,359,443. Since enzymatic 

removal of the polysialic acid chains of NCAM by endoneuraminidase N and presence 

of anti-LINGO1 antibodies increase remyelination in experimental rodent models 
35,359,443, a targeted intervention of neuronal effectors has potential for establishing 

remyelination, hereby halting disease progression. In this sense, the elucidation of 

binding partners for Gal-4 and the characterization of its complete functional profile 

in vitro are steps into this direction.

Gal-4 belongs to a family of multifunctional β-sandwich-type proteins that translate 

glycan(β-galactoside)-encoded signals into diverse context-dependent cellular 

effects 80,365,444. Its modular architecture with two different carbohydrate recognition 

domains (CRDs) predestines the protein to bridge counterreceptors, for example 

hereby acting as a raft stabilizer when leading to the formation of “superrafts” and as 
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cargo transporter during routing of distinct glycoproteins in enterocytes (digestive 

enzymes such as dipeptidyl peptidase IV) and axons 112,152,167,367. Fittingly, the 

integrity of the bivalency is essential, also in its role as negative regulator of OPC 

differentiation during CNS development 49. 

With the aim to contribute to find a way to restore the capacity for myelin regeneration, 

the present study was undertaken to identify the nature of the counterreceptor(s) 

of Gal-4 at the surface of oligodendrocyte lineage cells. Since the profile of binding 

partners is known to depend on the cell type, with sulfatide as well as the cell 

adhesion molecule L1 and contactin-1 on the surface of neurons 152,153, sulfatide and 

carcinoembryonic antigen on enterocyte-like cells along with the apically transported 

digestive enzymes 112,167,445 and CD14 on monocytes 446, a simple extrapolation is not 

valid. Due to its abundance in the nervous system, sulfatide is a prime candidate 

for being a counterreceptor on the oligodendroglial surface. Favoring this idea, the 

sulfatide headgroup is known to be present on the surface of developing OLGs 121,447 

and acts - as neuronal Gal-4 does 49 - as a negative regulator of OPC differentiation 
184,185,448. Our findings based on immunocytochemistry and blocking access by 

antibody, on metabolic inhibition of biosynthesis and assays on engineered cells 

revealed that sulfatide was not a main counterreceptor for Gal-4 in OLGs. Instead, 

Gal-4 bound to UDP-galactose: ceramide galactosyltransferase (UGT8), the enzyme 

producing galactosylceramide (GalCer), and contactin-1 at primary processes of 

immature OLGs. GalCer is a major myelin-stabilizing constituent and the substrate 

for generating sulfatide by its 3-O-sulfotransferase 449. When tested as effector, Gal-4 

interfered with the lateral membrane distribution of GalCer of OLGs plated on a non-

natural substratum, but not when plated on MS-relevant fibronectin. Intriguingly, 

the presence of both myelination-inhibiting components, i.e., Gal-4 and fibronectin, 

induced myelin membrane formation in vitro. This may open a new therapeutic 

avenue to overcome remyelination failure in MS lesions.  
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MATERIALS AND METHODS

Primary oligodendrocyte cultures

Experimental animal protocols for primary cell cultures were approved by the 

Animal Ethics Committee of the University of Groningen (the Netherlands). All 

methods were carried out in accordance with the European Directive (2010/63/

EU) on the protection of animals used for scientific purposes. Primary glial cell 

cultures were generated from postnatal day 1-3 Wister rats (Charles-River) as 

described 375,419. In brief, a digestion mix (papain at 1.2 U/ml (Sigma), L-cysteine 

at 0.24 mg/ml (Sigma), DNase I at 40 mg/ml (Roche Diagnostics)) was added to 

the meninges-free cortices, which were then incubated for 45 minutes at 37°C. 

Pelleted cells were resuspended and plated in mixed glia culture medium (DMEM 

supplemented with 10% fetal bovine serum (FBS; Capricorn), 1% L-glutamine and 

1% penicillin/streptomycin) on poly-L-lysine (PLL, 5 µg/ml; Sigma)-coated 80 cm2 

flasks (Nunc). Medium was exchanged every 3-4 days until after 11-12 days a confluent 

layer of astrocytes was formed to which microglia and OPCs adhere. Contaminating 

microglial were removed by a 1-hour shake-off procedure at 37°C on an orbital shaker 

(Innova 4000; Newbrunswick Scientific at 150 rpm). OPCs were thereafter detached 

by a 16-hour shake-off at 240 rpm. Contaminating microglia and astrocytes were 

removed by differential adhesion on non-tissue cultured dishes (Greiner). Pelleted 

OPCs were resuspended in SATO medium 375,419 and plated on PLL- or fibronectin 

(Fn, 10 μg/ml; Sigma)-coated 10-cm dishes (Nunc) at a density of 800,000 cells/

dish or on 13-mm PLL-coated glass coverslips (VWR International) at a density of 

30,000 cells/coverslip. After 1 hour, the medium was supplemented with FGF-2 (10 

ng/ml; Peprotech) and PDGF-AA (10 ng/ml; Peprotech). To induce differentiation, 

medium was changed to SATO supplemented with 0.5% FBS two days after plating. 

After initiating differentiation, cells were either left untreated or treated for 4 days 

with fumonisin B1 (FB1, 15 µM; Sigma) that inhibits sphingolipid biosynthesis by 

inhibiting the sphingosine-N-acetyltransferase or sodium chlorate (30 µM; Sigma) 

that inhibits sulfation of galactosylceramide to produce the sulfatide (3-O-sulfated 

galactose) headgroup. Cells were either cultured for 4 days to obtain immature OLGs 

or for 6 days to obtain mature OLGs.
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Cell lines

The rat-derived oligodendroglia lines OLN-PLP-MOCK (vector only) and OLN-PLP-G 

(expressing UGT8 and GalCer) were generated and cultured as described 186,187,450. Cells 

were cultured in DMEM supplemented with penicillin/streptomycin, L-glutamine 

and 10% FBS. For biochemical analysis, cells were plated on 10 cm the surface of dishes 

(Corning Costar) at 400,000-600,000 cells per dish and for immunocytochemical 

analysis on PLL-coated 13-mm glass coverslips (VWR) in a 24-well plate (Corning Costar) 

at a cell count of 12,000-24,000 cells per well. Cells were analyzed after 3 days in culture.   

 
Immunocytochemistry 

Staining of surface components was performed on live cells on ice. All antibody di-

lutions were prepared in PBS containing 4% bovine serum albumin (w/v; BSA). For 

ligand binding assays, non-specific binding was blocked by incubating cells with 

this solution for ten minutes. This period was followed by a 30-minute incubation 

with solution containing biotinylated Gal-4 (bGal-4, 20 µg/ml; prepared under ac-

tivity-preserving conditions and checked for maintained activity as described 451,452). 

Full-length Gal-4, its two types of CRDs and a variant without the sequence of the 

42-amino-acid linker were produced and processed as described 176. After washing, 

cells were incubated with solution containing streptavidin (SA)-TRITC (30 µg/ml; 

Jackson-ImmunoResearch Laboratories) for 25 minutes on ice. For assays in com-

petitive setting, the incubation with labelled Gal-4 is either preceded or followed 

by exposure to either antibody O1 (anti-GalCer, 1:10; kind gift of Guus Wolswijk 453) 

or antibody O4 (anti-sulfatide, 1:1; kind gift of Guus Wolswijk 453) and its detection 

by FITC- or TRITC-labeled anti-IgM antibodies (Jackson-ImmunoResearch). For 

double or single stainings of endogenous antigens, cells were fixed with 4% parafor-

maldehyde (PFA) and nuclei were counterstained with DAPI (1 µg/ml; Sigma). For 

co-localisation after the fixation step during the ligand-binding assay and for im-

munocytochemistry on PFA-fixed cells, cells were permeabilized and protein-bind-

ing sites were saturated for 30 minutes by using PBS containing 0.1% Triton X-100 

(TX-100) and 4% BSA. This was followed by 30 minutes of incubation with solu-

tion containing a primary antibody, i.e., anti-UGT8 (1:100; Abcam, AB100964), an-

ti-MBP (1:250; Serotec, MCA409), or anti-contactin-1 (1:25; Santa Cruz, SC20297). 

Subsequently, cells were washed three times with PBS and then incubated for 30 
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minutes with solution containing the appropriate FITC- or TRITC--labeled second-

ary antibody (30 µg/ml; Jackson) and DAPI. Cells were washed three times with PBS, 

mounted using Dako mounting medium and analyzed with a Leica TCS SP8 confocal 

laser scanning microscope or a Leica DMI 6000 B conventional fluorescence micro-

scope. Data are processed using Adobe Photoshop software. In order to determine 

the extent of differentiation, approximately 250 DAPI-stained cells were scored as 

either myelin basic protein (MBP)-negative or MBP-positive in each independent 

experiment. In addition, to assess myelin membrane formation, MBP-positive cells 

were classified as myelin membrane-forming or non-myelin membrane-forming.  

 
Surface biotinylation 

Cells were washed twice with ice-cold PBS followed by a 1-hour incubation with 

solution containing sulfo-NHS-L-C-biotin (100 µg/ml; Pierce) at 4°C. Cells were 

washed three times for two minutes with cell wash buffer (CWB; 50 mM Tris–HCl 

containing 150 mM NaCl, 1 mM CaCl2 and 1 mM MgCl2 at pH 7.5) and twice with ice-

cold PBS. To obtain whole cell lysates, cells were scraped in TNE-lysis buffer (50 nM 

Tris-HCl, 5mM EDTA, 150 mM NaCl, 1% Triton X-100 (Sigma) and protease inhibitor 

cocktail (Roche), kept on ice for 30 minutes, and stored at -20°C until further use. 

 
Subcellular fractionation

Cells were scraped in subcellular fractionation buffer (20 nM HEPES containing 

250 mM sucrose, 10 mM KCl, 1,5 mM MgCl2, 1mM EDTA, 1 mM EGTA, 1 mM 

dithiotreitol (Roche) and protease inhibitor cocktail; pH 7.4). The suspension was 

passed 20 times through a 25G needle and left on ice for 20 minutes. To remove the 

nuclear fraction, the suspension was centrifugated for five minutes at 700g at 4°C. 

To separate the membrane fraction from the cytoplasmic fraction, the supernatant 

was centrifugated at 9,300g for 30 minutes at 4°C. Proteins in the supernatant 

(cytoplasmic fraction) were precipitated with trichloroacetic acid (TCA) 192. TCA-

precipitated cytoplasmic and membrane (pellet) (glyco)proteins were dissolved in 

TNE-lysis buffer, kept on ice for 30 minutes and stored at -20°C until further use. 
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Affinity pull-down  

Protein concentration of membrane fractions was determined using the Bio-Rad DC 

Protein Assay (Bio-Rad) and BSA as a standard. To obtain Gal-4-binding glycoconjugates 

for analysis by biotin-streptavidin complex generation, membrane fractions (60 µg) or 

Optiprep gradient fractions (250 μl) were incubated with streptavidin-agarose beads 

(SA-beads; Millipore), to which biotinylated Gal-4 (bGal-4, 20 µg/mL) was associated 

by gentle head-over-head spinning overnight at 4°C. The supernatant was collected 

and subjected to TCA precipitation; pellet was washed four times with AP-wash buffer 

(APW; CWB buffer supplemented with 350 nM NaCl and 1% NP-40) and once with 

PBS. To precipitate (glyco)proteins present at the cell surface, membrane fractions 

(60 μg) or Optiprep gradient fractions (250 μl) obtained from surface-biotinylated 

cells were incubated with SA-beads overnight at 4°C, gently mixing the suspension as 

above, pellet and supernatant processed as above. For Western blot analysis, samples 

were re-suspended in reducing sample buffer and heated for 5 minutes at 95 °C. 

 
Proteomics

Gal-4-binding glycoconjugates obtained from membrane fractions were subjected 

to SDS-PAGE under reducing conditions. Gel lanes were cut in small pieces followed 

by reduction with dithiotreitol, alkylation with iodoacetamide and in-gel trypsin 

digestion. Peptides were extracted using 66% acetonitrile/5% formic acid, dried 

in a speedvac, and reconstituted in 0.1% formic acid. Tryptic digests were analyzed 

by liquid chromatography coupled to a high-resolution Q-Exactive plus (Thermo 

Fisher Sicentific) using nanoelectrospray as an ion source. Peptide identification was 

performed with PEAKS software (release 8.5). Of the positive hits (FDR 1%), only 

proteins that have at least one unique peptide identified, are consistently present in 

both biological replicates, are known or predicted to be associated with membranes 

and/or are known to be glycosylated according to UniProt were taken into account. 

 
Optiprep density gradient centrifugation

Discontinuous gradients were prepared from OptiprepTM (Axis Shield) as described 
450. Briefly, equal amounts of protein (250 μg) in 250 µl were added to 500 µl 60% 

OptiprepTM. This 40% OptiPrep solution was overlaid with a layer of 30% (2.3 ml) 

and 10% (2.1 ml) OptiprepTM. Gradients were centrifugated overnight at 152,000g 

(Sorvall DiscoveryTM 90SE) in a SW55 rotor at 4˚C. Seven fractions were collected 
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from top (fraction 1, 500 µl) to bottom (fractions 2-7, 750 µl), and equal volumes 

were subjected to affinity precipitation, dot blot and Western blot analyses.  

 
Dot blot analysis

Equal amount of proteins (5 µg in 5 µl) or volumes (10 µl for gradient fractions) 

were spotted onto nitrocellulose membrane (Bio-Rad). Membranes were exposed 

to Odyssey blocking buffer for one hour (1:1 with PBS; Li-Cor) to preclude non-

specific binding of cellular (glyco)proteins, followed by overnight incubation with 

solution containing primary antibodies at 4˚C. Used primary antibodies are mouse 

IgM monoclonal antibody O1 (1:1000), and mouse IgM monoclonal antibody O4 

(1:500). To detect ganglioside GM1, biotinylated cholera toxin (subunit B pentamer) 

(1:1500; Sigma) was used. After washing three times with PBS supplemented with 

Tween-20 (PBS-T), membranes were incubated with solution of the appropriate 

IRDye-labeled secondary antibodies or SA (1:5000, Li-Cor Biosciences) for 1 hour 

at room temperature. Membranes were washed three times with PBS-T, after 

which signals were detected using an Odyssey Infrared Imaging system (Li-

Cor Biosciences). Quantification was performed with Scion Image software.  

 
Western blot analysis

Equal volume (gradient fractions, 60 μl) or proteins amounts (cell lysates, 20 μg) were 

mixed with reducing sample buffer and heated for five minutes at 95˚C. Samples were 

loaded onto 10% or 12.5% SDS-gels and (glyco)proteins were transferred onto PVDF 

membrane (Immobilon®; Millipore, Bedford, MA) by electroblotting. The membrane 

was exposed for one hour to Odyssey blocking buffer followed by incubation 

overnight with solution containing primary antibodies at 4°C with the following 

primary antibodies: rabbit polyclonal anti-UGT8 (1:750; Abcam), goat polyclonal 

anti-contactin-1 (1:100; Santa Cruz), mouse monoclonal antibody anti-actin (1:3000; 

Sigma, A5441), mouse monoclonal anti-NCAM (1:250; Sigma, C9672), rabbit 

polyclonal anti-caveolin (1:1000; BD Biosciences, 610060), mouse monoclonal anti-

RhoGDI (1:1000; BD Biosciences, 610255), and rabbit polyclonal anti-actin (1:1000; 

Abcam, AB8227). Membranes were incubated in solution containing the appropriate 

IRDye-labeled secondary antibody for 1 hour at room temperature. Membranes were 

thoroughly washed three times with PBS-T, then intensity of signals was measured 

using an Odyssey Infrared Imaging system (Li-Cor Biosciences). Quantification was 
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performed with Scion Image software. 

 
Statistics

Data are expressed as mean + standard deviation (SD) of at least three independent 

experiments. When relative values are compared to control, statistical analysis 

was performed with a one-sample t-test by setting the control values at 1 in each 

independent experiment. When values between two groups are compared, statistical 

analysis was performed using an unpaired two-tailed two-sided t-test. All analyses 

were performed using GraphPad Prism 6.0 software. A p-value of p<0.05 was 

considered significant (* or # p<0.05, ** or ## p<0.01, *** or ### p<0.001). 
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RESULTS

Gal-4-binding sites are transiently present at proximal processes of non-myelin 
membrane-forming oligodendrocytes

To characterize the mechanism underlying Gal-4 involvement in the timing of 

myelination, we first extended the evidence for transient binding of Gal-4 to the 

cell surface of maturing OLGs. In a live binding-assay monitoring the level of MBP 

expression, a marker for differentiated OLGs in parallel, Gal-4 was found to almost 

exclusively associate to the cell surface at the proximal part of primary processes of 

OLGs that are MBP-positive, but myelin membrane-negative (Fig. 1A, immature 

OLGs, arrow). MBP-positive cells with myelin membranes did not bind Gal-4 (Fig. 1A, 

mature OLGs, arrowhead). Primary processes, but not the cell body of MBP-negative 

cells were stained with Gal-4 (Fig. 1A, mature OLGs, arrow), confirming previous 

findings that Gal-4-binding sites are exposed before MBP is expressed 49. Binding, 

albeit at a reduced level, was also observed with the separate CRDs and a linkerless 

Gal-4 variant (Fig. 1B). Specific contacts are thus transiently made at the proximal 

part of primary processes of immature not yet myelin membrane-forming OLGs. To 

reveal the nature of Gal-4 counterreceptors and considering the well-documented 

pairing of Gal-4 with sulfatide, the possibility of this interplay was examined first. 

 
Sulfatide is not a main Gal-4 counterreceptor in immature oligodendrocytes

Toward assessing the status of sulfatide as a putative Gal-4 counterreceptor, assays 

with sequential live binding of biotinylated Gal-4 and the anti-sulfatide antibody 

O4 were performed. In parallel, to determine the percentage of Gal-4- and antibody 

O4-binding cells, immature OLGs were also labeled separately with the lectin and 

antibody O4. The competition assays revealed that binding of Gal-4 was hardly, if 

at all, blocked when cells had first been incubated with a solution containing the 

antibody O4 (Fig. 2B,G, white bars), as the antibody O4 did also not reduce Gal-

4 binding when interacting with cells after Gal-4 (Fig. 2A,G, white bars). Also, the 

percentage of antibody O4-stained cells was not reduced upon prior exposure of cells 

to labeled Gal-4 (Fig. 2A,E, bGal-4 vs O4). However, binding of antibody O4 was 

slightly, but reproducibly, reduced (by about 15%) when following a treatment step 

with Gal-4 (Fig. 2B,E, O4 vs bGal-4, p=0.065).
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Figure 1. Binding sites for labeled Gal-4 are transiently exposed on non-myelin 
membrane-forming immature oligodendrocytes (OLGs). (A) Live binding assays of 
biotinylated galectin-4 (bGal-4, red) on immature (4 days after initiating differentiation, upper 
panel) and mature OLGs (6 days after initiating differentiation, lower panel) combined with 
immunocytochemistry for the OLG differentiation marker MBP (green). Representative 
images of three independent experiments are shown. Note that bGal-4 binds at the surface 
of proximal processes of MBP-negative (lower panel, arrow) and non-myelin membrane-
forming MBP-positive cells (upper panel, arrow), but not to myelin membrane-bearing 
MBP-positive cells (lower panel, arrowhead). Scale bar is 50 µm. (B) Live binding assays 
with the biotinylated N-terminal CRD of Gal-4 (bGal-4N), C-terminal CRD (bGal-4C) and a 
labeled linkerless Gal-4 variant in which the two CRDs are connected without including the 
physiological linker peptide (bGal-4woL) on immature OLGs. Representative images of three 
independent experiments are shown. Scale bars are 50 µm and 5 µm (inset), respectively. 
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In quantitative terms, 42.0±21.6% of antibody O4-binding cells were not Gal-4 

positive (Fig. 2A,B, arrows), and the antibody O4 only occasionally co-localized with 

Gal-4 in primary processes (Fig. 2A,B, insets). In fact, whereas Gal-4 bound mainly to 

the proximal part of primary processes, binding of antibody O4 was also present at 

the cell surface of the distal part of primary processes (Fig. 2A, arrowheads). Similar 

findings were obtained when performing competition assays between the labeled 

Gal-4 and antibody O1, which is directed against GalCer, the metabolic precursor 

of sulfatide (Fig. 2C,D,F,G). Thus, no differences were observed in the percentage of 

Gal-4-binding cells upon single-reagent staining (cntrl) or with the application of 

antibody O1 (Fig. 2G, black bars). Similarly, the percentage of antibody O1 antigen-

positive cells was not reproducibly altered upon pre-labeling with Gal-4 (Fig. 2F, 

bGal-4 vs O1) or following Gal-4 labeling (Fig. 2F, O1 vs bGal-4). Some level of 

colocalization of labeled Gal-4 and the antibody O1 was observed, in particular when 

the lectin was applied first (Fig. 2C,D, insets). 

To further investigate whether Gal-4 binding to the cell surface depends on the 

presence of GalCer and/or sulfatide, we performed live binding assays on immature 

OLGs that had been treated at the onset of OPC differentiation with inhibitors of 

GalCer sulfation (sodium chlorate) or sphingolipid biosynthesis (fumonisin B1 (FB1)). 

Treatment with FB1 did not prevent binding of Gal-4, an about 15% decrease in the 

Figure 2. Galectin-4 and anti-sulfatide (O4)/anti-GalCer (O1) antibodies do not 
compete for binding sites at the cell surface of immature OLGs. (A–D) Sequential live 
binding assays of biotinylated galectin-4 (bGal-4, red) and live staining with anti-sulfatide 
antibody O4 (A,B; green) or anti-galactosylceramide (anti-GalCer) antibody O1 (C,D; 
green) on immature oligodendrocytes (4 days after initiating differentiation). Cells were first 
incubated with bGal-4 in a (bGal-4-O4) and c (bGal-4-O1), with antibody O4 in b (O4-bGal-4) 
and with antibody O1 in d (O1-bGal-4). Representative images are shown. Scale bars are 
50 µm and 5 µm (inset). (E,F) Quantification of the data shown in panels a–d. Counting at 
least 180-360 cells was performed per condition. Bars represent relative means to single O4 
labeling (E), single O1 labeling (F) or single bGal-4 labeling (G), which were set to 1 in each 
independent experiment (cntrl, horizontal line, n=3). Error bars represent standard deviation. 
Statistical analyses are performed with a one sample t-test to test for differences with single 
labelings (cntrl, not significant). Absolute values for the percentage positive cells of single 
labelled cells are for O4 55.6% ± 2.4 (e), for O1 42.7%±13.1 (e) and for BG4 30.2%±4.0 (G). 
Note that bGal-4 binding does not interfere with binding of antibodies O4 or O1; similarly, 
prior incubation with antibody O1 and O4 did also not affect bGal-4 binding. 
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percentage of Gal-4-binding cells was observed upon sodium chlorate treatment 

(Fig. 3A,B). These findings indicate that GalCer is not and sulfatide is likely not a 

main surface counterreceptor for Gal-4 in immature OLGs, directing interest to 

glycoproteins for the pairing.

Gal-4 binds to UGT8 and contactin-1 in membrane fractions of immature oligo-
dendrocytes

To identify Gal-4-binding (glyco)proteins on the surface of immature OLGs, we next 

performed affinity pull-down followed by mass-spectrometrical identification of the 

precipitated proteins. As starting material, membrane fractions were prepared from 

immature OLGs by subcellular fractionation. Proteomic analysis identified 13 (glyco)

protein species in two independent biological replicates. Using criteria of predicted 

localization in or association with membranes and/or known glycosylation reduced 

the number of this list of six proteins (Table 1), namely UGT8 (also called CGT), 

contactin-1 (also referred to as F3), Rab5c, vimentin, ITIh3 (inter-α-trypsin inhibitor 

heavy chain H3) and Rab10. Intriguingly, expression of UGT8, the galactosyltransferase 

specific for GalCer synthesis, is known to be upregulated at early stages of OPC 

differentiation 454. Likewise, contactin-1 has been implicated in regulation of early 

OPC differentiation 172,174,455,456 and has also inferred as a contact side of Gal-4 in 

neurons 153. Affinity precipitation from membrane fractions of immature OLGs with 

Gal-4 followed by Western blot analysis to detect presence of UGT8 or contactin-1 

confirmed their contact with Gal-4 (Fig. 4A). Part of UGT8 also interacted with each 

of the two CRDs tested separately (Fig. 4B), indicating the remarkable potential of this 

glycoprotein for being cross-linked by Gal-4 and thus then forming a lattice. While 

contactin-1 is anchored to membranes via its GPI-anchor and known to be present at 

the cell surface 172,465, UGT8 localizes as type I transmembrane protein in ultrathin 

cryosections of CHO cells in the endoplasmic reticulum and nuclear envelope 469,470. 

Therefore, to assess whether UGT8 and contactin-1 are counterreceptors for Gal-4 at 

the proximal part of primary processes of immature OLGs, we next examined their 

localization and presence at the cell surface.
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Table 1. (Glyco)proteins that interact with recombinant Gal-4 in membrane fractions 
of immature OLGs*

protein mass location glycosylation % 
cov

(potential) function 
in oligodendrocytes ref

UGT8 61.1 membrane N-linked 1.5 expression 
increases upon 
OPC differentiation, 
catalyzes the transfer of 
galactose to ceramide, 
galactolipids modulate 
the rate of OPC 
differentiation, the 
number of OLGs, and 
trafficking of myelin 
protein 

454,457–461

Contactin-1 ~113.5 plasma 
membrane

N-linked 2.3 regulates the initiation 
of MBP expression

172-

174,177,455

Rab5c 23.4 plasma 
membrane, 
endosome

– 7.4 small GTPase, involved 
in early endosome 
fusion, in other cells 
involved in endocytic 
traffic of Notch

462–464

Vimentin 53.7 mucin-type 
O-linked 

6.9 intermediate filament 
that is downregulated 
upon OPC specification

465,466

ITIh3 ~99,8 N-linked 1.0 acts as binding 
protein between 
hyaluronan and matrix 
glycoproteins to regulate 
localization, synthesis 
and degradation of 
hyaluronan, no data 
available on function in 
OPC differentiation 

467

Rab10 ~22.8 ER, Golgi, 
endosome

– 11.5 small GTPase involved 
in exocytosis, TGN/RE 
to plasma membrane, 
essential for OPC 
maturation

464,468

*binding of galectins to distinct peptide motifs is known at the F- and S-faces of the CRD
Asn, asparagine; ER, endoplasmic reticulum; kDa, kiloDalton; ITIh3, inter-α-trypsin-inhibitor-
heavy chain 3; MBP, myelin basic protein; OLG, oligodendrocyte; OPC, oligodendrocyte 
progenitor cell; Rab, Ras-related protein; RE, recycling endosomes; TGN; trans-Golgi 
network; UGT8, UDP-galactose: ceramide galactosyltransferase 
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UGT8 and contactin-1 are present at the cell surface of immature OLGs and co-
localize with bound Gal-4 

Subcellular fractionation demonstrated that UGT8 and contactin-1 were enriched in 

membrane fractions of immature OLGs (Fig. 4C,D). Cell surface biotinylation fol-

lowed by precipitation of biotinylated surface proteins from membrane fractions by 

streptavidin-exposing beads revealed that about 36% of membrane-localized UGT8 

and 48% of contactin-1 were present at the cell surface of immature OLGs (Fig. 4E,F). 

In addition, both UGT8 and contactin-1 were localized at the cell surface of primary 

processes of immature OLGs and colocalized with bound Gal-4 (Fig. 5A,B, arrows, 

insets). Of note, the anti-UGT8 and anti-contactin-1 antibodies recognize intercel-

lular epitopes. Remarkably, while all cells expressed UGT8, mainly perinuclear as is 

expectable, in myelin membrane-forming OLGs, it was absent in processes in my-

elin-membrane forming OLGs (Fig. 5C, arrowhead). Fittingly, this lack of UGT8 pres-

ence at primary processes in myelin membrane-forming OLGs correlated with loss of 

Gal-4 binding (Fig. 1). 
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Figure 3. Galectin-4 binding is slightly altered upon inhibition of sulfatide synthesis 
in differentiating OLGs. (A) Live binding assays with biotinylated galectin-4 (bGal-4, red) 
on immature OLGs (4 days after initiating differentiation) that were either left untreated (ctrnl) 
or exposed to medium containing sodium chlorate (chlorate; 30 µM) or fumonisin B1 (FB1; 
15 µM) to impair sulfatide or (galactosyl)ceramide biosynthesis, respectively. Representative 
images are shown. Scale bar is 25 µm. (B) Quantification of the data presented in panel a. 
At least 180 cells per condition were counted. Bars represent relative means to untreated 
control, this value was set to 1 in each independent experiment (cntrl, horizontal line, n=4). 
Error bars represent standard deviation. Statistical analyses are performed with a one 
sample t-test to test for differences with untreated control (cntrl, *p<0.05). Absolute value for 
the percentage of bGal-4-positive cells in untreated control is 32.0%±8.8. Note that sodium 
chlorate treatment slightly but significantly decreased extent of bGal-4 binding to the cell 
surface of immature OLGs. 
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To obtain further information on binding of Gal-4 to UGT8, the rat-derived oligo-

dendroglial progenitor cell line OLN-93 that can not produce GalCer and thus no 

sulfatide 187,450,471 was used. By compensating the defiency for UGT8, the OLN-93 cell 

line that presents GalCer (OLN-G) on the cell surface had been obtained (186,187,450, 

Fig S1A). Of particular note in this context, these two cell lines do not express contac-

tin-1. Western blot analysis revealed two additional UGT8-immunoreactive bands in 

extracts of vector only-transduced OLN cells (OLN-MOCK) and of OLN-G cells with 

a slightly higher molecular weight (Fig S1B, arrowheads). These bands may represent 

isoforms of UGT8 either generated by alternative splicing or harboring 
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Figure 4. Galectin-4 binds to cell surface-present UGT8 and contactin-1 in membrane 
fractions of immature OLGs. (A,B) Affinity precipitation (AP) from membrane fractions of 
immature OLGs (4 days after initiating differentiation) with biotinylated galectin-4 (bGal-4, 
a), its N-terminal CRD (bGal-4N, b), C-terminal CRD (bGal-4C, b) or the linkerless variant 
(bGal-4woL, b) followed by Western Blot analysis on precipitated (AP) and non-precipitated 
(-) fractions of UGT8 (A,B) or contactin-1 (A). Control (cntrl) represents control precipitation 
without addition of biotinylated Gal-4. Note that UGT8 and contactin-1 co-precipitate with 
bGal-4. (C,D) Western blot analysis of UGT8 and contactin-1 on membrane and cytosol 
fractions of immature OLGs. NCAM and RhoGDI serve as control of membrane and cytosol 
fractionation, respectively. Representative blots are shown in (C) quantification of data in 
(D) (n=5). Note that UGT8 and contactin-1 are enriched in membrane fractions. (E,F) Cell 
surface biotinylation followed by streptavidin-based precipitation of biotinylated surface 
(glyco)proteins from membrane fractions followed by Western blot analysis of UGT8 and 
contactin-1 on precipitated (S, surface) and non-precipitated (I, intracellular) fractions. 
Representative blots are shown in (E) and quantification of data in (F) (n=6). Note that both 
UGT8 and contactin-1 are present in membrane fractions. Bars represent means of the 
fraction percentage of membrane (D) and cell surface localization (F). This percentage was 
calculated by dividing protein intensity in the indicated fraction by protein intensity of both 
fractions. Error bars represent standard deviation. 
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different posttranslational modifications. As both thin layer chromatography analy-

sis and staining with antibody O1 had previously documented that OLN-MOCK cells 

do not produce GalCer (186,187,450, see also Fig. S1A), these potential isoforms of UGT8 

are likely non-functional. More detailed analysis on OLN-G cells showed that UGT8 

was present in membrane fractions (Fig. S1C, arrow), not detected at the cell surface 
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Figure 5. Galectin-4 co-localizes with UGT8 and contactin-1 at the cell surface of 
immature OLGs. (A,B) Live binding assays of biotinylated galectin-4 (bGal-4, red) on 
immature (a,b, 4 days after initiating differentiation) OLGs, followed by immunocytochemistry 
for detection of UGT8 (a, green) or contactin-1 (b, green). Note that UGT8 and contactin-1 
co-localize with bGal-4 (arrow) at the cell surface. (C) Co-staining of UGT8 (green) and the 
OPC differentiation marker MBP (red) on mature OLGs (6 days after initiating differentiation). 
Note that UGT8 is mainly present in the cell body in myelin membrane-bearing mature OLGs 
(arrowhead). Representative images of three independent experiments are shown. Scale 
bars are 25 µm (B) and 50 µm (C) and 5 µm (insets).
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but mainly intracellularly localized (Fig. S1D, arrow).Live binding assays demonstrat-

ed that OLN-G cells exposed no Gal-4 counterreceptors at the cell surface (Fig. S1E). 

In addition, affinity pull-down assays disclosed no evidence for a Gal-4 contact (Fig. 

S1F, arrow), indicating that intracellular UGT8 did not bind to Gal-4 in OLN-G cells. 

Considering binding capacity of both types of CRDs, bridging of counterreceptors 

and thus post-binding effects may occur, which was examined next.

GalCer levels are reduced in detergent-resistant membrane microdomains upon 
Gal-4 treatment

Membrane microdomains play an important role in OPC differentiation, among 

others by amplification of growth factor signaling, process extension, onset of MBP 

expression and trafficking to myelin membranes 172,186,187,375,450,455,461,472–475. Therefore, 

interactions of Gal-4 with membrane microdomains may underlie its role in the tim-

ing of OPC differentiation. As the presence of UGT8 in membrane microdomains has 

not been reported, we first characterized the lateral membrane distribution of UGT8 

using detergent extraction followed by Optiprep density gradient centrifugation and 

Western blot analysis. Of the obtained fractions, fractions 3, 4 and 5 are considered 

as membrane microdomain or raft fractions, i.e., to contain TX-100-resistant (glyco)

proteins and (glyco)sphingolipids. TX-100-soluble proteins and lipids appear in frac-

tions 6 and 7. UGT8 was equally present both in raft and in non-raft fractions, and 

no alteration in UGT8 distribution was apparent upon Gal-4 exposure of immature 

OLGs for three days (Fig. 6A,B). 

Consistent with previous results 172,476, contactin-1 integrated into TX-100-resistant 

membrane microdomains, and its lateral distribution was not altered upon treat-

ment with Gal-4  (Fig. 6A,C). Similarly, the lateral distributions of the membrane 

microdomain marker caveolin, and the TX-100-soluble protein RhoGDI were similar 

in untreated and Gal-4-treated OLGs (Fig. 6A). To determine whether cell surface-lo-

calized UGT8 is present in membrane microdomains, raft and non-raft fractions of 

surface-biotinylated OLGs were subjected to streptavidin-based affinity precipita-

tion and resulting material was analyzed by Western blot. While 55-60% of UGT8 

present in membrane microdomains was present at the cell surface, this applied to 

only 25-30% of the UGT8 in the non-raft fraction (Fig. 6D,F). The lateral membrane 
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Figure 6. Galectin-4 does not alter the presence of surface-localized UTG8 in 
Triton X-100-resistant microdomains.(A-C). Western blot analysis of the distribution of 
UGT8 (A,B) and contactin-1 (A,C) in membrane microdomains (‘raft’) and non-membrane 
microdomains (‘non-raft’) isolated from untreated (cntrl) or Gal-4 (G4)-treated immature OLGs 
by detergent after OptiPrep density gradient centrifugation. Caveolin and RhoGDI serve as 
controls for membrane and non-membrane microdomains, respectively. Representative blots 
are shown in (A), quantification of data in (B) (n=6) and (C) (n=5). Total protein presence was 
calculated by adding the intensity of all fractions. Protein percentage of each fraction was 
then calculated by dividing the protein intensity of all fractions. Bars represent the mean of 
the pooled fraction percentage of fractions 1-2, 3-5 and 6-7. Error bars represent standard 
deviation. (D,F) Streptavidin-based precipitation of biotinylated cell surface proteins from 
raft and non- raft fractions followed by Western blot analysis of UGT8 in precipitated (S, 
surface) and non-precipitated (I, intracellular) fractions. Representative blots are shown in 
(D) and quantification of data in (F) (n=3). Note that 55-60% of the UGT8 found in membrane 
microdomains (raft in untreated control cells (cntrl)) is present at the cell surface (untreated, 
cntrl) and remained at this level upon Gal-4 treatment. (E,G) Affinity precipitation (AP) on raft 
and non-raft fractions obtained from untreated (cntrl) or galectin-4 (Gal-4)-treated immature 
oligodendrocytes with biotinylated Gal-4 (bGal-4) followed by Western Blot analysis on 
precipitated (AP) and non-precipitated (-) fractions of UGT8. Representative blots are shown 
in (E) and quantification of data in (G) (n=4). Note that Gal-4 treatment significantly reduced 
bGal-4 binding to UGT8 that is present in membrane microdomains (raft), but not UGT8 
present in non-membrane microdomains. Bars represent the mean of percentage of cell 
surface-localized (F) or bGal-4-binding (G) UGT8. The protein percentage was calculated 
by. dividing the protein intensity in the indicated fraction by protein intensity of both fractions. 
Error bars represent standard deviation. Statistical analyses are performed with a two-sided 
t-test to test for differences between untreated control (cntrl, b,c,f,g, *p<0.05, **P<0.01) or 
fraction (f,g, #p<0.05, ##p<0.01).   
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distribution of cell surface UGT8 remained similar upon Gal-4 treatment (Fig. 6D,F). 

Affinity precipitation demonstrated that of the UGT8 pool in membrane micro-

domains about 60% interacted with Gal-4, while only 20-25% of the UGT8 in the 

non-raft fractions was doing so (Fig. 6E,G). Notably, the fraction of the UGT8 pool 

that is at the cell surface in either membrane microdomains or non-raft fractions cor-

related with the respective fractions of UGT8 that binds Gal-4. Treatment with Gal-4 

significantly reduced binding to UGT8 that is present in membrane microdomains 

(Fig. 6E,G). Gal-4 binding to UGT8 in non-raft fractions was not affected (Fig. 6E,G).  

 

Having identified that Gal-4 primarily associated to UGT8 in membrane micro-

domains, we next examined the effect of Gal-4 on the levels of GalCer, the prod-

uct of UGT8 action, and sulfatide. Analyses of the lateral membrane distribution 

of GalCer disclosed that the relative percentage of GalCer in TX-100-resistant 

membrane microdomains significantly decreased, GalCer presence in non-raft 

fractions significantly increased (Fig. 7A,B). The lateral membrane distributions 

of sulfatide and ganglioside GM1 were apparently unaffected upon Gal-4 addi-

tion (Fig. 7A,C,D). Remarkably, exposure to Gal-4 only slightly decreased the to-

tal levels of GalCer, those of sulfatide were not affected (Fig. 7E,F). The levels of 

ganglioside GM1, the major ganglioside in mature OLGs, slightly increased in 

Gal-4-treated OLGs (Fig. 7E,F). The reduced levels of GalCer in membrane micro-

domains may contribute to the role of Gal-4 in the timing of OPC differentiation.  

 
The lateral membrane distribution of GalCer is not affected upon Gal-4 treatment 
of oligodendrocytes cultured on a fibronectin matrix

Proceeding from PLL to the MS-relevant fibronectin to coat the surface, we next an-

swered the question whether Gal-4 interferes with the lateral membrane distribu-

tion of GalCer when OPCs are differentiated on a fibronectin substratum. Primary 

processes of immature OLGs that were cultured on a surface coated with fibronectin 

bound Gal-4 (Fig. 8A), in a similar manner to what had been detected on PLL (Fig. 

1A). Also, UGT8 was found to be present in membrane microdomains in OLGs, and 

its lateral membrane distribution was not affected by Gal-4 treatment (Fig. 8B,C). 

In contrast to what had been observed when OLGs were grown on PLL, features of 

lateral membrane distribution of GalCer were maintained in the presence of Gal-4 

(Fig. 8B,D).
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Affinity pull-down assays on raft and non-raft fractions demonstrated that the lectin 

interacted to a similar extent with UGT8 in both fractions (Fig. 8E,F). Intriguingly, 

its binding to UGT8 in non-raft fractions was significantly reduced in Gal-4-treated 

OLGs that were cultured on a fibronectin substratum, the binding to UGT8 in mem-

brane microdomains not being affected by Gal-4 (Fig. 8E,F). Of note, GalCer, sul-

fatide and ganglioside GM1 levels were similar in untreated and Gal-4-treated OLGs 

grown on a fibronectin substratum (Fig. 8G,H). Therefore, in contrast to OLGs grown 

on PLL (Fig. 6), Gal-4 and UGT8 equally well form a complex in membrane micro-

domains and non-membrane microdomains, while extent of binding was only dimin-

ished in non-membrane microdomains after Gal-4 treatment. Since it had previously 

been described that Gal-4 treatment reduces the percentage of MBP-positive cells 

perturbing OPC differentiation when cultured on PLL 49, whereas a fibronectin sub-

stratum impairs myelin membrane formation 30,355,375,477,478, we next assessed wheth-

er Gal-4 will also negatively affect OPC differentiation on a fibronectin substratum. 

 
Gal-4 overcomes the inhibitory effect of fibronectin on myelin membrane 
formation

To measure what Gal-4 will do on OPC maturation in the presence of fibronectin, 

OPCs were plated on a fibronectin substratum and either left untreated or treated for 

three days with the lectin from the immature OLG stage onwards. As expected from 

evidence of previous reports 30,355,375,477,478, OLGs plated on a fibronectin substratum 

were MBP-positive, but did form less myelin membranes than OLGs that were grown 

on PLL (Fig. 9A-C). Rather surprisingly, treatment of immature OLGs grown on fi-

bronectin with Gal-4 essentially reversed the inhibitory effect of fibronectin on my-

elin membrane formation (Fig. 9A-C). More specifically, a 1.5-fold increase in the per-

centage of OLGs that have MBP-positive myelin membranes was observed compared 

to untreated cells cultured on the fibronectin matrix (Fig. 9C). Thus, under these 

conditions, and in contrast to what was previously observed in case of OLGs grown 

on PLL 49, Gal-4 promoted myelin membrane generation rather than preventing OPC 

differentiation. This mode of process was further reflected by similar percentages of 

MBP-positive cells in the presence or absence of Gal-4 (Fig. 9B). Hence, fibronec-

tin appears to counteract the inhibitory effect of Gal-4 on differentiation. Gal-4, in 

contrast, might overcome the inhibitory effect of fibronectin on myelin membrane 

formation, pointing to a crosstalk between these two biomodulators in a network.
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Figure 7. Galectin-4 reduces galactosylceramide levels in Triton X-100-resistant 
membrane microdomains. (A-D) Dot blot analysis of the distribution of galactosylceramide 
(GalCer, a,b), sulfatide (A,C) and ganglioside GM1 (A,D) in membrane (‘raft’) and non-
membrane microdomains (‘non-raft’) isolated from untreated (cntrl) or galectin-4 (Gal-4)-
treated immature oligodendrocytes by exposure to detergent and OptiPrep density gradient 
centrifugation. Representative blots are shown in (A), quantification of data in (B-D) (b n=4, 
c n=4, d n=3). The total lipid expression was calculated by adding the intensity of all fractions. 
The lipid percentage of each fraction was then calculated by dividing the lipid intensity of 
all fractions. Note that Gal-4 treatment significantly reduced GalCer levels in membrane 
domains along with an increase in GalCer levels in non-membrane microdomains. Bars 
represent the mean of the pooled fraction percentage of fractions 1-2, 3-5 and 6-7. Error 
bars represent standard deviation. Statistical analyses are performed with a two-sided t-test 
to test for differences between untreated control (cntrl, *p<0.05, **P<0.01). (E,F) Dotblot 
analysis of GalCer, sulfatide and ganglioside GM1 levels in untreated (cntrl) and Gal-4-treated 
immature oligodendrocytes. Representative blots are shown in (E) and quantification of data 
in (F) (GalCer and sulfatide n=5, ganglioside GM1 n=3). Bars represent the relative mean 
to untreated control, which was set to 1 in each independent experiment (cntrl, horizontal 
line). Error bars represent standard deviation. Statistical analyses are performed with a one 
sample t-test (not significant) to test for differences with untreated control (cntrl). 
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Figure 8. Galectin-4 does not alter the lateral membrane distribution of 
galactosylceramide and of UGT8 of OLGs cultured on fibronectin. (A) Live binding 
assays of biotinylated galectin-4 (bGal-4, red)) on immature (4 days after initiating 
differentiation) OLGs cultured on a fibronectin substratum. (B-D) Dot blot or Western blot 
analysis of the distribution of galactosylceramide (GalCer, b,c) and UGT8 (B,D) in membrane 
(‘raft’) and non-membrane microdomains (‘non-raft’) isolated from untreated (cntrl) or Gal-4 
(G4)-treated immature oligodendrocytes cultured on a fibronectin substratum after exposure 
to Triton X-100 and OptiPrep density gradient centrifugation. Caveolin and RhoGDI serve 
as controls for membrane and non-membrane microdomains, respectively. Representative 
blots are shown in (B), quantification of data in (C,D) (c n=4, d n=4). The total lipid/protein 
expression was calculated by adding the intensity of all fractions. The lipid/protein percentage 
of each fraction was then calculated by dividing the lipid/protein intensity of all fractions. Note 
that Gal-4 treatment did not alter the lateral membrane distribution of GalCer and UGT8. 
Bars represent the mean of the pooled fraction percentage of fractions 1-2, 3-5 and 6-7. 
Error bars represent standard deviation. (E,F) Affinity precipitation (AP) on raft and non-raft 
fractions obtained from untreated (cntrl) or Gal-4-treated immature oligodendrocytes cultured 
on a fibronectin substratum with bGal-4 followed by Western Blot analysis on precipitated 
(AP) and non-precipitated (-) fractions of UGT8. Representative blots are shown in (E) and 
quantification of data in (F) (n=5). Note that Gal-4 treatment significantly reduced bGal-4 
binding to UGT8 that is present in non-membrane microdomains (non-raft). Bars represent 
the mean of the protein percentage of bGal-4-binding UGT8. The protein percentage was 
calculated by dividing the protein intensity in the indicated fraction by protein intensity of both 
fractions. Error bars represent standard deviation. (G,H) Dotblot analysis of GalCer, sulfatide 
and. ganglioside GM1 levels in untreated (cntrl) and Gal-4-treated immature OLGs cultured 
on a fibronectin substratum. Representative blots are shown in (G) and quantification in (h) 
(n=4). Bars represent the relative mean to untreated control, which was set to 1 in each 
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Figure 8 continued independent experiment (cntrl, horizontal line). Error bars represent 
standard deviation. Statistical analyses are performed with a two-side t-test (c,d,f, *p<0.05) 
or a one sample t-test (h, not significant) to test for differences with untreated control (cntrl) 
and a two-side t-test to test for differences between fractions (f, not significant). Scale bar is 
25 µm.

Figure 9. Galectin-4 overcomes the inhibitory effect of fibronectin on myelin 
membrane formation. (a-c) Immunocytochemistry of the OLG maturation marker MBP 
(red) on OLGs that were plated fibronectin substratum and left untreated (cntrl) or treated 
with galectin-4 (Gal-4) at the immature OLG stage for three days. Oligodendrocytes that were 
plated on PLL serve as a control. Representative images are shown in (a), quantification of 
the percentage of MBP-positive cells (differentiation) in (b) (n=6), and quantification of the 
percentage of MBP-positive that bear MBP-positive myelin membranes in (c) (n=6). Note 
that Gal-4 promotes myelin membrane formation on a fibronectin substratum. Bar represent 
the relative mean to untreated cells cultured on a fibronectin substratum, which was set 
to 1 in each independent experiment (cntrl, horizontal line). Error bars represent standard 
deviation. Statistical analyses are performed with a one sample t-test to test for differences 
with control (cntrl, *p<0.05, **p<0.01). Absolute value for the percentage of MBP-positive 
cells of control is 22.2% ± 1.9 and for the percentage of myelin membrane-bearing MBP-
positive cells 29.8% ± 5.3. Scale bar is 25 µm.
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DISCUSSION

Gal-4 is a negative regulator of OPC differentiation that is persistently present in 

MS lesions so that its expression is assumed to be associated with remyelination fail-

ure in MS 49,147. This connection between the tissue lectin and a clinically relevant 

dysregulation, deserved to be explored further by identifying the oligodendroglial 

counterreceptor(s) of this galectin. Using pull-down assays, we identified a small 

set of proteins, including UGT8 and contactin-1, as binding partners. Interesting-

ly, co-localization studies and testing engineered cell lines excluded sulfatide from 

being a main contact site in OLGs. Functionally, Gal-4 treatment reduced GalCer 

levels in membrane microdomains when OLGs were cultured on a PLL, but not on a 

fibronectin substratum. Rather than negatively regulating OPC differentiation, the 

lectin counteracted fibronectin-mediated inhibition of myelin membrane formation 

in vitro. These findings inspire the idea that modulating counterreceptor presence 

or post-binding effects of Gal-4 at the level of the oligodendroglial cell surface has 

potential to overcome remyelination failure in MS lesions. 

Proceeding from defining Gal-4 as pathogenic factor to characterizing its counterre-

ceptors has led to the discovery of transient expression of UGT8 at the cell surface, 

and this in the proximal, but not distal part of primary processes of immature OLGs. 

These obtained results are in line with previous immunocytochemical and biochem-

ical observations that UGT8 is present in OLG processes and myelin of developing 

and adult rat brain 479 and in oligodendroglial plasma membrane fractions 480,481. Of 

relevance in this context, in vitro and in vivo analysis with UGT8 (CGT)-deficient 

mice has demonstrated that galactosphingolipids modulate the rate of OPC differ-

entiation (reviewed in 458), the number of OLGs 459 and myelin composition 460. Dif-

ferences in OPC differentiation have been attributed to the absence of 3-O-sulfated 

GalCer (sulfatide). In fact, sulfatide is a negative regulator of OPC differentiation 184, 

enriched at the surface of OLGs and interacts with Gal-4 in enterocyte-like HT-29 

cells and neurons 112,152,176,382,482. In rodent brain and in maturing OLGs, both length 

and hydroxylation of the acyl chains of sulfatide are developmentally regulated and 

reflect myelin maturity. Prior to the onset of maturation, sulfatide (18:0) is predom-

inant, whereas long-chain-fatty-acid sulfatide (24:1), the preferred ligand of Gal-4 
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112, is upregulated during myelination and most abundant in the adult brain 483–485. 

This temporal regulation of the type of lipid anchor for headgroup presentation may 

explain why sulfatide with its comparatively short chain fatty acid, mainly present 

in immature OLGs, and Gal-4 fail to interact prominently. Indeed, a switch in this 

parameter from incorporating a C18 to a C24 acyl chain appears to have potential to 

mean much more than a biosynthetic peculiarity of a sphingolipid.

Drawing an analogy to other cases of glycosyltransferases presented on the cell sur-

face such as the β1,4-galactosyltransferase with assumed roles in adhesion or even 

signal induction 486,487, the localization of UGT8 may serve so far not realized aspects 

of functionality, and a Gal-4-mediated cross-linking may enhance their impact. In 

fact, local GalCer levels are linked to membrane association and distribution of MBP 
187,488,489, a peripheral membrane protein imperative for myelin membrane formation 
490. Given the exclusive detection of plasma membrane-localized UGT8 at primary 

processes, it is tempting to suggest that the Gal-4-mediated reduction in GalCer lev-

els in membrane microdomains may preclude premature positioning of MBP at the 

plasma membrane.  

Our affinity capture mass spectrometry analysis identified contactin-1 as anoth-

er Gal-4 surface counterreceptor present at the proximal part of primary processes. 

Oligodendroglial contactin-1 orchestrates the initial interaction between immature 

OLGs and axons that is essential for the onset of MBP expression in vivo 171–174,491. 

This finding invites the attractive speculation that the restrictive localization of both 

UGT8 and contactin-1 at primary processes may be an elegant way to prevent ectopic 

MBP expression at secondary and tertiary processes as well as to confine initial MBP 

production and associations to the proximal part of primary processes. Neuronal 

Gal-4 may then act as an antagonist that prevents both premature binding of con-

tactin-1 to the axonal glycoprotein L1, a binding partner for Gal-4 at that site 152, and 

GalCer accumulation, thereby affecting the timing of the onset of MBP expression in 

OLGs. Considering this protein’s expression, an endogenous role of oligodendroglial 

Gal-4 is in the p27-mediated activation of the MBP gene and its capacity to interact 

with this promoter 151. 
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In addition to UGT8 and contactin-1, Rab5c and Rab10 were found to associate to Gal-

4. Rab proteins are a subgroup of small GTP-binding proteins that regulate vesicular 

trafficking (reviewed in Hutagalung & Novick, 2011). Both proteins are apparently 

not glycosylated (Table 1). However, in addition to glycans, the galectin CRD is ap-

parently capable to specifically interact with distinct peptide motifs at its β-galacto-

side-binding F-face, and this in a lactose-inhibitable manner, and alternatively at its 

S-face. Hereby, a galectin binds biorelevant counterreceptors such as anti-apoptotic 

Bcl-2, the chemokine CXCL12 or eye lens crystallins 492–494. Rab5c is expressed in all 

stages of OLG differentiation 462,463, mainly regulating the protein transport from 

the plasma membrane to early endosomes 464. Gal-4 binding to Rab5c at the plasma 

membrane may well induce its internalization. Rab10 is involved in protein routing 

from the Golgi apparatus and in recycling endosomes to the plasma membrane464. 

Of note, a disruption of Rab10 can cause delayed OPC maturation in vitro and my-

elination in vivo 468. By binding to these two Rab proteins, Gal-4, which is produced 

on free ribosomes and is thus present intracellularly 495, may have an impact on in-

tracellular trafficking beyond its role by pairing with glycoproteins, another route for 

modulating OPC differentiation. The targeted delivery of glycoprotein L1 in axons 

underscores the capacity for vectorial cargo transport at distinct sites of Gal-4, in this 

case involving sulfatide 152. Pull-down assays show that these two Rab proteins can 

also interact with Gal-3 496,497, a positive regulator of OPC differentiation, and these 

observations give research direction to explore the synergistic potential within the 

galectin network.

Concerning molecular cooperation in situ, the presence of two myelinating-inhibit-

ing compounds, i.e., Gal-4 and fibronectin, induced OPC differentiation and matu-

ration into mature myelin membrane producing OLGs in vitro. It is thus possible for 

Gal-4 to alter fibronectin-mediated signaling from being restrictive to constructive to 

myelin membrane generation. Our binding assays demonstrated that Gal-4-binding 

sites were exclusively present at primary processes of OLGs cultured on a fibronec-

tin substratum. However, lateral membrane distribution of GalCer was not affected, 

which may relate to the effect of fibronectin to alter membrane microdomain for-

mation 187,375,450, including the lateral membrane distribution of sulfatide. Interest-

ingly, Gal-4 associated preferentially to UGT8 in membrane microdomains of OLGs 



148

Chapter 4

cultured on a PLL. When using fibronectin instead, it bound equally well to UGT8 in 

membrane microdomains and non-membrane microdomains. 

Taken together, we have identified cell surface-localized UGT8 and contactin-1 as 

major counterreceptors for Gal-4 on immature OLGs. In addition, in contrast to their 

individual activities, the simultaneous presence of Gal-4 and fibronectin effectively 

promotes formation of myelin membrane. Since both compounds are constituents 

of (chronic) MS lesions 30,147,498, further analysis of the presence of these counterre-

ceptors in MS lesions as well as the nature of their interactions and induction of (any) 

downstream signaling will now be desirable, considering that neuronal contactin-1 

is a binding partner for Gal-4, too 153. Contactin-1, when expressed by neurons is im-

portant for the assembly of the paranodal complex 499,500, for axonal growth 499 and 

for the initiation of OPC differentiation 501. Gal-4 takes care of the transport of this 

axon growth-promoting glycoprotein 152 and of recruitment of neuronal contactin-1 

to Gal-4-containing domains that prevent myelination 153. Due to its bivalency facil-

itating bridging and clustering in microdomains as platform for signaling, contact 

formation of Gal-4 with (secreted) oligodendroglial 502 or axonal contactin-1 may in-

spire to devise remyelination strategies for immature OLGs involving Gal-4. Also, the 

emerging concept of galectins engaging in teamwork in (re)myelination (reviewed by 

de Jong, Gabius, & Baron, 2020) and as described in the pathogenesis of osteoarthri-

tis 82,504, their synergistic and antagonistic activities to be exploited by custom-made 

galectin variants 343,505, directs interest to extend the study to other members of this 

family and to in vitro testing of galectin variants of altered modular architecture with 

therapeutic intention.



4

149

Identification of oligodendrocyte counterreceptors for galectin-4 that promotes myelin membrane formation together 
with the remyelination inhibitor fibronectin

ACKNOWLEDGEMENTS

We would like to thank Roy Woldhuis, Anisa Nurani and Laura van Meurs for their 

excellent technical assistance in the initial phase of the study. This work is supported 

by the Dutch MS Research Foundation (‘Stichting MS Research’).  

CONFLICT OF INTEREST

The authors declare that they have no competing interests.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: CGHMdJ and WB. Performed and 

analyzed the experiments: CGHMdJ, JCdJ, LW and WB. Contributed reagents/

materials/content: HJG. First draft of the manuscript: CGHMdJ . Critical revision of 

the manuscript: HJG and WB. Study supervision: WB. All contributing authors have 

seen and approved the manuscript. 



150

Chapter 4

A

E

MOCK
mem cyto

DMOCK

UGT8

actin

G
al

C
er

B

F

OLN-MOCK

UGT8

  G

mem cyto
G

C

I S
UGT8

I S

cntrl
AP- AP APAP ---

cntrl bGal-4bGal4

bG
al

-4
/D

A
P

I

UGT8

OLN-G

OLN

OLN

MOCK G

OLN

MOCK G

OLN

OLN-MOCK OLN-G

Supplementary figure 1. Galectin-4 does not bind to intracellular UGT8 in OLN-G 
cells. (a) Surface staining by anti-galactosylceramide (GalCer) antibody O1 on OLN-MOCK 
(control vector only) and OLN-G (transduced with vector coding for UGT8) cells. (b) Western 
blot analysis of UGT8. Actin serves as control. Arrow indicate UGT8, arrowheads indicate 
two additional UGT8-immunoreactive bands present in OLN-MOCK and OLN-G cells with a 
slightly higher molecular weight. (c) Western blot analysis of UGT8 and on membrane and 
cytosol fractions. Note that overexpressed UGT8 (arrow) is present in membrane fractions. (d) 
Cell surface biotinylation followed by streptavidin-based precipitation of biotinylated surface 
proteins from membrane fractions followed by Western blot analysis of UGT8 on precipitated 
(S, surface) and non-precipitated (I, intracellular) fractions. Note that overexpressed UGT8 
(arrow) is localized intracellularly. (e) Live binding assays of biotinylated galectin-4 (bGal-4, 
red)). Note that OLN-MOCK and OLN-G cells do not harbor Gal-4 counterreceptors at the 
cell surface. (f) Affinity precipitation (AP) on membrane fractions with bGal-4 followed by 
Western Blot analysis on precipitated (AP) and non-precipitated (-) fractions of UGT8. Note 
that Gal-4 does not bind to overexpressed UGT8 (arrow). Representative image and blots 
of at least three independent experiments are shown. Scale bars are 10 (e) and 20 (a) µm.
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SUMMARY

In the central nervous system (CNS) oligodendrocytes (OLGs) produce myelin and 

one OLG enwraps multiple axons to provide insulation and protection to the axon. 

The myelin membrane is an extension from the OLG cell body and required for prop-

er saltatory nerve impulse conduction and metabolic axonal support. Demyelination, 

the loss of myelin sheaths, and the lack of remyelination, the regeneration of my-

elin sheaths, results in neurological deficits, as observed in multiple sclerosis (MS). 

Remyelination is a regenerative process and is most efficient when recruited oligo-

dendrocyte progenitor cells (OPCs) differentiate and myelinate the denuded axon 
59. Although OPCs are present in most lesions, the remyelination process fails in the 

later stage of MS leading to (secondary) neurodegeneration and disease progression 
14,15,39–41,62,279. Upon demyelination, factors that inhibit OPC differentiation are tran-

siently (re)expressed and guide the timing of OPC differentiation and therefore suc-

cessful remyelination 8,59. These OPC differentiation inhibitory factors are however 

still present in MS lesions, indicating that an appropriate initial response to demye-

lination occurs in MS, but that somehow the process deteriorates. It is still unknown 

where and why the remyelination process stagnates in MS. Therefore, a detailed un-

derstanding of the temporal and spatial factors that regulate remyelination will be 

essential in developing effective therapies to enhance remyelination in MS. 

A tight regulation and cooperative communication between neurons, astrocytes and 

microglia to oligodendrocyte lineage cells contributes to successful remyelination. 

The glycosylation status of the cell surface is translated to specific biological func-

tions, therefore the study of the glycome in relation to diseases has gained interest. 

Galectins are a family of proteins that bind β-galactosides and are important media-

tors in different endogenous and exogenous processes, including immune response, 

trafficking, and signaling 44–48,335. Galectins have been implicated in MS pathology, 

and their functional role in remyelination is just emerging 147,149,288,304. In chapter 1, 
the roles of galectins in regulating glial cell behavior during developmental myelin-

ation, neuroinflammation and remyelination is discussed. In addition, their contri-

bution to MS pathology is highlighted with a perspective towards developing new 

galectin-based therapies to treat remyelination failure in MS. In summary, galec-

tins-1, -3, and -4 act as interglial communication cues upon demyelination and guide 
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successful remyelination. More specifically, galectins have multifaceted functions in 

modulating innate and adaptive immune responses, and their timed expression and/

or secretion, which is derailed in MS lesions, are crucial determinants of successful 

remyelination. Therefore, galectins may be therapeutic targets or tools for the devel-

opment of remyelination-based therapies in MS. 

Recently it became apparent that mature pre-existing surviving OLGs are likely re-

sponsible for remyelination in the so-called shadow plaques in MS 9–11. In the chronic 

demyelinated lesions, mature OLGs do not survive 14,16,62, rendering remyelination 

dependent on newly-formed OLGs generated via OPC differentiation. Therefore, the 

genes and proteins involved in OPC-based remyelination are likely very similar to 

developmental myelination 16–18,59. In developmental myelination, galectin-4 is tran-

siently secreted by axons and acts as a negative regulator of OPC differentiation, and 

the timing of OPC differentiation 49. In chapter 2, the presence of galectin-4 during 

de- and remyelination in experimental models and in MS lesions was investigated. 

Similar to development myelination, galectin-4 was transiently re-expressed on ax-

ons in toxin-induced demyelinated areas, and more surprisingly the lectin was also 

localized to microglia/macrophages in demyelinated areas of toxin- and inflamma-

tion-induced experimental models. Cultured microglia and bone marrow-derived 

macrophages (BMDMs) endocytosed galectin-4, and may in this way scavenge galec-

tin-4 from oligodendrocytes. On the other hand, galectin-4 levels were increased in 

alternatively-activated pro-regenerative microglia and BMDMs, a phenotype essen-

tial for remyelination 22. While the presence galectin-4 disappeared in a toxin-in-

duced experimental model for successful remyelination, galectin-4 was persistently 

localized on axons in inactive MS lesions, and present in microglia/macrophages in 

active MS lesions. Given that galectin-4 impairs OPC differentiation, the persistent 

presence of galectin-4 in MS lesions may create an environment that prevents OLGs 

to myelinate the denuded axon. While during developmental myelination, galectin-4 

expression is mainly confined to neurons and OLGs 49, an unexpected finding in the 

experimental models and MS lesions was the presence of galectin-4 in microglia/

macrophages. The increased presence of galectin-4 in cultured anti-inflammatory 

pro-regenerative in microglia and BMDMs, indicate that microglia/macrophage may 

endogenously express galectin-4. To examine a potential endogenous regulatory role 
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Figure 1. Schematic representation of the role of extracellular axonal galectin-4 
during developmental myelination, and upon demyelination based on the key 
findings of this thesis. Development. 1. During brain development galectin-4 is secreted 
by immature axons 49. 2. Axonal galectin-4 binds to UGT8 and contactin-1 (chapter 4) at 
the cell surface of the proximal part of primary process of immature oligodendrocytes (inset, 
chapter 4). 3,4. Galectin-4 binding prevents the differentiation of immature oligodendrocytes 
to mature myelinating oligodendrocytes (3, 49), and may induce in a subset dedifferentiation 
of immature oligodendrocytes to OPCs (4, 49). 5,6. Mature axons do not express galectin-4 
49, and in the absence of galectin-4, the level of galactosylceramide (GalCer) in membrane 
microdomains is increased (5, inset, chapter 4), which likely allows for localized synthesis and 
accumulation of MBP at the proximal part of primary processes, and maturation of immature 
oligodendrocytes to myelinating mature oligodendrocytes (6,187,488,489). Demyelination. 7. 
Galectin-4 is transiently localized to axons upon cuprizone-induced demyelination (chapter 
2). 8-10. Likely, in analogy to developmental myelination, secreted axonal galectin-4 binds 
to the proximal part of primary processes of immature oligodendrocytes (8), prevents the 
differentiation of immature oligodendrocytes (9) and may induce dedifferentiation towards 
OPCs (10). 11,12. In contrast to developmental myelination, galectin-4 is also localized 
to the cytoplasm and/or nucleus of microglia/macrophages upon cuprizone-induced 
demyelination and in EAE (chapter 2). In vitro analysis indicate that galectin-4 is effectively 
endocytosed by macrophages, irrespective of their activation state, and may scavenge 
axonal galectin-4 from oligodendrocytes (11, chapter 2). In addition, galectin-4 protein 
levels were significantly upregulated in alternatively IL-4-activated BMDMs and microglia 
(12, chapter 2). Notably, galectin-4 is not secreted by BMDMs and microglia (chapter 2). 
Whether microglia/macrophages are cellular source of galectin-4 remains to be determined. 
Preliminary findings indicate the existence of a novel galectin-4 isoform, that differs both in its 
C- and N-terminal CRD compared to intestine galectin-4 (chapter 3). 13. In contrast to their 
individual activities, simultaneous presence of galectin-4 and fibronectin, an extracellular 
matrix protein that is also transiently expressed upon demyelination, effectively promoted 
myelin membrane formation in vitro (13, chapter 4). 14. The transient expression of axonal 
galectin-4, scavenging axonal galectin-4 by microglia/macrophages, a potential beneficial 
role of microglia/macrophage galectin-4 in OPC differentiation and/or the interaction of 
galectin-4 with fibronectin, may contribute to differentiation of immature oligodendrocytes to 
myelinating oligodendrocytes. Multiple sclerosis (MS). 15. In demyelinated MS lesions, the 
persistent presence of axonal galectin-4 (chapter 2), dysfunctional microglia/macrophages 
and the presence of fibronectin aggregates may contribute to remyelination failure.
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of galectin-4 in microglia and macrophage function, we initially aimed in chapter 
3 to unravel whether microglia and macrophages are cellular sources of galectins by 

examining galectin-4 at the mRNA level. However, using a functional in situ hybrid-

ization probe against intestine galectin-4, our findings revealed a rare example to 

detect no galectin-4 transcripts in upon cuprizone-induced demyelination, despite 

increased protein levels. Similarly, qPCR analysis showed that galectin-4 mRNA lev-

els were very low in alternatively and classical activated microglia and BMDMs. By 

contrast, using a different primer pair, qPCR analysis of lysolecithin-induced demy-

elinated lesions demonstrated increased galectin-4 mRNA levels. Extensive RT-PCR 

analysis with different primer pairs indicated the presence of a potential new galec-

tin-4 isoform in microglia, BMDMs, neurons and oligodendrocytes compared to in-

testine galectin-4. Therefore, the identity and origin of this galectin-4 isoform needs 

to be first confirmed, before it can be assessed whether microglia/macrophages are 

cellular sources of galectin-4 upon CNS demyelination. 

Galectin-4 is a tandem-repeat galectin composed of two non-identical carbohydrate 

recognition domains (CRDs) joined via a small linker peptide. Previous findings re-

vealed that properly connected CRDs are required for galectin-4-mediated inhibition 

of OPC differentiation 49. To obtain more insight in the underlying mechanism and 

to specifically interfere with galectin-4-mediated signaling, we aimed in chapter 4 

to identify galectin-4 binding partners at the surface of OLGs. Using affinity-based 

precipitation and mass spectrometric identification we identified UDP-galactose:ce-

ramide galactosyltransferase 8 (UGT8, also named CGT), an enzyme required for the 

biosynthesis of galactosylceramide (GalCer) 457,506,507 and contactin-1, an adhesive 

protein involved in the onset of MBP expression 171,172,174,491 as galectin-4 counterre-

ceptors at the surface of the proximal part of primary processes of immature OLGs. In 

contrast to axons and enterocytes 450, sulfatide was only a minor binding partner for 

galectin-4 in OLGs. GalCer is an important constituent of membrane microdomains, 

and following galectin-4 treatment GalCer levels were reduced in membrane micro-

domains. Similar to galectin-4, the ECM protein fibronectin is persistently present in 

MS lesions, in the form of aggregates, and impairs myelin regeneration by preventing 

correct membrane microdomain formation 30,187,375,442,450,477,478. Interestingly, the lat-

eral membrane redistribution of GalCer upon galectin-4 binding was not observed 
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on a fibronectin substrate. Surprisingly, in contrast to their individual activities as 

negative regulators of (re)myelination, the simultaneous presence of galectin-4 and 

fibronectin effectively promoted myelin membrane formation in vitro. Hence, mod-

ulating galectin-4-mediated signaling, among others by modulating its interaction 

with UGT8 and contactin-1, may be attractive approaches to promote remyelination 

in MS lesions. 

Taken together and visualized in figure 1, the work presented in this thesis marks 

galectin-4 as a potential pathogenic factor in MS lesions that may interfere with 

OPC differentiation, and therefore remyelination. Furthermore, we have identified 

surface-localized UGT8 and contactin-1 as counterreceptors for galectin-4 on im-

mature OLGs. In addition, rather unexpectedly the simultaneous presence of galec-

tin-4 and fibronectin effectively promoted myelin membrane formation. Since both 

compounds are persistently present in MS lesions, where remyelination fails, further 

analysis on the presence of oligodendroglial galectin-4 counterreceptors in MS le-

sions, and the nature of their interaction and downstream signaling should clarify 

the underlying mechanism of their combined effect. Similar, the relevance of galec-

tin-4’s presence in microglia/macrophages to remyelination (failure) requires further 

investigation. This will reveal whether a strategy based on galectin-4 antagonism or 

agonism of its counterreceptors on immature OLGs should be taken to design remy-

elination-based therapies for MS. 

 

PERSPECTIVES

The work described in this thesis uncovers a potential dual role of galectin-4 in reg-

ulating remyelination. Depending on the presence of other environmental factors 

galectin-4 may be either beneficial or detrimental for OPC maturation. Being a neg-

ative regulator of OPC differentiation during developmental myelination, galectin-4 

is re-expressed and persistently present on axons in MS lesions, indicating a poten-

tial continuous suppression of OPC differentiation in MS lesions (chapter 2). Re-ex-

pression of an axonal protein that inhibit OPC differentiation during developmental 

myelination is not uncommon, as other negative axonal regulators of OPC differen-

tiation are re-expressed upon demyelination. More specifically, signaling factors that 
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play a role in the timing of developmental myelination, such as adhesion proteins 

Jagged1 and PSA-NCAM 33,34 are re-expressed upon demyelination in experimental 

models and similar to galectin-4 persistently present in MS lesions 35–37. The exten-

sive cellular crosstalk and timely sequence of actions, i.e., clearing of myelin debris, 

OPC recruitment and OPC differentiation, is essential for successful OPC-based re-

myelination 14,15,40. Our findings show that galectin-4 was most abundantly re-ex-

pressed on axons at the end of cuprizone-induced demyelination, when the remye-

lination process has already started 383,508, while at remyelination, i.e., regeneration 

of myelin membranes, axonal galectin-4 is reduced. This indicates that similar to 

developmental demyelination, axonal galectin-4 may act as a timer and temporally 

halt OPC differentiation to fine tune the onset of myelin regeneration of denuded 

axons in the demyelinated area. In MS lesions, galectin-4 is persistently present. The 

(persistent) presence of many otherwise transiently expressed inhibitory factors for 

OPC differentiation and myelin biogenesis in MS lesions appears to be a central ob-

stacle for successful OPC-based remyelination 8,59. This indicates that the turning 

point from preparing the scene for remyelination to actual remyelination did not 

succeed in MS lesions. Another protein, LINGO-1, has also been identified as a neg-

ative regulator of OPC maturation and treatment with anti-LINGO-1 antibody leads 

to functional recovery in EAE, an experimental model that mimics inflammatory as-

pects of MS 292,294. In analogy, it is tempting to suggest that by removing galectin-4 or 

blocking its action in MS lesions may result in robust remyelination. However, it may 

be sufficient to overcome negative signals from a key inhibitor of OPC differentiation, 

such as galectin-4, it cannot be excluded that other hampering signals still prevail 

and negatively affects remyelination. For example, clinical trials with Opicinumab, 

an anti-LINGO-1 antagonist antibody failed to show an improvement or a slowdown 

of disability progression 509. Although this is still a phase II clinical study it suggests 

that by overcoming one obstacle for remyelination failure, does not lead to func-

tional recovery and halting disease progression in MS. In addition, even if inhibitory 

factors are removed, a potential absence of remyelination stimulating factors could 

further complicate successful remyelination in MS lesions, although OLGs are gen-

erating myelin by default. 
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Strikingly, although this needs to be further investigated, galectin-4 exposure bene-

fits OPC maturation by interacting with remyelination inhibitor fibronectin (chapter 

4). This makes galectin-4 a molecular tool to counteract the remyelination-impair-

ing effect of fibronectin aggregates that are present in MS lesions 30. Conversely, fi-

bronectin also overcomes the inhibitory effect of galectin-4 on OPC differentiation. 

An intriguing question to resolve is that why in our in vitro study the combination 

of galectin-4 and fibronectin has a positive effect on myelin membrane formation, 

while being both present, remyelination fails in chronic MS lesions. Galectin-4 ex-

posure to for example ex vivo demyelinated organotypic cerebellar slice cultures that 

contain fibronectin aggregates 442 will be the next step to translate and interpret our 

in vitro results to MS. Also, a better understanding on the underlying mechanism of 

the interaction between galectin-4 and fibronectin is required. For example, does 

galectin-4 mask fibronectin aggregates and/or does galectin-4-interfere with fi-

bronectin-mediated signaling? Equally well possible is that galectin-4 in MS lesions 

is not able to bind to oligodendrocyte lineage cells. A very recent study showed that 

oral GlcNAc drives primary myelination and blocking N-glycan branching inhibits 

primary myelination 510. Genetic deficiencies in N-glycan branching promote neu-

rodegeneration, spontaneous inflammatory demyelination and modulate multiple 

T cell functionalities 308,511–513. Sy et al. showed that the degree of GlcNAc branching 

in N-glycans promotes binding to galectins 510. Given that a deficiency in the N-gly-

cosylation pathway is associated with MS 308, it is interesting to examine whether 

GlcNAc and N-glycan branching affects the binding of galectin-4 to surface-localized 

receptors UGT8 and contactin-1. Also, an inside out hypothesis that the immature 

OLGs regulate their N-glycan branching in such a way they are susceptible for galec-

tin-4 binding is an interesting lead to follow. Other relevant research aims for future 

studies are to reveal whether galectin-4 is secreted by axons in MS lesions, whether 

microglia/macrophages scavenge secreted axonal galectin-4 to prevent its binding 

to oligodendrocyte lineage cells, or whether galectin-4 counterreceptors are present 

and functional on the surface of oligodendrocyte lineage cells in MS lesions. 

 

To determine potential beneficial functions of targeting galectin-4 in MS lesions, it 

is interesting to further investigate its role as a ligand to the in this thesis identified 

receptor, UGT8 on immature OLGs (chapter 4). UGT8 catalyzes the transfer of ga-
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lactose from UDP-galactose to ceramide, synthesizing GalCer, a major glycosphin-

golipid of myelin. This led to our hypothesis that galectin-4 by binding to UGT8 

controls the pool of cerebrosides that is synthesized in the oligodendroglial plasma 

membrane 514. Our findings revealed that galectin-4 binding reduces GalCer levels 

in membrane microdomains. Whether galectin-4 laterally redistributes GalCer or 

modulate UGT8 activity remains to be determined. UGT8 is a type I transmembrane 

protein with its active domain facing the extracellular space 469,470. As UDP-galac-

tose can be secreted by other cells, including astrocytes 515, and with ceramide being 

present in the plasma membrane, GalCer may be generated at and incorporated in 

the outer leaflet of the plasma membrane lipid bilayer. Notably, β-1,4-galactosyl-

transferase is a transferase that also resides in the plasma membrane of cells, acting 

not as an enzyme, but as a receptor for ECM proteins, including laminin 516–519. In 

this context it is interesting to assess the membrane localization and presence of 

galectin-4 counterreceptors, including UGT8, on a laminin-2 substrate. In contrast 

to fibronectin, laminin-2 enhances myelin membrane formation 355,520,521. Therefore, 

it would be interesting to examine whether galectin-4 modulates downstream sig-

naling pathways via UGT8 in immature OLGs, and whether this will be distinct on 

the different substrates. For example, we have previously shown that activation of 

PKA and phosphorylation of CREB, a transcription factor, counteracted the inhibi-

tory effect of fibronectin on myelin membrane formation 442. Hence, further analysis 

of post-binding effects of galectin-4, such as cross-linking of counterreceptors and 

signaling pathways activated, may guide in finding an innovative means to promote 

remyelination in MS lesions. 

Recent studies showed that not only newly-formed OLGs but also mature surviving 

OLGs are able to regenerate new myelin sheaths within the demyelinated area 9–11. 

Therefore, it is interesting to examine whether galectin-4 will have a role in the timing 

or remyelination by these mature OLGs. Our findings reveal a restrictive localization 

of galectin-4 binding sites at the proximal part of primary process of immature OLGs 

hinting to a specific role of galectin-4 at primary process that prevents OPC differen-

tiation. In addition to UGT8, contactin-1 is identified as another galectin-4 surface 

counterreceptor present at the proximal part of primary processes. Oligodendroglial 

contactin-1 orchestrates the initial interaction between immature OLGs and axons 
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that is in vivo essential for the onset of MBP synthesis 171,172,174,491. Furthermore, local 

GalCer levels are linked to membrane association and distribution of MBP 187,488,489. 

Therefore, it is tempting to suggest that the exclusive presence of both UGT8 and 

contactin-1 at primary processes may be an elegant way to prevent ectopic MBP ex-

pression at secondary and tertiary processes and localize initial MBP translation and 

MBP association at the proximal part of primary processes from where the myelin 

membranes may further elaborate. Neuronal galectin-4 may act as an antagonist that 

prevent both premature binding of contactin-1 to axonal L1 and GalCer accumulation 

in membrane microdomains, and thereby regulate the timing and position of the 

onset of MBP expression, and therefore OPC differentiation and myelin biogenesis. 

Also pre-existing mature OLGs need to extend a new primary process to regenerate 

a myelin sheath and requires regulated synthesis and correct positioning of MBP. 

Therefore, it is tempting to suggest that galectin-4 present in demyelinated areas may 

also be involved in the timing of mature-OLG based remyelination.

Hence, identifying and manipulating regulatory mechanisms of galectin-4 by mod-

ulating its surface counterreceptors may provide new insights into disease pathogen-

esis and novel strategies for galectin-4-based therapeutic intervention to overcome 

remyelination failure in MS. One complication may be that galectin-4 also binds to 

neuronal contactin-1 153. Neuronal contactin-1 is important for the assembly of the 

paranodal complex 499,500, axonal growth 493 and the initiation of OPC differentiation 
499. Galectin-4 organizes the transport of the axon growth-promoting NCAM mole-

cule L1 152 and recruitment of neuronal contactin-1 to galectin-4-containing domains 

that prevent myelination 153. Therefore, it will be of interest to examine whether 

upon demyelination similar galectin-4-containing domains will be formed on axo-

nal membranes, as observed during development that locally determine myelin-free 

axon segments in a myelin-dependent manner 153. In addition, a recent study shows 

that secreted oligodendroglial contactin-1 is involved in nodal sodium channel clus-

ter formation 502, implying also a potential role of galectin-4 in this process, which 

needs to be considered when modulating galectin-4-mediated effects. Nevertheless, 

a galectin-4 antagonist and/or agonist in combination with other therapies may be 

considered as a treatment to improve remyelination.
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Another open question to be addressed is whether galectin-4 is endogenously ex-

pressed in pro-regenerative microglia/macrophages in demyelinated areas or wheth-

er galectin-4 is endocytosed from the environment, and how this contributes to 

successful remyelination (chapter 2). Microglia/macrophages positively contribute 

to remyelination by phagocytosing remyelination-inhibiting myelin debris, while al-

ternatively activated microglia/macrophages secrete pro-OPC differentiation factors 
22,29,229,283,522,523. Of relevance, other galectins play a role in activation, proliferation 

and/or the phagocytic capacity of microglia/macrophages 143,244,306. Although microg-

lia secrete other galectins that are beneficial for OPC differentiation 144,149,150,241, we ob-

served that at least in vitro galectin-4 is not secreted by microglia and BMDMs. Upon 

cuprizone-induced demyelination, galectin-4 is mainly nuclear localized, in the in-

flammatory infiltrates in EAE galectin-4 is mainly present in the cytoplasm, and in ac-

tive MS lesions galectin-4 resides both in the nucleus and cytoplasm of microglia/mac-

rophages. More in-depth analysis of a potential novel galectin-4 isoform in microglia 

and BMDMs (chapter 3) will reveal whether microglia and macrophages are cellular 

sources of galectin-4. In either way, cytoplasmic galectin-4 may contribute to (apical) 

vesicular transport 112,524, while nuclear localized galectin-4 may bind to transcription 

factors and regulate gene expression, as also observed for nuclear localized oligoden-

droglial galectin-4 that is involved in p27-mediated activation of MBP promotor 151.   

Taken together, based on the findings presented in this thesis galectin-4 may be con-

sidered either as a novel target or tool to overcome remyelination failure in MS lesions. 

Current treatments of MS are disease-modifying therapies that reduce the number 

and severity of relapses by immunosuppressive or immunomodulating drugs, but do 

not halt disease progression. To halt disease progression, a treatment that prevent 

neurodegeneration, including a treatment that is directed to improve remyelination, 

is essential. An achievable remyelination strategy is to control galectin-4-mediated 

effects on OPC differentiation, either by mimicking or blocking its interaction with 

its counterreceptors UGT8 and contactin-1 on the surface of oligodendrocyte lineage 

cells, dependent on the presence of other environmental signals in demyelinated le-

sions, such as fibronectin. To accomplish this more insight in the post-binding effects 

of the bivalent galectin-4 is essential, as well as a functional role of galectin-4 under 

inflammatory conditions. 
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NEDERLANDSE SAMENVATTING I

In het centrale zenuwstelsel (CZS) produceren oligodendrocyten (OLGs) myeline en 

omhullen meerdere zenuwdraden (axonen) om isolatie en bescherming te bieden 

aan het axon. Het myeline membraan is een verlengstuk van het cellichaam van oli-

godendrocyten en is nodig voor een snelle overdracht van zenuwimpulsen en voor 

de metabolische ondersteuning van het axon. Demyelinisatie, het verlies van mye-

linescheden, en het gebrek aan remyelinisatie, de regeneratie van myelinescheden, 

resulteert in neurologische tekortkomingen, zoals waargenomen bij mensen met 

multiple sclerose (MS). Remyelinisatie is een regeneratief proces en is het meest ef-

ficiënt wanneer gerekruteerde oligodendrocyt voorlopercellen (OPCs) differentiëren 

en het beschadigde axon opnieuw van myeline voorziet 59. Hoewel oligodendrocyt 

voorlopercellen aanwezig zijn in de meeste aangetaste gebieden (MS-laesies) faalt 

het remyelinisatieproces in het latere stadium van MS, wat leidt tot afbraak van ze-

nuwcellen (neurodegeneratie) en ziekteprogressie 14,15,39–41,62,279. Bij demyelinisatie 

komen factoren die de differentiatie van oligodendrocyt voorlopercellen remmen, 

tijdelijk (opnieuw) tot expressie en bepalen zo de timing van de differentiatie van 

oligodendrocyte voorlopercellen en daarmee een succesvolle remyelinisatie 8,59. Deze 

oligodendrocyt voorlopercellen-differentiatie remmende factoren zijn echter nog 

steeds aanwezig in MS-laesies, wat erop wijst dat bij MS een dezelfde initiële reactie 

op demyelinisatie optreedt, maar dat het proces op de een of andere manier faalt. 

Het is nog onbekend waar en waarom het remyelinisatieproces bij mensen met MS 

stagneert. Daarom is een gedetailleerd begrip van de tijdelijke en lokale factoren die 

remyelinisatie reguleren essentieel voor het ontwikkelen van effectieve therapieën 

om remyelinisatie bij mensen met MS te verbeteren. 

Een strakke regulatie en samenwerking tussen zenuwcellen (neuronen), steuncellen 

(astrocyten) en immuuncellen van het centrale zenuwstelsel (microglia) tot verschil-

lende uitrijpingsstadia van oligodendrocyten draagt bij tot succesvolle remyelinisa-

tie. De status van suikergroepen (glycosylatie) van het celoppervlak vertaalt zich in 

specifieke biologische functies, daarom heeft de studie van het glycoom in relatie tot 

ziekten interesse opgewekt. Galectines zijn een familie van eiwitten die zich binden 

aan β-galactoside, een specifieke suikergroep, en zijn belangrijke bemiddelaars in 

verschillende endogene (van binnenuit) en exogene (van buitenaf) processen, waar-
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onder immuunrespons, transport en signaalverwerking 44–48,335. Galectines zijn be-

trokken bij de pathologie van MS, en hun functionele rol in remyelinisatie is nog 

maar net ontdekt 147,149,288,304. In hoofdstuk 1 wordt de rol van galectines bij het 

reguleren van het gedrag van gliacellen tijdens myelinisatie, neuroinflammatie en 

remyelinisatie beschreven. Daarnaast wordt hun bijdrage aan de pathologie van MS 

belicht met het oog op de ontwikkeling van nieuwe op galectine-gebaseerde thera-

pieën voor de behandeling van het falen van remyelinisatie bij MS. Samenvattend 

kunnen we stellen dat galectines-1, -3, en -4 fungeren als communicatie signalen tus-

sen gliacellen bij demyelinisatie en succesvolle remyelinisatie. In feite hebben galec-

tines veelzijdige functies in het moduleren van aangeboren en aangepaste immuun 

responsen in MS, en hun getimede aanwezigheid en/of uitscheiding, die ontspoord 

is in MS-laesies, zijn cruciale factoren voor succesvolle remyelinisatie. Daarom kun-

nen galectines therapeutische doelwitten of hulpmiddelen zijn voor de ontwikkeling 

van op remyelinisatie gebaseerde therapieën bij MS. 

Onlangs werd duidelijk dat volwassen, reeds bestaande, overlevende oligodendro-

cyten waarschijnlijk verantwoordelijk zijn voor remyelinisatie in de zogenaamde 

schaduw-laesies bij MS 9–11. In de chronische gedemyeliniseerde laesies overleven de 

volwassen oligodendrocyten niet 14,16,62, waardoor remyelinisatie afhankelijk wordt 

van nieuw-gevormde oligodendrocyten, gegenereerd via de uitrijping van oligoden-

drocyt voorlopercellen. Daarom zijn de genen en eiwitten betrokken bij op oligoden-

drocyt voorlopercellen-gebaseerde remyelinisatie waarschijnlijk zeer vergelijkbaar 

met myelinisatie tijdens de ontwikkeling van het centrale zenuwstelsel 16–18,59. Tij-

dens de ontwikkeling van het centrale zenuwstelsel wordt tijdens in het myelinisatie-

proces galectine-4 tijdelijk uitgescheiden door axonen en werkt het als een negatieve 

regulator van de uitrijping van oligodendrocyt voorlopercellen 49. In hoofdstuk 2 
werd de aanwezigheid van galectine-4 tijdens de- en remyelinisatie in experimentele 

modellen en in MS-laesies onderzocht. Net als bij het myelinisatieproces tijdens de 

ontwikkeling van het centrale zenuwstelsel, wordt galectine-4 tijdelijk opnieuw ge-

detecteerd in axonen in gedemyeliniseerde gebieden van experimentele modellen. 

Tevens is galectin-4 ook te detecteren in microglia/macrofagen. Gekweekte microg-

lia en beenmerg-afgeleide macrofagen (BMDMs) nemen galectine-4 op, en kunnen 

op deze wijze galectine-4 voor oligodendrocyten wegvangen. Aan de andere kant is 
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de hoeveelheid  galectine-4 verhoogd in alternatief-geactiveerde pro-regeneratieve 

microglia en BMDMs, een fenotype dat essentieel is voor remyelinisatie 22. Terwijl 

de aanwezigheid van galectine-4 verdwijnt in een toxine-geïnduceerd demyelinisa-

tie model voordat er succesvolle remyelinisatie optreedt, is galectine-4 blijvend aan-

wezig op axonen in inactieve MS-laesies, en aanwezig in microglia/macrofagen in 

actieve MS-laesies. Aangezien galectine-4 de differentiatie van oligodendrocyt voor-

lopercellen belemmert, kan de blijvende aanwezigheid van galectine-4 in MS-laes-

ies een omgeving creëren die verhindert dat oligodendrocyten het beschadigde axon 

kunnen myeliniseren.

Terwijl tijdens het myelinisatieproces tijdens de ontwikkeling van het centrale zenu-

wstelsel de aanwezigheid van galectine-4 voornamelijk beperkt is tot neuronen en 

oligodendrocyten 49, is een onverwachte bevinding in de experimentele modellen en 

MS laesies de aanwezigheid van galectine-4 in microglia/macrofagen. De verhoog-

de aanwezigheid van galectine-4 in pro-regeneratieve microglia en BMDMs, duidt 

erop dat microglia/macrofagen zelf galectine-4 kunnen maken. Messenger-RNA 

of “boodschapper-RNA” speelt een centrale rol in het tot expressie brengen van ge-

netische informatie. Om een mogelijke regulerende rol van galectine-4 in de functie 

van microglia en macrofagen te onderzoeken,  hebben we in hoofdstuk 3 in eerste 

instantie getracht te ontrafelen of microglia en macrofagen cellulaire bronnen van 

galectine-4 zijn door galectine-4 op mRNA niveau te onderzoeken. Echter, met be-

hulp van een voor in de darm voorkomende galectin-4 probe voor in situ hybridisatie 

toonden onze bevindingen een zeldzaam voorbeeld dat er geen galectine-4 mRNA 

te detecteren was bij cuprizone-geïnduceerde demyelinisatie, ondanks de verhoogde 

eiwitlevels. Op vergelijkbare wijze toonde een andere analyse (qPCR) aan dat galec-

tine-4 mRNA niveaus zeer laag zijn in alternatief en klassiek geactiveerde microglia 

en beenmerg-afgeleide macrofagen. In tegenstelling hiermee toonde qPCR analyse 

van door lysolecithine-geïnduceerde gedemyeliniseerde laesies, met gebruik van een 

ander primerpaar, verhoogde galectine-4 mRNA niveaus aan. Uitgebreide RT-PCR 

analyse met verschillende primerparen wijzen op de aanwezigheid van een poten-

tiële nieuwe galectine-4 isovorm in microglia, beenmerg-afgeleide macrofagen, neu-

ronen en oligodendrocyten in vergelijking met galectine-4 uit de darm. Daarom moet 

de identiteit en de oorsprong van deze galectine-4 isovorm eerst bevestigd worden, 
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voordat beoordeeld kan worden of microglia/macrofagen cellulaire bronnen van 

galectine-4 zijn bij demyelinisatie in het centrale zenuwstelsel.

Galectine-4 is een tandem-repeat galectine bestaande uit twee niet-identieke kool-

hydraat-herkenningsdomeinen (CRDs) verbonden via een kleine linker peptide. 

Eerdere bevindingen toonden aan dat correct verbonden CRDs nodig zijn voor de 

remming van de uitrijping van oligodendrocyt voorlopercellen door galectine-4 
49. Om meer inzicht te krijgen in het mechanisme en om specifiek te verstoren in 

galectine-4-gemedieerde signalering, hebben we ons in hoofdstuk 4 gericht op het 

identificeren van bindingspartners van galectine-4 aan het oppervlak van oligoden-

drocyten. Met behulp van affiniteit-gebaseerde precipitatie en massa spectrometrie 

identificeerden we UDP-galactose:ceramide galactosyltransferase 8 (UGT8, ook wel 

CGT genoemd), een enzym dat nodig is voor de biosynthese van galactosylceramide 

(GalCer) 457,506,507 en contactin-1, een eiwit dat betrokken is bij de start van het maken 

van een belangrijk myeline eiwit 171,172,174,491 als galectine-4 bindingsplaatsen aan het 

oppervlak van het eerste deel van de primaire uitlopers van onvolwassen oligoden-

drocyten. In tegenstelling tot axonen en enterocyten (darmcellen)450, was sulfatide 

slechts een minder belangrijke bindingspartner voor galectine-4 in oligodendro-

cyten. GalCer is een belangrijk bestanddeel van membraan microdomeinen, en na 

galectin-4 behandeling zijn GalCer niveaus verlaagd in membraan microdomeinen. 

Net als galectine-4 is het ECM eiwit fibronectine blijvend aanwezig in MS laesies, in 

de vorm van klonten, en belemmert het myeline regeneratie door correcte membraan 

microdomeinen vorming te verhinderen 30,187,375,442,450,477,478. Interessant is dat de lat-

erale membraan herverdeling van GalCer na galectine-4 binding niet werd waarge-

nomen op een fibronectine substraat. Verrassend genoeg en in tegenstelling tot hun 

individuele activiteiten als negatieve regulatoren van (re)myelinisatie, bevordert de 

gelijktijdige aanwezigheid van galectine-4 en fibronectine effectief myelinemem-

braanvorming in vitro. Het moduleren van galectine-4-gemedieerde signaaltransduc-

tie, onder andere door de interactie met UGT8 en contactine-1 te moduleren, kan dus 

een aantrekkelijke benadering zijn om remyelinisatie in MS-laesies te bevorderen. 
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Figuur 1. Schematische weergave van de rol van extracellulaire axonale galectine-4 
tijdens de ontwikkeling van myelinisatie, en bij demyelinisatie op basis van 
de belangrijkste bevindingen van dit proefschrift. Ontwikkeling. 1. Tijdens de 
hersenontwikkeling wordt galectine-4 uitgescheiden door onrijpe axonen 49. 2. Axonaal 
galectine-4 bindt aan UGT8 en contactine-1 (hoofdstuk 4) aan het celoppervlak van het 
proximale deel van het primaire proces van onvolwassen oligodendrocyten (inzet, hoofdstuk 
4). 3,4. Galectine-4 binding verhindert de differentiatie van onvolwassen oligodendrocyten 
tot volwassen myeliniserende oligodendrocyten (3, 49), en kan in een subset dedifferentiatie 
van onvolwassen oligodendrocyten tot OPCs induceren (4, 49). 5,6. Rijpe axonen brengen 
geen galectine-4 tot expressie 49, en in afwezigheid van galectine-4 is het niveau van 
galactosylceramide (GalCer) in membraan microdomeinen verhoogd (5, inzet, hoofdstuk 4), 
hetgeen waarschijnlijk gelokaliseerde synthese en accumulatie van MBP in het proximale 
deel van primaire processen mogelijk maakt, en maturatie van onvolwassen oligodendrocyten 
tot myeliniserende volwassen oligodendrocyten (6,187,488,489). Demyelinisatie. 7. Galectin-4 
is tijdelijk gelokaliseerd op axonen na cuprizone-geïnduceerde demyelinisatie (hoofdstuk 
2). 8-10. Waarschijnlijk, evenals bij myelinisatie bij de ontwikkeling, bindt uitgescheiden 
axonaal galectine-4, aan het proximale deel van primaire processen van onvolwassen 
oligodendrocyten (8), verhindert het de differentiatie van onvolwassen oligodendrocyten (9) 
en kan het dedifferentiatie naar OPC's induceren (10). 11,12. In tegenstelling tot myelinisatie 
tijdens de ontwikkeling, is galectine-4 ook gelokaliseerd in het cytoplasma en/of de kern van 
microglia/macrofagen na cuprizone-geïnduceerde demyelinisatie en in EAE (hoofdstuk 2). 
In vitro analyses geven aan dat galectine-4 effectief wordt weggevangen door macrofagen, 
ongeacht hun activatiestatus, en axonaal galectine-4 kan opruimen van oligodendrocyten (11, 
hoofdstuk 2). Bovendien werden galectine-4 eiwit niveaus significant verhoogd in alternatief 
IL-4-geactiveerde BMDMs en microglia (12, hoofdstuk 2). Galectine-4 wordt echter niet 
uitgescheiden door BMDMs en microglia (hoofdstuk 2). Of microglia/macrofagen de cellulaire 
bron zijn van galectine-4 moet nog worden vastgesteld. Voorlopige bevindingen wijzen op 
het bestaan van een nieuwe galectine-4 isovorm, die zowel in zijn C- als N-terminale CRD 
verschilt van galectine-4 in de darm (hoofdstuk 3). 13. In tegenstelling tot hun afzonderlijke 
activiteiten, bevorderde de gelijktijdige aanwezigheid van galectine-4 en fibronectine, een 
extracellulair matrix eiwit dat ook tijdelijk tot expressie komt bij demyelinisatie, effectief 
de myeline membraanvorming in vitro (13, hoofdstuk 4). 14. De tijdelijke expressie van 
axonaal galectine-4, het wegvangen van axonaal galectine-4 door microglia/macrofagen, 
een mogelijk gunstige rol van microglia/macrofaag galectine-4 in OPC differentiatie en/of 
de interactie van galectine-4 met fibronectine, kunnen bijdragen aan de differentiatie van 
onvolwassen oligodendrocyten tot myeliniserende oligodendrocyten. Multiple sclerose 
(MS). 15. In gedemyeliniseerde MS laesies kan de blijvende aanwezigheid van axonaal 
galectine-4 (hoofdstuk 2), disfunctionele microglia/macrofagen en de aanwezigheid van 
fibronectine aggregaten bijdragen aan het falen van remyelinisatie.
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Samenvattend en geïllustreerd in figuur 1, kan op basis van de bevindingen die in 

dit proefschrift worden gepresenteerd, galectine-4 worden gezien als een potentiële 

pathogene factor in MS-laesies die de uitrijping van oligodendrocyte voorlopercellen 

kan belemmeren, en daarmee remyelinisatie. Verder hebben we aan het oppervlak 

gelokaliseerde UGT8 en contactine-1 geïdentificeerd als receptoren voor galectine-4 

op onvolwassen oligodendrocyten. Bovendien, nogal onverwacht bevordert de gelijk-

tijdige aanwezigheid van zowel galectine-4 als fibronectine effectief de vorming van 

het myeline membraan. Aangezien beide factoren blijvend aanwezig zijn in MS-laes-

ies, waar remyelinisatie faalt, moet verdere analyse van de aanwezigheid van galec-

tine-4 bindingsplaatsen in MS-laesies verder onderzocht worden. Ook de relevantie 

van de aanwezigheid van galectine-4 in microglia/macrofagen voor (falende) remy-

elinisatie moet worden uitgezocht. Dit zal uitwijzen of een strategie gebaseerd op 

het afstoten of aantrekken van galectine-4 van zijn bindingsplaatsen op onvolwassen 

oligodendrocyten nodig is om op remyelinisatie-gebaseerde therapieën voor MS te 

kunnen ontwikkelen.
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NEDERLANDSE SAMENVATTING II

Ons centraal zenuwstelsel kunnen we zien als een netwerk van wegen (zenuwcellen), 

maar dan in zijn ideaalste vorm, zonder files of andere belemmeringen waardoor 

we ons doel niet op tijd kunnen behalen. Het asfalt kan vergeleken worden met 

de myelinelaag, wat de zenuwdraad van de zenuwcel beschermt, voorziet van 

voedingsstoffen en zorgt voor een snellere signaaloverdracht. Daarnaast bestaat 

het zenuwstelsel nog uit glia cellen die de zenuwcellen ondersteunen, een rol 

spelen in afweer en nog vele andere functies hebben. Oligodendrocyten en hun 

voorlopercellen kunnen gezien worden als de asfalteerders, zonder hun is er geen 

beschermende laag over onze zenuwdraden. Daarnaast is er nog een groep glia cellen, 

namelijk de astrocyten die over het algemeen gezien worden als bewakers van een 

constant inwendig omgeving (homeostase) en waarvan steeds meer functies ontdekt 

worden. Microglia worden gezien als de lokale opruimers. Microglia en astrocyten 

kunnen gezien worden als de politie, mocht er iets misgaan, dan zijn zij de eerste die 

reageren en zorgen dat er andere instanties ingezet worden. Mochten er gaten vallen 

in het asfalt (demyelinisatie) dan gaat onze signaaloverdracht langzamer, maar een 

gezond zenuwstelsel laat de asfalteerders (oligodendrocyten) weer nieuw asfalt 

maken (remyelinisatie). Bij mensen met multiple sclerose (MS) faalt remyelinisatie 

uiteindelijk falen. In het begin van de ziekte leidt de demyelinisatie tot verschillende 

verschijnselen, zoals slecht zien, tintelingen, moeheid en krachtsverlies. Het 

lichaam heeft tijd nodig om deze beschadiging aan het asfalt te herstellen en 

zijn de beperkingen van tijdelijke aard. Het verloop van MS is heterogeen en 

onvoorspelbaar, maar uiteindelijk komen deze beperkingen vaker en langer voor 

en kunnen permanent worden. De bestudering van de asfalteerders en de regulatie 

van het asfalteren (myelinisatie) is uitermate belangrijk om meer grip te krijgen hoe 

het myelinisatie proces nu precies in zijn werk gaat. Tijdens de ontwikkeling van 

de hersenen vervult het eiwit galectine-4 - dat gemaakt wordt door zenuwcellen – 

een besturende rol in de aanmaak van myeline (asfalt). Zonder galectine-4 maken 

oligodendrocyten (asfalteerders) myeline, terwijl die productie wordt geremd als 

galectine-4 bindt aan oligodendrocyten. Die bindingsplek zou je een schakelaar (of 

de lopende motor van de machine) kunnen noemen: die staat altijd ‘aan’, maar wordt 

uitgeschakeld zodra galectine-4 bindt. Op deze wijze wordt de aanmaak van myeline 

door oligodendrocyten nauwkeurig geregeld, want het asfalteren moet alleen op de 

juiste plek en tijd gebeuren. In dit proefschrift werd daarom galectine-4 bestudeerd 
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in de ziekte MS. Zo hebben we gevonden dat na afbraak van myeline galectine-4 

productie tijdelijk is verhoogd om waarschijnlijk de zenuwdraden op het juiste 

moment opnieuw van myeline te voorzien. In andere woorden, door de aanwezigheid 

van galectine-4 kunnen de asfalteerders niet hun werk doen, maar de aanwezigheid 

is van tijdelijke aard zodat eerst het oude asfalt van de straten gehaald kan worden. 

In de aangetaste gebieden bij mensen met MS zien we echter een verhoogde en 

permanente aanwezigheid van galectine-4. Dit betekent dat bij MS de asfalteerders 

continue ‘uit’ staan, wat het herstel van myeline remt. Daarnaast hebben wij 

enkele schakelpunten op de oligodendrocyt (asfalteermachine) van galectine-4 

geïdentificeerd. De identificatie van deze schakelpunten is uitermate belangrijk, 

zodat we misschien op een andere manier de negatieve werking van galectine-4 tegen 

kunnen gaan. Medicatie voor mensen met MS is vooral gebaseerd op het remmen 

of beïnvloeden van het immuunsysteem, en remmen niet de progressie. Alhoewel 

vervolgonderzoek zeker nodig is, dragen de gevonden resultaten over galectine-4 

bij aan het ontwikkelen van medicatie die het proces van remyelinisatie positief 

beïnvloeden en daarnaast het immuunsysteem beïnvloeden. Dit onderzoek en de 

resultaten ervan dragen bij aan het ontwikkelen van medicatie zodat de asfalteerders 

hun werk goed kunnen doen.  
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ABBREVIATIONS

BBB  blood-brain barrier

BDNF  brain-derived neurotrophic factor

BMDM  bone-marrow derived macrophage

BME  2-mercaptoethanol

BSA  bovine serum albumin

CNP  cyclic-nucleotide 3'-phosphodiesterase

CNS  central nervous system

CNTN1  contactin-1

cr  chronic 

CSF   cerebrospinal fluid

ctrl  control

CWM  control white matter

CRD  carbohydrate recognition domain

DOC  sodium deoxycholate

DAPI  4′,6-diamidino-2-phenylindole

DIG  digoxigenin

DMEM  Dulbecco’s modified Eagle medium

DNA  deoxyribonucleic acid

DPL  days post lesion

EAE  experimental autoimmune encephalomyelitis

ECM  extracellular matrix

FCS  fetal calf serum

FBS  fetal bovine serum

fig.  figure

FITC  fluorescein isothiocyanate

Fn  fibronectin

Gal  galectin

GalCer  galactosylceramide

GAPDH  Glyceraldehyde-3-Phosphate Dehydrogenase

GFAP  glial fibrillary acidic protein

h   hours

HPRT  Hypoxanthine Phosphoribosyltransferase

Iba  ionized calcium-binding adapter molecule

IFNγ  interferon gamma

IGF  insulin-like growth factor

IL  interleukin

imOLG  immature oligodendrocyte
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Lac  lactose

LPS  lipopolysaccharide

MBP  myelin basic protein

M-CSF  macrophage colony stimulating factor

MOG   myelin oligodendrocyte glycoprotein

MHC  major histocompatibility complex 

MMP  matrix metalloproteinase

MS  multiple sclerosis

NF  neurofilament

NG2  neural/glial antigen 2

OLG   oligodendrocyte

OLIG2  oligodendrocyte transcription factor 2

OPC  oligodendrocyte progenitor

PBS  phosphate-buffered saline

PCR  polymerase chain reaction

PDGFα  platelet-derived growth factor receptor alpha

PFA  paraformaldehyde

PLL  poly-L-lysine

PLP  proteolipid protein

Poly(I:C)  polyinosinic:polycytidylic acid

PSA-NCAM  polysialylated form of Neural Cell Adhesion Molecule

PPMS  primary progressive multiple sclerosis

RNA   ribonucleic acid

Rpm  revolutions per minute

RRMS  relapsing-remitting multiple sclerosis

RT  reverse transcriptase/Room temperature

sc  spinal cord

SEM  standard error of the mean

SPMS  secondary progressive multiple sclerosis

SVZ  subventricular zone

suppl.  supplementary

TLR  Toll-like receptor

TNFα  tumor necrosis factor alpha

Tregs  regulatory T cells

TRITC  tetramethylrhodamine

TuJ1  neuron-specific class III beta-tubulin

UGT8  UDP Glycosyltransferase 8




