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behorende bij het proefschift 

Galecti s, (re)myelination and multiple sclerosis pathology 

van Mirjana Stancic (2012) 

1. Creation of a super influenza virus out of scientific curiosity may turn out to be another 
proof that the road to hell is paved with good intentions [Nature 2011, 480: 421-422). 

2. The decreased prevalence of infectious diseases and increased frequency of autoimmune 
disorders over the last decades makes one wonder whether the high level of sanitation is 
always a good thing (N Engl] Med 2002; 347:911-920). 

3. Only when regenerative medicine-that helps organism to repair the damage- will act 
together with conventional medicine-that treats the cause of the disease- one might expect to 
cure diseases such as multiple sclerosis (Brain 2011; 134:1882-900). 

4. Recent advances in the field of synthetic physiology hold a promise for diabetes patients, 
implying that one day they might be cured with a beam of light [coming from an iPhone) 
(Science 2012; 332: 1565-1568). 

5. Progress in science very much depends on financial investments. In times of economical 
crisis, more on perseverance. 

6. In natural sciences it is more difficult to come up with a simple explanation than a 
complicated one. 

7. Obesity is a price modern society pays for technological advancement. 

8. It is frustrating that the period of carrying out a PhD research project is often not 
recognized by employers as work experience. 

9. It is better to be rejected on the basis of original work than being accepted on the basis of 
reproduced work. 

10. Nowdays one of the measures of success is how well one can keep up with the pace of 
moving from one deadline to another. 
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Chapter 1 
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Chapter 1 

Introduction 
Animals are continuously confronted with external stimuli, which require their ability 

to readily adapt and respond to in an efficient and appropriate manner. During 

evolution, the nervous system complied with these challenges by increasing the 

conduction speed of nerve impulses along axons of neuronal cells [1]. Two basic 

mechanisms evolved to speed up the pulse conduction. The first one relies on the 

enlargement of the diameter of the axons. An example is giant squid axons with a 

diameter of up to 1.2 mm [2, 3]. The second mechanism involves the development of 

insulating myelin sheaths, i.e., multilayered plasma membrane segments spirally 

enwrapped around axons. In this way, generation of action potentials along the axon 

was restricted to the gaps between myelin segments, enabling faster and saltatory 

transmission of impulses over longer distances without attenuation [ 4]. Indeed, when 

comparing axons of a few microns in diameter, the conduction velocity in myelinated 

axons is 100 times faster than in unmyelinated axons [S], demonstrating that 

myelination enables insulation that is sufficient to allow efficient and rapid 

propagation of pulse conduction along axons. 

In the following paragraphs an overview will be presented on the nature and 

biogenesis of myelin membranes, produced by oligodendrocytes (OLGs) in the central 

nervous system (CNS). Regulation of this process by neurons will be discussed, as well 

as defects in remyelination that occur in demyelinating diseases like multiple sclerosis 

(MS). Particular attention will be paid to the role of galectins, a family of endogenous 

lectins, in the regulation of (re)myelination. 

1.1 Myelin structure and composition 

Myelin has been best characterized in vertebrates, although sheaths with similar 

structure and function have been also described in invertebrates [6]. In the vertebrate 

CNS, myelin originates from OLGs where each OLG can myelinate up to 50 axons [4]. 

By contrast, in the peripheral nervous system (PNS) myelin sheaths are elaborated by 

Schwann cells, which myelinate axons in a 1:1 ratio. Anatomically, myelinated axons 
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are organized into domains, which are functionally and molecularly distinct. Along the 

axons, myelin sheaths are arranged in 0.15-0.2 mm long segments named internodes 

that are separated by spaces where myelin is lacking, the so called nodes of Ranvier 

(Fig. 1; review in [7]). 

internode node of Ra nvier 

e myelin basic protein 
II proteolipid protein 
0 myelin-associated glycoprotein 
D myelin-oligodendrocyte glycoprotein 
T sodium channels 
'- potassium channel 
• 2',3'-cyclic nucleotide 3'-phosphodiesterase 

Caspr 
I neurofascin-155 

myelin 

axon 

Figure 1. Myelin organization. A) CNS fiber from spinal cord of an adult dog. The 
major dense lines and double intraperiod lines can be discerned. Magnification 
135000x; B) Longitudinal section through the node of Ranvier in the spinal dorsal 
root of rat, showing distinct domains of a myelinated axon; C) Schematic model that 
shows the organization of a myelinated axon and localization of major myelin proteins 
and lipids. Figure 2A and Bare adapted from {8, 9}. 

The ultrastructure of compact myelin at the electron microscope level is characterized 

by alternating major dense and intraperiod lines that arise from extrusion of 

cytoplasmic and extracellular components, respectively. Cytoplasm is maintained at 

the most lateral edges of internodes forming lateral loops that mark another specific 

region of myelin, the paranode, which is the point of interaction between axons and 

OLGs. At the paranode level highly specialized junctions between OLGs and axons 

exist, essentially to establish separation of nodal sodium from juxtaparanodal 

potassium channels (Fig. 1; reviewed in [7]). 

Myelin sheaths are continuous with the plasma membrane surrounding the OLG cell 

body. The molecular composition of myelin differs from the composition of the cell 
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body plasma membrane, implying that OLGs are polarized cells [10, 11]. Myelin 

contains a very high percentage of lipids, i.e., 70-75% of its dry weight and a relatively 

low level of proteins [12]. Cholesterol represents 24-28% of the total myelin lipids 

[13] and these high levels are essential for myelin biogenesis [14]. Myelin also 

contains an unusually high concentration of the glycolipids galactosylceramide 

(GalCer) and its sulfated form, sulfatide. Together these lipids add up to 20-26% of 

total myelin lipids [12]. GalCer and sulfatide are distinctly localized; GalCer primarily 

localizes to internodes, whereas sulfatide is relatively enriched in the heavy myelin 

fractions, encompassing paranodal loops [10]. Early works suggested their role in OLG 

differentiation and myelin maintenance [15-17]. Although mice lacking both GalCer 

and sulfatide are able to form myelin of normal ultrastructure appearance, the 

insulating capacity of such myelin is reduced and animals show severe generalized 

tremor and mild ataxia [18]. This arises from a perturbation in the formation and 

maintenance of paranodes [19]. Furthermore, these galactolipids might form 

glycosynapses via trans carbohydrate-carbohydrate interactions between apposed 

(extracellular) OLG membranes of compact myelin, thereby potentially triggering 

signaling cascades [20]. The third abundant groups of myelin lipids, accounting for 12-

15% of the total lipid pool, are the plasmalogens. By serving as antioxidant, myelin 

plasmalogens might protect OLGs from oxidative stress [12]. 

Next to a unique lipid composition, myelin is also characterized by the presence of 

specific proteins. The two major myelin proteins in the CNS are proteolipid protein 

(PLP) and myelin basic protein (MBP), accounting together for 25% of the total myelin 

protein fraction [12, 21]. Recently, MBP was found to form a physical barrier that acts 

as a molecular sieve to generate OLG surface polarity between cell body and myelin 

membranes, a process critical for OLG differentiation [22]. Additionally, MBP plays a 

major adhesive role in myelin compaction by interconnecting the inner leaflets of the 

myelin membrane bilayer [23], whereas PLP facilitates the stability of compact myelin 

through formation of junctions between the outer leaflets of the different myelin 

membrane layers [24, 25]. Although mice that lack PLP expression have well 

myelinated axons, they exhibit impaired axonal transport and progressive 

degeneration, probably due to impaired transport of other myelin proteins important 
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for long-term support of axons by OLGs [26]. In addition to MBP and PLP, hundreds of 

other proteins are present in myelin, including other myelin-specific proteins such as 

2 ',3' -cyclic nucleotide 3 '-phosphodiesterase (CNP), myelin-associated glycoprotein 

(MAG) and myelin-oligodendrocyte glycoprotein (MOG) [12]. CNP is expressed in 

developing OLGs and is enriched at the cytoplasmatic side of all surface membranes 

except those of compact myelin [27]. CNP is involved in regulation and/or modulation 

of OLG membrane expansion and migration, and is also involved in MBP targeting to 

compact myelin [27]. MAG and MOG are not localized to compact myelin; MAG is 

localized at the periaxonal loop, i.e., directly facing the axolemma and functioning in 

OLG-axon interactions [28], whereas MOG is localized at the outer abaxonal loop and 

is an important target antigen in demyelinating diseases [29]. 

1.2 Oligodendrocytes, differentiation and myelin biogenesis 

OLGs derive from oligodendrocyte precursor cells (OPCs) that migrate from multiple 

sites, distributed along the ventral side of the neural tube, to the future white matter 

of the brain [30]. Proliferative OPCs are identified by the expression of specific 

markers such as NG2 chondroitin sulfate proteoglycan and platelet derived growth 

factor-a receptor subunit (PDGFaR) [31, 32]. Their migration is regulated by a 

complex network of attractants and repellents, including components of the 

extracellular matrix (ECM) like tenascin-C and secreted factors such as netrin-1, 

semaphorins and PDGF-AA [reviewed in [33]]. Once OPCs populate developing white 

matter of the brain, they will cease to proliferate and will differentiate into OLGs in a 

process that involves a tightly, i.e., timely and spatially, regulated expression of myelin 

proteins and lipids and the extension and branching of processes in search of axons. 

The onset of myelination in CNS varies between brain regions and species [34]. In 

rodents, myelination starts between 2 days and 2 weeks after birth and lasts for 

weeks [35], while in humans myelination starts in the second trimester of gestation 

and lasts for decades [36]. Importantly, part of the precursors persist in the adult 

brain, and develop into adult OPCs [37, 38]. These OPCs are intrinsically different 

from perinatal OPCs in vitro. In contrast to the latter, adult OPCs migrate, divide and 
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differentiate more slowly, have a distinct unipolar morphology and are able to divide 

asymmetrically [39-41]. 

Progression of OLGs through various stages of differentiation has been studied in 

depth using primary rodent OLG cell cultures. Discrete stages of maturation are 

defined by the expression of specific markers, which correspond to OLG development 

in vivo in phenotype and timing [42]. The earliest cells in the lineage have a bipolar 

morphology and are able to proliferate and migrate. They express PDGFaR [ 43] and 

cell surface gangliosides that are recognized by A2B5 antibody (Fig. 2). In addition, 

these progenitor cells are distinguished by expression of chondroitin sulfate 

proteoglycan NG2 [44] and transcription factors important for OLG development, i.e., 

Oligl, Olig2 and Nkx2.2 [ 45, 46]. Originally, these cells were defined as 02A 

progenitors, since under high serum culturing conditions they will differentiate into a 

subpopulation of type-2 astrocytes. At low serum conditions, OPCs become 

multiprocessed, non-motile, less mitogenic and start to express the myelin-typical 

lipid sulfatide on their surfaces, as recognized by 04 antibody. As differentiation 

continues, GalCer, the precursor of sulfatide, circumvents the Golgi and is transported 

to the surface, where can be visualized by 01 antibody [47, 48]. In addition, CNP, the 

first myelin-specific protein to be expressed, will appear [49]. Terminal differentiation 

results in the expression of the myelin markers MBP and PLP, followed by the 

formation of myelin-like membrane structures, resembling a non-compact myelin 

sheath [SO]. MBP is the only myelin-specific protein indispensable for myelin 

biogenesis [51]. To prevent premature and deleterious membrane clustering, MBP 

transport and insertion into myelin membranes are tightly regulated (reviewed by 

[11]). Thus, MBP is synthesized at and incorporated into the myelin membrane in OLG 

processes, rather than in the cell body [52]. This involves a series of events in which 

MBP mRNA, after being exported from the nucleus, is assembled into granules, i.e., 

ribonucleoprotein complexes, and as such subsequently transported via processes to 

the growing myelin membrane where translation takes place. On the other hand, PLP 

is synthesized at the rough ER and indirectly, via the cell body plasma membrane, 

transported to the myelin sheath [53] in a process that involves sulfatide [11]. 
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Mature (myelinating) 0LG 

MAG, M0G, MBP, PLP, 04, 01, CNP, 
PDGFaR, 0ligl, 0lig2, Nkx2.2 

Figure 2. Schematic representation of oligodendrocyte differentiation. Stage
specific markers for oligodendrocytes during development are listed. See text for 
more details. 

In summary, OLG differentiation and myelin biogenesis require tightly regulated 

synthesis of large amounts of proteins and lipids and their specific targeting to 

emerging sheaths. These processes are partially regulated by the recipient neurons. 

Axonal factors involved in myelin biogenesis are discussed in the next section. 

1.3 Axon-OLG interactions in myelination 

Myelination per se involves outgrowth of OLG processes, axon recognition, formation 

and stabilization of contacts, intensive biosynthesis and trafficking of myelin lipids 

and proteins and arrangement of myelin membranes into the multilamellar structure, 

respectively [SO]. The ability of OLGs to spontaneously differentiate in monocultures 

indicates that OLG differentiation is guided by intrinsic mechanisms [35]. However, in 

the presence of neurons, the transcription rate of major myelin genes is upregulated 

[54]. In vivo, OLGs provide signals to neurons defining the molecular organization of 

the axolemma, maintain axonal integrity and prevent axonal degeneration [55, 56]. In 

return, axons provide signals that regulate OLG survival, proliferation, differentiation 
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and myelin formation [57-61]. Furthermore, neuronaljaxonal signals are necessary to 

ensure that myelination occurs at the appropriate time and place [62]. Several soluble 

factors and a panel of cell adhesion molecules are involved in axon-glial interactions. 

However, none of them have an exclusive role [63]. Instead, OLG differentiation and 

myelination depend on a complex network of sequentially appearing bidirectional 

positive and negative signals [60, 62, 64]. In general, the axonal molecular regulators 

of myelination can be divided into two groups, i.e., stimulatory factors that initiate and 

stimulate myelination on the one hand and inhibitory factors that, upon their 

removaljdownregulation, determine the timing of myelination on the other. When an 

OLG touches an axon, a firm contact between oligodendroglial neurofascin-155 and 

axonal Caspr is established that will persist till the end of myelination, forming steady 

paranodes (Fig. 2; [65]). Another mediator of early axon-OLG adhesion/recognition is 

MAG [66]. Studies with MAG-deficient mice showed that MAG is important for 

initiation of myelination and formation of morphologically intact myelin sheaths. 

Furthermore, integrins present in the OLG plasma membrane will interact with 

laminin-2, expressed in the axonal tract, thereby sensing axonal size and initiate 

myelination [67]. Recently, contactin has been identified to associate with integrins in 

OLGs [68, 69]. Engagement of oligodendroglial contactin with axonal Ll triggers 

activation of Fyn, a member of the Src kinase family, and subsequent MBP translation 

[70]. This will further trigger myelin membrane growth, condensation of the plasma 

membrane, cytoskeleton disassembly and stable wrapping of the myelin membrane 

around the axon [11]. As Fyn is also an essential component of integrin-initiated 

signaling pathways, contactin-mediated signals are amplifying those mediated by 

integrins to regulate initial steps of myelination. In parallel, and to prevent premature 

apposition of extracellular membrane leaflets, PLP will be first stored in late 

endosomes/lysosomes until OLGs receive still unknown soluble signal(s) from 

neurons, that activate cAMP signaling in OLGs, recruit PLP towards myelin and 

promote its insertion into myelin membranes [53]. Other proteins expressed on both 

OLGs and axons have been identified as negative regulators of myelination. For 

example, binding of Jagged-1, expressed on axons, to its ligand, the Notchl receptor on 

OLGs, inhibits OLG differentiation and myelination [71]. While the Notchl receptor is 
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persistently expressed on OLGs, expression of neuronal Jagged-1 is downregulated 

prior to myelination, suggesting that the Notch pathway influences timing of 

myelination [72] . In fact, axons start to express the Notch ligand, contactin, triggering 

OLG maturation [73] . An axonal signal that negatively regulates myelination is 

polysialic acid-neural cell adhesion molecule (PSA-NCAM). During development, 

cleavage of PSA from NCAM on the axonal surface coincides with the onset of 

myelination [74] . Furthermore, anti-PSA-NCAM antibody, added to dissociated 

cultures of cerebral hemispheres, increases the number of myelinated axons [75] . 

LINGO-1 is selectively expressed in both neurons and OPCs, and acts as an inhibitor of 

OPC differentiation and myelination [76-78] . Axonal LINGO-1 mediates nerve growth 

factor (NGF) induced inhibition of OPC differentiation. Attenuation of LINGO-1 on 

either cell type suffices to promote OLG differentiation and myelination [79] . 

Taken together, developmental myelination is tightly regulated by axon-derived 

signals, including sequential and transient appearance or disappearance of several 

adhesion molecules. This emphasizes that axons are not passive players in 

myelination, and inherently implies that damaged axons might not be able to provide 

these instructive signals, thereby precluding (re)myelination, as observed in MS. 

2. Multiple sclerosis 

Multiple diseases target myelin in the CNS, including MS and hereditary 

leukodystrophies. MS is a major cause of neurological disability of young people in 

Western societies, where it affects 2.5 million individuals [80] . The clinical course is 

variable: 85% of the patients show recurrent and reversible neurological deficits 

followed by periods of recovery (relapsing-remitting MS) [81] . 8-20 years after the 

onset of the disease, the majority of these patients enter a phase where neurological 

decline is continuous and irreversible (secondary progressive MS). In the 15% of the 

patient population the course of the disease is progressive from the onset, without any 

relapses (primary progressive MS). The cause of MS is unknown. There is only a 

modest genetic association with the risk of the disease, and its prevalence suggest a 

significant role for the environment in the onset of the disease [82] .  
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2.1 Inflamm ation and demyelination 

MS is a chronic, inflammation-mediated disease, histopathologically characterized by 

the presence of areas of demyelination, structural perturbation of the blood-brain 

barrier, axonal loss and reactive gliosis [83]. Persistent demyelination leads to a delay 

or block in the conduction of nerve impulses, and ultimately to neurodegeneration, 

the latter being the major cause of permanent neurological disability. The mechanisms 

underlying lesion formation are still largely unknown. Originally, MS was considered 

an autoimmune demyelinating disease. However, more recent studies suggest that 

massive apoptosis of OLGs and/or axonal injury may be the primary events at the 

onset of lesion formation [84, 85]. Indeed, MS is a heterogeneous disease showing four 

lesion patterns with different pathogenic mechanisms [86]. In two patterns 

demyelination appears to be mediated by activated immune cells or myelin-specific 

antibodies and complement [87]. These two patterns can be reproduced in animal MS 

models. Studies on animals, experiencing experimental autoimmune 

encephalomyelitis (EAE), a widely accepted MS model, and MS patients demonstrated 

that both CD4+ and CD8+ T cells mediate early steps of inflammatory demyelination 

[88, 89]. Myelin-reactive T cells from MS patients secrete proinflammatory cytokines 

and express specific chemokine receptors consistent with a Thi-mediated response, 

while T cells from healthy subjects produce anti-inflammatory cytokines, 

characteristic for a Th2-mediated response [90, 91]. Next to T cells, B cells are also 

present in MS lesions and activated to produce autoantibodies against CNS antigens 

[92, 93]. Other immune cells, like regulatory T cells (Treg), were found to be deficient 

in MS patients [94]. In the remaining two lesion patterns OLGs themselves undergo 

degeneration and their loss may be independent of the inflammatory process. 

Similarly, accumulating evidence suggest that axonal injury occurs in the absence of 

inflammation, particularly in the later progressive stage of the disease [95]. Thus, the 

relationship between inflammation, demyelination and neuronal degeneration is 

complex and their precise role in the progression of the disease remains largely 

elusive. 
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2.2 Remyelination 

The default response to demyelination is proliferation and recruitment of OPCs, which 

will differentiate into mature OLGs ready to myelinate denuded axons [96, 97]. This 

regenerative process is called remyelination. However, even though efficient in the 

first stages, remyelination fails in later stages of MS [98-100]. Moreover, demyelinated 

axons are more vulnerable to atrophy and axonal loss, which correlates with 

permanent functional deficits, observed in MS patients [101]. Potentially, there might 

be numerous reasons for limited remyelination, but an altered microenvironment, 

resulting in impaired differentiation of OPCs and hampered interactions between 

denuded axons and OLGs, rather than impaired recruitment of OPCs, seems to be the 

most significant [98, 102, 103]. Although mechanisms of myelination and 

remyelination are morphologically alike, major differences have been identified in 

their regulation, emphasizing that extrapolation of findings obtained at (healthy) 

physiological conditions to the state of disease should be done but with great caution. 

The most striking features are the presence of ( recurring) inflammation and changes 

in the extracellular matrix microenvironment [104-108]. For example, fibronectin 

accumulates in (chronic) active MS lesions, both around blood vessels and in brain 

parenchyma [109-111]. We and others showed that fibronectin retards formation of 

myelin membranes in vitro and in vivo, which might impede remyelination [112-115]. 

Interestingly, neuronal factors that developmentally regulate OPC differentiation, 

including the negative regulators LINGO-1 and PSA-NCAM, are re-expressed in MS 

lesions and add to remyelination failure [116]. Additionally, non-phagocytosed myelin 

debris in MS lesions exerts a potent inhibitory effect on the ability of OPCs to 

differentiate into remyelinating OLGs [117-119]. Altered phenotypes of microglia and 

astrocytes, the other glial cells in the CNS, are also involved in directing OPC 

differentiation in MS lesions, either beneficially or detrimentally, depending on their 

activation state and timing after injury [120-123]. Therefore, to be able to understand 

the behavior of OPCs in MS lesions it is important to define the effect of different 

factors under special environmental conditions. Since many factors involved in axon

OLG interactions are glycoconjugates, it is reasonable to assume that soluble and cell

surface glycoconjugates binding proteins, which are known as lectins, are involved in 
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the tight regulation of myelination. However, surprisingly little is known about their 

expression and role in the healthy and injured CNS. 

3. Galectins 

Proteins that decipher information encoded by cell surface glycoconjugates, and 

thereby control a variety of biological processes such as cell differentiation, 

proliferation, survival and migration, are called lectins. Galectins, previously called S

type lectins, are a family of endogenous lectins that specifically bind to N

acetyllactosamine (LacNAc; galactose �1,4 N-acetylglucosamine) [124]. For binding, 

galectins require three OH groups, two of them present on galactose and one present 

on N-acetylglycosamine [124]. For most galectins, binding avidity increases with the 

number of LacNAc units per N-glycan and the number of N-glycans to protein [125]. 

However, presence of fucose and/or terminal sialic acid, as well as the orientation of 

the carbohydrate recognition domain and the orientation of the N-glycans influence 

selectivity of individual galectins [124, 126-128]. Importantly, although galectins are 

defined as lectins, they also display a capacity to interact in a non-lectin dependent 

manner, i.e., involving protein-protein and protein-lipid interactions, independent of 

carbohydrate moieties [129, 130]. Furthermore, galectins can modulate intracellular 

functions through direct interactions with distinct signaling pathways [131]. Over the 

last decade, glycans, i.e., monosaccharide chains attached to proteins or lipids to form 

glycoproteins and glycolipids respectively, have emerged as key participants in 

interactions between cells in the developing and adult nervous system [132]. Thus, 

investigating the role( s) of galectins in the brain may well offer new perspectives for 

improving our understanding of OLG behaviour. 

3. 1 Galectin family, structure and biological functions 

To date, fifteen members, expressed in a wide variety of cells and tissues, have been 

identified in mammals. All members of the galectin family are composed of a 

carbohydrate recognition domain (CRD) with conserved motifs and ligand specific 

activity [133]. Structurally, the CRD is a globular region, composed of five or six

stranded antiparallel �-sheets arranged in a �-sandwich or jelly-roll configuration that 
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lacks an a-helix. The CRD contains the ligand binding groove that defines the 

specificity of the galectin [134]. In spite of their architectural type, all galectins 

recognize non-reducing galactosyl residues, with exception of galectin-10, that has 

higher affinity for mannosyl residues [135]. Based on the number of CRDs, galectins 

are divided into three groups (Fig. 3A). Members of the first group, called prototype 

galectins, contain a single CRD at their C-terminus and a short N-terminal peptide 

(galectins-1, -2, -5, -7, -10, -11, -13, -14 and -15; [130]). Through interactions between 

N-terminal domains, members of this group form dimers and thus, under normal 

conditions, are bivalent. The monomer-dimer equilibrium appears to be important for 

activity of these galectins [136]. The only member of the second group is galectin-3, 

also known as MAC-2 antigen, a chimeric galectin that possesses one CRD and an 

extended, non-lectin, collagenase sensitive flexible N-terminal region, harboring 

phosphorylation sites [137, 138]. Tandem-repeat galectins, belonging to the third 

group, contain two CRDs with different ligand specificities (i.e., different affinities 

towards sialyated glycans), interconnected by a non-conserved linker region 

(galectins-4, -6, -8, -9 and -12). The length and nature of the linker region contributes 

to the differences in function and potency as well as ligand selection of the different 

galectin isoforms [136, 139]. These galectins might also exist as dimers in solution. In 

addition to being phosphorylated, galectin-3 can also be acetylated, but no other post

translational modifications have been reported in other galectins so far [140]. 

Notably, galectins are not glycosylated themselves (see below). While the majority of 

galectins have orthologues in human, mouse, rat and other mammalian species, they 

are not ubiquitously present among all species. Thus, galectin-5 has been found only 

in rat, galectin-6 in mouse, galectins-10 and -13 are human-specific [140], while 

galectins-11 and -15 are uniquely expressed in sheep and goats [141]. 
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Figure 3. Galectins A) Galectin family members. Prototype galectins have one 
carbohydrate recognition domain (CRD) and in solution often exist as dimers. 
Chimera-type galectin-3 possesses one CRD and a short stretch with phosphorlyation 
sites; it forms pentamers upon binding to multivalent glycans. Tandem-repeat 
galectins possess two CRDs with different affinities connected by a non-conserved 
l inker peptide of various lengths. These galectins might also exist as dimers in 
solution. B) Cellular location and function of galectins. (i) Galectins are present 
intracellularly and/or can be secreted into extracellular matrix. (ii) Intracellular 
functions of galectins, e.g. intracel lular trafficking, mRNA processing, and intracellular 
signall ing are mediated mainly by protein-protein interactions. (iii) Extracellular 
functions, e.g., cell-cell, cell-extracellular matrix interactions and receptor cross
linking, are often mediated by protein-glycan interactions. 
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Galectins modulate many cellular processes including apoptosis, cell cycle 

progression, proliferation, differentiation, migration, RNA transcription and pre

mRNA splicing (Fig. 3B) [133, 142] . Interestingly, due to their constitutive bivalency, 

tandem-repeat galectins induce responses at concentrations lower than those of 

prototype galectins [143-145] . Remarkably, galectins neither traverse the ER  nor 

Golgi apparatus, which presumably explains why these proteins themselves are 

nonglycosylated, which thus precludes potential interactions with de nova synthesized 

(glyco)proteins and interference with their function [146] . Accordingly, once 

synthesized on the free ribosomes in the cytosol, galectins remain in the cytoplasm or 

are targeted to the nucleus or cell surface. Interestingly, a shift in galectin localization 

from one compartment to another can elicit different cellular responses. For example, 

in T cells, intracellular galectin-3 is known as an anti-apoptotic factor, while 

extracellular galectin-3 has pro-apoptotic properties [147, 148] . Interestingly, 

galectins are lectins that lack a signal peptide for externalization, yet they are secreted 

into the extracellular space by a non-classical secretory pathway [146] . Secretion is 

under tight regulatory control, i.e., different activation states of cells or extracellular 

factors are able to modulate secretion [146] . Once secreted, galectins have been 

shown to be involved in cell-cell and cell-ECM interactions, in the latter acting as 

matricellular proteins [149] . In addition, external galectins, and tandem-repeat types 

in particular, are also involved in adhesion mechanisms by clustering different cell 

surface ligands. For example, in enterocyte-like cells, the interaction between secreted 

galectin-4 and its ligand sulfatide on the cell surface plays a functional role in the 

organization and stabilization of specific membrane domains, i.e., lipid rafts [150] .  

Furthermore, although galectins do not traverse the Golgi, they directly influence the 

trafficking machinery by sorting apical cargo in post-Golgi compartments. Thus, in 

epithelial cells raft-independent glycoproteins are apically sorted by association with 

galectin-3, whereas raft-dependent glycoproteins bind intracellularly to galectin-4, 

thereby forming stable membrane domains that enable proper apical segregation and 

delivery [151] .  Likely, upon their release, galectins can be (partly) endocytosed, thus 

providing opportunities for interfering with intracellular vesicular trafficking. 
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In addition to their role during development, functions for galectins in pathological 

conditions, including carcinogenesis, pathogen entry, arteriosclerosis and immune 

response, have been also described [133]. In fact, galectins themselves are potent 

immunoregulators, and as such very potent modulators of chronic inflammatory 

disorders such as rheumatoid arthritis, inflammatory bowel diseases and diabetes 

[152]. The potential role of galectins in mediating inflammatory responses has 

attracted attention over the past decades, due to the fact that all immune cells express 

galectins, either constitutively or in an inducible fashion [153, 154]. In general, 

galectins mediate immune responses through activated B and T cells, macrophages, 

dendritic cells, natural killers (NK), CD4+CD25+ TReg and epithelial cells. These effects 

can be attributed to several responses of immune cells, such as their recruitment to 

the inflammatory site, distinct modulation of cell-cell interactions and cell adhesion, 

regulation of cytokine secretion, modulation of antigen-presenting capacity, allergy 

and/or controlling T cell survival via induction of apoptosis [155, 156]. In contrast to 

other immune modulators such as cytokines and chemokines, galectins do not have 

any classical receptors [133]. Instead, they mediate their biological effects through 

recognition of a preferred set of glycoconjugates. This mechanism does not apply only 

to cell-cell interaction, but is also exploited in recognizing invading microbes. 

Interestingly, some galectins may also be recognized as danger signals, classified to 

the group of Damage Associated Molecular Patterns which directly stimulate the 

innate immune response [157]. A detailed description of immunoregulatory roles of 

galectins in adaptive and innate immunity has been provided elsewhere [133, 154, 

158]. 

Taken together, galectins are important mediators of inter- and intracellular 

interactions under both physiological and pathological conditions. Thus, galectins 

appear to be very versatile proteins. However, functional redundancy between the 

different members of the galectin family and the wide biological tissue distribution, in 

vertebrates and invertebrates, complicates the identification of their precise 

functions. While expression and functions of galectins have been well characterized in 

other tissues [159, 160], surprisingly little is known about their expression and 
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functioning in the CNS. In the next sections, current knowledge of the expression and 

function of galectins in healthy and diseased CNS will therefore be discussed. 

3.2 Expression and function (s) of galectins in the healthy CNS 

Initially, the presence of receptors for f3-galactosides in normal human brain was 

detected by neoglycoproteins, leading to the purification of galectin-1 by affinity 

chromatography [161-163]. In parallel, developmental immunohistochemical studies 

were performed on the CNS using antibodies raised against a purified brain lectin 

(RBL-16), likely representing galectin-1 [164, 165] . A specific cellular profile and 

developmental regulation of this galectin was observed, suggesting a role in cell 

recognition and adhesion during CNS development [164, 166] . More recently, a 

reverse transcription polymerase chain reaction analysis on a single human subject 

revealed the presence of mRNA for galectins-1, -2, -3, -4, -7, -8 and -9 in brain [167] .  At 

the protein level, only galectin-1 is prominently expressed, whereas the other 

galectins are hardly expressed in the CNS under normal conditions [161, 168]. 

Galectin-1 was predominantly expressed by cortical neurons, and to lesser extent by 

blood vessels and astrocytes in the corpus callosum of the newborn rats [164] .  The 

intensity of neuronal staining as well as the relative number of positive neurons 

decreased with age, whereas astrocytes in the corpus callosum and blood vessels were 

still clearly positive. Similarly, primary olfactory neurons expressed galectins-4, -7 and 

-8 during rat embryonic development, followed by their downregulation in adults 

[169] . In vitro, primary rat cerebellar astrocytes abundantly express galectin-1 and to 

a lesser extent galectin-3 [170] . Interestingly, exogenously added recombinant human 

galectin-1 inhibited proliferation and induced differentiation of immature primary rat 

astrocytes [168], concomitant with an enhanced production of brain derived 

neurotrophic factor (BDNF), a growth factor responsible for neuron proliferation, 

differentiation and survival. Galectin-1 promoted the differentiation of adult rat 

neural stem cells via extracellular binding to �1 integrin [171, 172]. In addition, 

galectin-1 is involved in axonal growth/guidance and promotes neurite sprouting, 

both in vitro and in vivo [173-175] . Furthermore, recently, a role for extracellular 
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galectin-3 in axonal branching has been identified, i.e., phosphorlylated galectin-3, 

when adsorbed to substratum, promoted axonal branching in cultured hippocampal 

neurons by actin destabilization [17 6]. Thus far, galectins-1, -3 and -4 are the only 

galectins reported in cultured OLGs. Nuclear galectin-4 has been shown to play a role 

in p27-mediated activation of the MBP promoter [177]. Galectin-1, abundant in 

immature, but not differentiated OLGs, appeared to be an inhibitor of OLG maturation 

[178]. The same study reported that, in contrast to galectin-1, endogenous galectin-3 

expression was upregulated during OLG differentiation and that exposure to 

exogenous galectin-3 promoted OLG maturation. Furthermore, morphometric analysis 

revealed a significant decrease in percentage of myelinated axons, myelin turns and g

ratio in corpus callosum and striatum of Lgal3-/- mice as compared to wild type. 

Authors further suggested that actions of both galectins were assumed to be 

paracrine, rather than autocrine, as astrocytes and microglia, but not OLGs, were 

abundant in their expression [178]. 

3.3 Expression and function[s) of galectins in the diseased 
CNS 

Galectins have been first implicated in brain malignancy [179-181]. Most galectins 

display cancer-promoting activity and only a few were cancer-suppressive. For 

example, expression of galectin-1 correlated with an increased malignancy of 

astrocytic tumors [182], while transfection of glioma cell lines with galectin-1 

antisense cDNA significantly reduced their proliferation and cell growth. 

Furthermore, cultured human glioblastoma cells treated with galectin-1 showed an 

enhanced mobility, suggesting that galectin-1 expression additionally promotes tumor 

cell invasion (183]. In contrast to promoting glioblastomas, exogenously added 

galectin-1 or galectin-7 negatively affected the growth of human neuroblastoma cells 

[184, 185]. 

The effect of galectin-3 on brain tumor pathology is more controversial [186], i.e., both 

an increased [179] and decreased [187] expression level of galectin-3 have been 

reported to be associated with astrocytic tumor grade. Given the predominant 
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cytoplasmic localization of galectin-3 in tumor cells, the lectin might promote tumor 

growth by inhibiting apoptosis of tumor cells [187] .  In addition, galectin-3 deficient 

cells showed increased motility [188], suggesting a suppressive role for galectin-3 in 

human glioblastoma cell mobility. Galectin-3 was also detected in oligodendrogliomas 

[189] . Other galectins, including galectins-2 and -4, were either restricted or 

inconsistently expressed in different tumor cell lines [190] . 

Galectins also play a role( s) in the pathophysiology of amyotrophic lateral sclerosis 

(ALS), a neurodegenerative disease affecting motor neurons in the CNS. Galectin-3 

expression levels are increased in spinal cord tissue and cerebrospinal fluid of ALS 

patients as compared to healthy subjects and patients with other neurological 

diseases, pointing to the galectin-3 as a biomarker candidate for ALS [19 1] .  

Furthermore, administration of  oxidized monomeric galectin-1 in a mice model of  

ALS, improved motor activity, delayed the onset of  symptoms and prolonged the 

survival of motoneurons [19 2]. 

Galectins are also implicated in neuroinflammation. For example, in pneumococcal 

meningitis (PM) in mice, an inflammatory infection of the subarachnoid and 

ventricular space in the CNS, mRNA levels for both galectin-3 and -9 were increased 

[193] . At the protein level only galectin-3 showed an enhanced expression. However, 

galectin-9 appears to be important during neuroinflammation, as upon stimulation 

with pro-inflammatory cytokine IL-1�, galectin-9 expression was increased at both 

mRNA and protein level in human astrocytes [194] . Similarly, galectin-3 expression 

and secretion were upregulated in astrocytes upon stimulation with the pro

inflammatory cytokine IFN-y in vitro [195]. Galectin-3 is also expressed by 

inflammatory cells, which contribute to the development of the brain injury in PM, i.e., 

monocytes, macrophages and microglia. In fact, enhanced microglia galectin-3 

expression is a general feature of microglia activation, i.e., only at conditions 

connected to inflammation and the breakdown of blood-brain barrier such as cerebral 

ischemia, microglia stained positive for galectin-3 [196] .  Consistently, galectin-3 

knock-out mice developed lower inflammatory responses in the brain when infected 

with Toxop/asma gondii [197] .  Upregulation of galectin-3 following axonal injury was 

also detected in microglia in rat corpus callosum [198], where they are identified as 
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the main source of neuroprotective NGF. Galectin-1 also adds to neuroprotection. 

Thus, galectin-1 expression was enhanced in microglia/macrophages and astrocytes 

after spinal cord injury [199], while astroglial galectin-1 protected neurons from 

glutamate toxicity by promoting expression of NMDA receptors [200]. 

Taken together, it can be concluded that galectins are important mediators of 

physiological intercellular interactions between cells in the CNS, as well as during 

neuroinflammation. 

3.4 A role of g alectins in MS? 

As MS is  an inflammatory disease of the CNS, characterized by axonal degeneration 

and death of myelinating OLGs, it is reasonable to assume that galectins might play a 

role in its pathophysiology. Indeed, it has been shown that galectins have 

( neuroinflammatory) modulating roles in experimental autoimmune 

encephalomyelitis (EAE), a well-established animal model of MS. EAE animal models 

have been developed to reproduce aspects of histological and clinical symptoms, as 

observed in MS. Autoimmune inflammation is induced by either active sensitization of 

CNS tissue with myelin protein antigens such as MBP, MOG and MAG or by passive 

transfer of autoreactive T cells [201]. The immunological and pathological events in 

EAE animals will differ among species and depend on the inducing antigen [202]. 

Some of the EAE models give rise to a relapsing/remitting course of symptomology, 

similarly as observed in humans. On the cellular level, EAE and MS share major 

disease symptoms like destruction of myelin sheaths, relative sparing of nerve cells 

and axons and the presence of multiple lesions with a predominant perivascular 

location. A striking difference is that in EAE, lesions are often found in spinal cord, 

whereas in MS, except for primary progressive MS, most lesions are located in the 

brain [202]. Furthermore, the nature of the inflammatory response(s) differs in EAE 

and MS. Thus, while most of the EAE models are driven by CD4+ T cells, those cells are 

relatively sparse in MS lesions as compared to the number of CDS+ T cells [203]. Also, 

many therapies shown to be beneficial for EAE animals did not prove to be effective in 

MS patients [202]. However, the EAE model is indispensible in MS research aimed at 

elucidating molecular mechanisms of disease pathophysiology. Hence, the role of 
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galectins-1, -3 and -9 in the modulation of inflammatory responses in the CNS has 

been extensively studied in EAE. Interestingly, endogenous galectin-1 levels drive the 

induction of dendritic cell differentiation in EAE, acting tolerogenic or immunogenic 

depending on its relative concentration and their microenvironment [204]. 

Furthermore, administration of galectin-1, either before or at EAE onset, resulted in a 

reduced severity of symptoms [205], likely as a result of a galectin-1 selective 

elimination of TH1 and TH17 cells [206]. Consistently, induction of EAE in galectin-1 

deficient mice increased the severity of symptoms via a T helper cell response 

mechanism, thereby confirming the role of this lectin as an anti-inflammatory 

mediator [206]. Galectin-3, a well-known marker for activated 

macrophages/microglia in the CNS (see above, reviewed in [207]), is another galectin 

highly implicated in the pathophysiology of EAE. The expression level of galectin-3 

was significantly up-regulated in EAE mice and this change correlated with the degree 

of injury and state of myelin degeneration [208]. Interestingly, galectin-3 can induce 

phagocytosis of myelin components by microglia which is mediated by Ras/PI3K 

signalling pathways [207, 209]. EAE induced in galectin-3-deficient mice showed 

reduced severity [210], corroborating a role for galectin-3 in EAE pathology. 

Interestingly, this effect was associated with a decreased TH17 and an increased TReg 

cell response, i.e., an underlying mechanism similar as observed for galectin-1 (see 

above). In contrast, earlier studies identified galectin-3 as a negative regulator of T cell 

activation. By crosslinking T-cell receptors (TCR) and other glycoproteins on the 

surface of naive T cells, galectin-3 was restricting TCR clustering at the site of antigen 

presentation which would prevent T cell activation [211]. This was confirmed by 

another approach, where the same outcome was observed in the absence of galectin-3 

glycoprotein receptors on the T cells surface due to deficiency of enzyme MgatS 

necessary for initiation of GlcNac �1,6 branching on N-glycans. Greater incidence and 

more severe EAE was detected in mice lacking MgatS because of the enhanced TCR 

clustering and subsequent Thl response [212]. Galectin-9 has also been implicated in 

EAE development. Administration of galectin-9 from day 3 to day 9 after EAE 

induction resulted in a reduced severity and mortality in EAE mice, whereas siRNA

mediated silencing of galectin-9 resulted in an increased severity of clinical symptoms. 
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Galectin-9 is a ligand for Tim-3, a type-1 membrane protein specifically expressed on 

the surface of fully differentiated TH1 cells. Interestingly, the molecular mechanisms 

triggered by the galectin 9-TIM3 pathway induce the production of pro-inflammatory 

cytokines, such as IFNy, and induction of TH1 cell death [213]. 

Taken together, these observations strongly suggest that galectins-1, -3 and -9 are 

important modulators of the immune response in EAE. Thus, galectins-1 and -9 may 

act as anti-inflammatory agents and galectin-3 as a pro-inflammatory regulator, and 

importantly, indicate that these galectins might be involved in the pathogenesis of MS. 

Of note, in approximately one third of the MS patient population high titers of anti

galectin-1 autoantibodies are detectable, tying this protein to disease manifestation 

[214]. 

Furthermore, non-inflammatory mediated roles of galectins in MS pathology could be 

readily envisioned. Galectins are able to modulate cell-cell and cell-matrix interactions 

depending on their concentration and tissue environment [215]. Although not much is 

known about these properties of galectins in the CNS, potential ligands in brain 

through which they can act have been identified in other tissues. For example, 

fibronectin, shown to be deposited in MS lesions [110, 111], is a ligand for galectins-1 

and -8 [216, 217]. Galectin-1 binds to integrins, i.e., ECM receptors, and gangliosides 

[218, 219] and might thereby potentially influence OLG behavior. Galectin-3 has also 

been shown to bind to integrins, thus modulating cell adhesion [220]. As integrin

mediated signaling regulates OLG behavior [221], a regulatory role of secreted 

galectins is readily anticipated. Similarly, as most proteins involved in axon-OLG 

interaction are N-glycosylated, e.g., MAG and LINGO-1 [28, 77], modulation by 

galectins warrants further investigation. In addition, these data suggest that 

immunomodulatory effects of galectins are not solely based on apoptosis or 

protection of activated inflammatory cells, but might also involve effects on their 

migratory capacity and retention. Finally, given the role of galectin-4 in apical 

trafficking via binding to its ligand, (hydroxylated) sulfatide, a galactolipid that is 

abundantly present in OLGs, it is tempting to suggest additional role(s) for galectin-4 

in myelin biogenesis. 
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Scope of the thesis 
Identification of environmental signals that regulate OLG development and 

corresponding receptors on the cell surface through which these signals act, is 

necessary to understand both normal OLG development and their behavior in 

demyelinating diseases, such as MS. New evidences point to roles of glycans and 

lectins, i.e., proteins that bind glycans, in the interactions between cells in the CNS that 

are likely highly relevant to processes of myelination and demyelination of axons. 

Indeed, prompted by recent reports in experimental MS animal models, it was of 

interest to define the expression profile of a special group of lectins -galectins- in 

control white matter and MS lesions at different stages (Chapter 2). Having assessed 

that galectin expression and localization was changed upon activation of glial cells in 

MS lesions, further analyses were conducted on rat primary glial cells. The aim was to 

reveal a role of galectins in OLG behavior during development and at pathological 

conditions. In Chapter 3, a comprehensive study of in vitro expression and release of 

nine different galectins, and expression of their surface receptors on glial cells is 

presented. The findings point to an important role of galectins-2, -4 and -8 in OLG 

survival and proliferation. In Chapter 4, a role of galectin-4, as a soluble neuronal 

regulator and timer of OLG differentiation was identified, using co-cultures of dorsal 

root ganglion neurons and OLGs. Work described in Chapter 5 revealed that galectin-4 

is expressed in axons upon demyelination. In addition, clues are provided about a role 

of galectin-4 in remyelination, as inferred from its positive effect on myelination in MS 

lesion ECM environment, i.e., in the presence of fibronectin, which accumulates in 

lesions and impedes (re)myelination in vitro and in vivo. In Chapter 6, the findings of 

this thesis are discussed in the context of our current knowledge of the role of 

galectins in OLG behavior and MS, thereby focusing on the function of galectin-4 in 

myelination and remyelination, and future research perspectives are presented. 
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Chapter 2 

Abstract 

Aims. Multiple sclerosis (MS) is a chronic progressive, degenerative disorder of the 

central nervous system (CNS), characterized by inflammation, demyelination, ultimate 

failure of remyelination and axonal loss. Current research identifies galectins, 

adhesion/growth-regulatory effectors binding �-galactosides, peptide motifs and 

lipids, as important immunomodulators in diverse inflammatory diseases. However, 

little is known about their expression, cellular localization and role in human CNS 

tissue. To identify a potential role of galectins in MS, their expression and localization 

in control white matter (CWM) and demyelinated MS lesions were examined. 

Methods. qPCR, Western blot and immunohistochemical analyses were performed on 

human post-mortem CWM and MS lesions at different stages. Cultured astrocytes, 

derived from healthy subjects and MS patients, were analyzed similarly. 

Results. Among 11 different galectins tested, galectins-1, -3, -8 and -9 were present at 

detectable levels in CWM, and, interestingly, significantly enhanced in active MS 

lesions. On the cellular level, galectins localized to microglia/macrophages, astrocytes 

and endothelial cells. Intriguingly, galectin-9 displayed a distinctly different 

intracellular localization in microglia/macrophages when comparing active and 

inactive MS lesions, being restricted to the nuclei in active lesions, and primarily 

localizing in the cytoplasm in inactive lesions. Furthermore, enhanced levels of 

galectin-1, detected as dimers in Western blot analysis, were released by cultured 

astrocytes from MS patients. 

Conclusions. This study provides a detailed analysis of galectins in MS lesions and 

assigns distinct galectins to different aspects of the disease. Thus, besides being 

known as modulators of inflammatory processes, our findings suggest additional 

association of distinct galectins with MS pathology. 
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Introduction 
Multiple sclerosis (MS) is a chronic progressive, disabling disorder of the central 

nervous system (CNS) characterized by inflammation, multiple demyelinated lesions, 

axonal degeneration and reactive glial scar formation [83]. Demyelination is a result of 

a direct loss of oligodendrocytes, i.e., cells which make myelin sheaths in the CNS, but 

can also be a consequence of primary axonal degeneration [85, 222]. Although 

remyelination is a common feature in early stages of MS, myelin sheath repair fails in 

later stages, resulting in the secondary axonal degeneration [99]. Current treatments 

of MS are aimed at preventing demyelination through a general inflammation arrest 

[222]. Improved understanding of the pathogenesis of MS might identify novel cellular 

and molecular targets that will allow development of more effective and specific 

therapies. In this respect, the realm of endogenous lectins offers a perspective not yet 

fully explored [223]. 

Galectins are a family of J3-sandwich proteins that specifically bind to g-galactoside

containing glycoconjugates as well as distinct peptide motifs and lipids [129, 130]. 

Based on their structure, galectins are divided into three subfamilies. Prototype 

galectins have one conserved carbohydrate recognition domain (CRD) and often occur 

as homodimers in solution [galectins-1, -2, -5 (in rat), -7, -10, -11, -13, -14 and -15]. 

Galectin-3, also known as MAC-2 antigen, is a chimeric family member, which contains 

one CRD connected to a non-lectin collagenase-sensitive stalk and the N-terminal 

sequence harboring serine phosphorylation sites. Tandem-repeat galectins contain two 

different CRDs connected by a linker peptide of variable length (galectins-4, -6 [in 

mouse], -8, -9 and -12) [159]. Interestingly, galectins can target the same cellular 

counter-receptor, but elicit different responses by functional divergence [184, 224] or 

cellular reactivity can be markedly different [225]. Galectins are evolutionarily 

conserved, which suggests important roles in various cellular processes essential for the 

development and function of organisms at both normal and pathological conditions 

[226]. Indeed, by virtue of targeting distinct binding partners, they are involved in cell

cell interactions, cell growth regulation, proliferation, cell migration and differentiation, 

apoptosis, organization of membrane domains, initiation of intracellular signaling and 
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polarized membrane trafficking [128, 142, 151, 227]. Their expression profiles and 

cellular localization can differ markedly, serving as diagnostic and even prognostic 

markers in tumors [190, 228-230]. Importantly, several members of the galectin family 

play a key role in the initiation and resolution of chronic and acute inflammatory 

processes [154]. As such, galectins have been shown to be very potent modulators of 

chronic inflammatory disorders including rheumatoid arthritis, inflammatory bowel 

diseases and diabetes [152]. 

As MS is a chronic, inflammatory disease, galectins might also play role( s) in its 

pathophysiology. Indeed, administration of galectins-1 and -9, which are generally 

regarded as anti-inflammatory, suppressed clinical and histological signs of 

experimental autoimmune encephalomyelitis (EAE), an animal model for MS [205, 213, 

219]. Consistently, galectin-1 knockout animals showed an enhanced susceptibility to 

develop EAE [206], and suppression of galectin-9 expression increased the clinical 

severity of EAE symptoms. In contrast, galectin-3 exacerbates EAE as galectin-3 null 

mice developed milder EAE [210]. Together, these observations in experimental animal 

models indicate that certain galectins might be involved in the pathogenesis of MS. Of 

note, in approximately one third of the MS patient population high titers of anti-galectin-

1 autoantibodies are detected, tying this protein to disease manifestation [214]. 

Remarkably, a comprehensive study on the expression of endogenous galectins in both 

control white matter (CWM) and MS lesions as well as on a(n) (intra)cellular level, is 

still lacking. Here, we analyzed the level, distribution and cellular origin of galectins in 

post-mortem CWM and well-characterized MS tissue. Understanding the complex 

expression profile of galectins in the human brain under physiological and pathological 

conditions will aid in clarifying the role of galectins in neurological processes. Obviously, 

given the emerging role of galectins in numerous intra- and intercellular pathways 

associated with disease manifestation and progression, such insight will also be 

essential in further identification of novel therapeutic targets. 
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Material and methods 
Human autopsy brain material 

All human post-mortem paraffin-embedded brain tissue and human frozen brain 

material were obtained from the Dutch Brain Bank (www.brainbank.nl). The 

characteristics of the brain material are listed in Table 1. The procedure of tissue 

collection, embedding, fixation or freezing was described previously [231]. Briefly, 

white matter MS lesions were identified an� characterized for their activity by 

magnetic resonance imaging (MRI) and immediately frozen in liquid nitrogen. In some 

cases, the tissue samples were split in half and either frozen or paraffin-embedded. 

MRI characteristics were confirmed by immunohistochemistry using GFAP 

(astrocytes), CD68 (activated microglia/macrophages), MHC II 

(microglia/macrophages) and PLP (myelin) as cellular markers. CWM tissue, i.e., 

obtained from subjects without known clinical neurological disease, did not show any 

histological signs of inflammation and demyelination. Active MS lesions were 

hypercellular with abundant reactive astrocytes, active microglia and perivascular and 

parenchymal phagocytic macrophages. Chronic active lesions had hypocellular, 

demyelinated, inactive centers surrounded by a rim of phagocytic macrophages and 

reactive astrocytes. Chronic inactive lesions were characterized by demyelination, 

astrogliosis (fibrous astrocytes) and a reduced number of phagocytic macrophages. 

Histopathologically, these lesions were reminiscent of the center of chronic active 

lesions. For real-time qPCR and Western blot analysis snap-frozen CWM and MS 

lesions were homogenized as described previously [232]. All patients and controls 

had given informed consent for autopsy and use of their brain tissue for research 

purposes. 

Human astrocyte cu ltures 

Human adult post-mortem astrocytes were obtained from corpus callosum or 

subcortical white matter of healthy donors and MS patients and cultured as described 

previously [233]. The purity of the cultures was routinely verified by staining for 
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GFAP and CD68. Astrocyte cultures used were at least 99% pure. Astrocytes were 

plated on 10 cm dishes (0.8 x 106/dish, 6 ml/dish; NUNC Thermo Fischer Scientific, 

Roskilde, Denmark) for real-time qPCR and Western blot analysis or on eight-well 

chamber slides (10,000/well, NUNC) for immunocytochemistry. 

Table 1. Clinical data of MS patients and non-neurological controls 

Age of death Postmortem delay Disease duration 
(years) (hrs:min) (years)1 

Sample type No. of Female mean range mean range mean range 
patients 

Control 11 5 76.6 41-98 10.05 5:40- n.a. n.a. 
19.45 

(Chronic) 14 8 54.5 43-75 7:33 4:50- 20:48 2-42 
active MS 10:55 
Chronic 9 6 62.2 48-77 8:00 4:15- 28:8 18-43 

inactive MS 10:45 
1n.a. not applicable; 1Disease duration since first symptoms 

For analysis of galectin-1 presence in cell-conditioned medium, astrocytes were first 

cultured in medium (1:1 v/v DMEM (Glutamax™-1; Gibco BRL Life Technologies, 

Paisley, Scotland)/HAMF10 with L-glutamine (Bio Whittaker™, Lonza, Verviers, 

Belgium) supplemented with 10% v /v fetal calf serum (FCS; Bodinco, Alkmaar, The 

Netherlands). After 24 hrs, the medium was replaced by FCS-free medium and the 

cells were cultured for an additional 24 hrs. Serum-free medium was collected, 

centrifuged for 10 min at 1000 rpm to remove detached cells and TCA precipitated as 

described previously [234]. Cells were harvested by scraping them into sterile 0.01 M 

phosphate-buffered saline (PBS; pH 7.4), followed by pelleting for 7 min at 7000 rpm. 

Pellets were lysed in TNE-lysis buffer (SO mM Tris-HCI, 5 mM EDTA, 150 mM NaCl, 1% 

Triton X-100 and a cocktail of protease inhibitors [Complete Mini; Roche Diagnostics, 

Mannheim, Germany]) for 30 min on ice. For immunofluorescence analyses cells were 

grown for 48 hrs in 1:1 v/v DMEM/HAMF10, supplemented with 10% v/v FCS. 
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qPCR 

Total RNA was isolated from CWM, MS lesions and human astrocytes homogenates 

using TRI REAGENT TM (Sigma, St. Louis, MO) according to manufacturer's 

instructions. Briefly, tissue or cells were resuspended in TRI REAGENT TM and the 

aqueous phase was transferred to a fresh tube to which isopropanol was added. After 

10 min at room temperature (RT), the solution was centrifuged at 12000g at 4°C for 

10 min. The RNA pellet was washed once with 75% ethanol and kept at -80°C until 

further use. The RNA yield and purity were quantified spectrophotometrically by 

measuring the optical densities at 260 (A 260 ) and 280 (A 200 ) nm. cDNA synthesis 

was performed on 1 µg total RNA with the iScript cDNA synthesis kit (Bio-Rad, 

Veenendaal, The Netherlands) according to the suppliers instructions. Following 

cDNA synthesis, nuclease-free water was added to a final volume of 50 µI. Real-time 

qPCR was performed on the CFX96 System (Bio-Rad) using a standard 2-step 

amplification protocol with a T m of 60°C, followed by a melting curve analysis. For 

each reaction, 1.5 µl cDNA was used in a total volume of 25 µl containing l x  iQ SYBR 

Green supermix (Bio-Rad) and 400 nM of the appropriate forward and reverse 

primer. For each galectin, all samples were in the same qPCR run. All primers were 

synthesized by Eurogentec (Liege, Belgium) and sequences have been published 

previously [235]. Given the presence of different galectins-8 and -9 isoforms, 

originating from alternative splicing in the region coding for the linker peptide, the 

primers are designed to recognize these known splice variants. The mRNA expression 

of each galectin was normalized to the geometrical mean of four reference genes, i.e., 

8-actin, cyclophilin A, 8-2-microglobulin, and HPRT-1. Data are shown as mean values 

± standard deviation (SD). The Mann-Whitney test was used to calculate statistically 

significant differences between CWM and MS lesions. p values <0.05 and <0.01 are 

considered statistically significant (* and **, respectively). 

Western blot analysis 

Equal amounts of protein (20 µg for tissue and cells) or volume (1 ml for medium) 

were mixed with reducing sample buffer and heated at 95°C for 5 min. Protein 
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concentrations were determined by a BioRad DC protein assay (Bio-Rad Laboratories, 

Hercules, CA) using bovine serum albumin (BSA) as standard. Total proteins were 

separated by 12.5% SOS-PAGE and transferred to Immobilon-FL transfer membrane 

(Millipore, IPFL00010, Bedford, MA) using a semi-dry blotting system. Antigen

independent binding to membranes was blocked with Odyssey Blocking Buffer (1:1 in 

PBS; Li-Cor Biosciences, Lincoln, NE) for 40 min after which the membranes were 

incubated for 4 hrs at RT with the indicated anti-galectins antibodies (0.4 µg/ml, anti

galectin-1 [rabbit polyclonal, [236]], -3 [rabbit polyclonal, [236]], -8 [mouse 

monoclonal, 1:750; Abeam, Cambridge, UK, [237]), and -9 (rabbit polyclonal, [225]). 

Polyclonal antibodies to galectins were purified from serum by affinity 

chromatography on protein-A Sepharose 4B and checked for specificity and lack of 

cross reactivity between different galectins in cells, ELISA and blotting assays [236, 

238]. Any cross reactive subfractions were thoroughly removed by affinity 

chromatography on resin-immobilized galectins. Notably, our anti-galectin-3 

polyclonal antibodies are reactive with proteolytically truncated galectin-3, and our 

anti-galectins-8 and-9 polyclonal antibodies recognize the isoforms with different 

linker lengths, which is systematically tested in our lab with the respective proteins 

from recombinant production. To verify the specificity of the galectin-immunoreactive 

bands, membranes were incubated with a complex of anti-galectin antibody and the 

corresponding human recombinant galectin [239-241]. To this end, 0.4 µg/ml of anti

galectin antibody was mixed with 2 µg/ml of human recombinant galectin and 

incubated for 24 hrs at 37°C prior to incubation with the membrane. To determine the 

nature of the galectin-9 immunoreactive bands, anti-galectin-9 antibody was mixed 

with either galectin-9C domain or galectin-9N domain or a mixture of both [225]. 

Alternatively, membranes were incubated overnight at 4°C with rat anti-MBP 

antibody (1:100; Serotec, Kinglington, UK) and anti-actin antibody (1:1000; IgGl, 

Sigma) diluted in Odyssey blocking buffer (1:1 in PBS). After 4 times for 5 min 

washing with PBS containing 0.05% Tween-20 (PBS-T), membranes were incubated 

for 40 min at RT with the appropriate IRDye®-conjugated secondary antibodies (Li

Cor Biosciences). After washing 4 times for 5 min with PBS-T, signals were detected 

using the Odyssey Infrared Imaging System (Li-Cor Biosciences). For consecutive 
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analyses with different antibodies, membranes were stripped with 25  mM glycine and 

1 % SOS at pH 2.0 for 15 min at RT. The intensity of the bands was analysed and 

quantified using Odyssey V3.0 analysis software. The Mann-Whitney test was used to 

calculate statistically significant differences between CWM and MS lesions. p values 

<0.05 and <0.01 are considered statistically significant (* and **, respectively) . 

lmm unohistochemistry on post-mortem h uman brain material 

Paraffin-embedded tissue. Deparaffinized 5 µm thick sections on polysine™ glass 

slides (Thermo Scientific) were first blocked for endogenous peroxidase with 0.3% 

H 2 0 2 in 0.01 M PBS for 20 min at RT and rinsed 3 times 5 min with PBS. Antigen 

retrieval was obtained by incubation of sections in 10 mM citrate buffer (pH 6) at 

125°C for 10 min. Sections were kept in 0.5 M sodium acetate for 5 min at RT and 

subsequently rinsed with PBS. The sections were next incubated with 10% normal 

goat serum (NGS; Vector laboratories, Burlingame, CA) and 0.3% Triton X-100  in PBS 

for 1 hr at RT and subsequently incubated overnight at 4°C with primary antibodies, 

i.e., the indicated anti-galectin antibodies (5 µg/ml, antibody production as described 

above) anti-CD68 (1 :100; IgG1, DAKO, Glostrup, Denmark) and anti-GFAP (1 :200; 

IgG1, Millipore, Livingston, UK). All primary antibodies were diluted in 1 % NGS. Then, 

sections were rinsed three times for five min with PBS and incubated with the 

appropriate Histofine® Simple Stain MAX AP secondary antibodies (Nichrei 

Bioscience, Tokyo, Japan) for 50 min at RT, followed by 5 min washes with PBS and 50 

mM Tris-buffered saline (TBS; pH 7.4). To visualize the probe, slides were incubated 

with 30% w/v 3,3'-diaminobenzidine (DAB, Sigma) in TBS containing 0.03% 

H 2 0 2 • After sequential washing in TBS and dH 2 0 sections were 

counterstained with hematoxylin (Sigma), dehydrated in series of alcohol, followed by 

xylol and mounted in DEPEX (VWR International, Lutterworth, UK) .  For double

immunohistochemical fluorescence staining, the sections were incubated with 10% 

NGS and 1 % Triton X-100 in PBS for 2 hrs at RT and subsequently incubated 

overnight at 4°C with primary antibodies, i.e., the indicated anti-galectin antibodies (5 

µg/ml; antibody production as described above) and anti-GFAP antibody (1 :200;  lgG1, 

Millipore, Livingston, UK). Primary antibodies were diluted in 5% NGS and 0.3% 
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Triton X-100. After extensive washing, galectins were visualized with Cy3-conjugated 

goat anti-rabbit (1 :400; Jackson ImmunoResearch, West Baltimore Pike, PA) and GFAP 

with FITC-conjugated goat anti-mouse (1 :75; Jackson ImmunoResearch) for 2 hrs on 

RT. Sections were analyzed with a confocal laser scan microscope Leica SP2 AOBS 

CLSM (Leica Microsystems, Heidelberg, Germany) equipped with Leica Confocal 

Software. Fluorescence images were acquired sequentially. 

As negative controls, sections were incubated with secondary antibody only or with 

human recombinant galectin-anti galectin antibody complex. 5 µg/ml of anti-galectin 

antibody was mixed with 15 µg/ml of appropriate human recombinant galectin 

(production of antibodies and recombinant galectins as described above) and 

incubated for 24 hrs at 37°C prior to staining. Sections were analyzed with a bright 

field BX50 Olympus microscope using Cell B software. 

Cryosections. After overnight drying, tissues were fixed in acetone for 10 min at RT, 

washed once with PBS, and incubated for 1 hr at RT with primary antibodies, i.e., anti

PLP antibody (1:500; IgG, Serotec, Kidlington, UK), anti-MHC II antibody, clone LN3 

(1: 100; [242]0, or indicated anti-galectins antibodies (5 µg/ml, produced as described 

above) diluted in 1 % BSA in PBS (pH 7.4; Dako, Copenhagen, Denmark). After 

extensive PBS washing, slides were incubated with appropriate secondary antibodies 

(DAKO Real En Vision™ /HRP, Rabbit/Mouse K5007; DakoCytomation, Glostrup, 

Denmark) for 30 min at RT. Staining was visualized with DAB and counterstained with 

hematoxylin as described above. Sections were analyzed with bright field BX50 

Olympus microscope using Cell B software. For double immunohistochemical 

fluorescence staining, overnight-dried sections were fixed in acetone for 10 min, 

washed extensively in PBS and sequentially incubated with anti-galectins antibodies 

(5 µg/ml) and anti-MHC II antibody for 1 hr at RT. After extensive washing, galectins 

were visualized with Alexa-594-conjugated goat anti-rabbit ( 1 :400; Molecular Probes, 

Leiden, The Netherlands) and MHC II with Alexa-488-conjugated goat anti-mouse 

(1 :400; Molecular Probes) secondary antibodies. Sections were analyzed with a 

confocal laser scan microscope Leica SP2 AOBS CLSM (Leica Microsystems, 

Heidelberg, Germany) equipped with Leica Confocal Software. Fluorescence 

microphotographs were acquired sequentially. 
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Imm unocytochemistry 

Cells were gently fixed with 2% paraformaldehyde (PFA, Merck) in PBS for 15 min at 

RT, followed by 4% PFA for 15 min at RT. Permeabilization and blocking was 

performed with 0.1% Triton X-100 and 4% BSA (in PBS) for 30 min at RT, followed by 

incubation for 1 hr at RT with primary anti-galectin antibodies (5 µg/ml, diluted in 4% 

BSA in PBS). Cells were washed 3 times with PBS and incubated for 30 min at RT with 

TRITC-conjugated anti-rabbit secondary antibodies (1:50, diluted in 4% BSA in PBS; 

Jackson ImmunoResearch, West Baltimore Pike, PA). Nuclei were counterstained with 

1 µg/ml DAPI. Staining was analyzed with a conventional fluorescence microscope 

(Provis AX70; Olympus, New Hyde Park, NY), equipped with analySIS software. 
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Results 
Selective expression of g alectins in control  white m atter and MS 
lesions 

To identify which galectins are expressed in human white matter, we first examined 

the mRNA expression profile of 11 known human galectins. qPCR analysis of post

mortem human CWM cDNA revealed a relative prominent expression of galectin-1, 

while galectins-3, -8 and -9 were significantly expressed at the mRNA level (Fig. 1A). 

In addition, minute mRNA amounts for galectins-4, -10 and -12 were detected (Fig. 1A, 

inset), whereas mRNA expression for galectins-2, -7, -13 and -14 was negligible. 

Importantly, the analyzed CWM tissue was obtained from non-neurological disease 

subjects and neither showed histological signs of inflammation nor demyelination. In 

parallel, we determined galectin mRNA levels in both active/chronic active [ (c)aMS] 

and chronic inactive MS lesions ( ciMS). Interestingly, the expression levels of genes for 

galectins-1, -3 and -8 were significantly increased in both ( c )aMS and ciMS lesions as 

compared to CWM, whereas galectins-4, -9, -10 and -12 were in comparison slightly, if 

at all, elevated. 

Given the pronounced expression of mRNAs for galectins-1, -3, -8 and -9 in CWM and 

their increased expression in MS lesions, we subsequently focused on these galectins 

and next examined whether their distinct mRNA expression levels were also reflected 

at the protein level. Toward this end, Western blot analysis was performed on 

homogenates which had been used for qPCR analysis. 

As expected, due to demyelination, the expression of the myelin marker MBP was 

reduced in both (c)aMS and ciMS lesions as compared to CWM (Fig. 18). Consistent 

with the qPCR data, protein expression of galectins-1, -3, -8 and -9 was apparent in 

both CWM and MS lesions (Fig. 18). As shown in Figure 18, galectin-1 occurred in 

Western blots both as monomers and homodimers. Galectin-1 monomers (14.5 kDa) 

were the most prevalent form in both CWM and MS lesions after analysis, whereas 

extracts of MS lesions for galectin-1 additionally revealed the presence of homodimers 

(29 kDa). Quantitative analysis of the blots, i.e., normalized to the expression of the 

housekeeping protein actin, showed that relative to their levels in CWM, the intensity 
46 



Galectin expression in multiple sclerosis 

of the band characteristic for the galectin-1 homodimers was significantly increased in 

both c(a)MS and ciMS lesions (Fig. 10). Notably, galectins-1 dimers are biochemically 

stable entities as they were present under reducing conditions (Fig. 1B), and in 

addition were also urea-resistant (data not shown). Furthermore, relative to CWM, a 

prominent increase of galectin-3 (30 kDa) was observed in (c)aMS, whereas galectin-3 

protein levels were not increased in ciMS (Fig. 1B,D). The latter finding is in contrast 

to what was observed at the transcriptional level (Fig. 1A), implying differences in the 

regulation of expression between (c)aMS and ciMS lesions. Notably, galectin-3 was not 

subjected to proteolytic processing, as proteolytically truncated galectin-3 (removal of 

collagenous stalk by matrix metalloproteinases) was not detected in CWM and MS 

homogenates (data not shown). Galectin-8 (32 kDa) displayed bands (Fig. 1B) of 

which the intensity is only slightly increased in (c)aMS and ciMS lesions (Fig. 1D). For 

galectin-9, multiple bands appeared. However, antibody preabsorption studies 

revealed that only two bands are galectin-9 specific. An immunoreactive band was 

detected at 19 kDa likely representing a domain after linker cleavage (Fig. 1B) [238, 

243]. Indeed, antibody blocking experiments with the C-terminal domain, but not the 

N-terminal domain, showed that this 19 kDa band represents the galectin-9 C

terminal domain (Fig. 1C). In addition, another less intense anti-galectin-9 

immunoreactive band at 98 kDa was visible (Fig. 1B). Intriguingly, binding of anti

galectin-9 antibody to the 98 kDa band could be blocked by preincubation of the 

antibody with the human recombinant galectin-9 C-terminal domain, but not with the 

N-terminal domain (Fig. 1C), suggesting that this 98 kDa band possibly represented 

galectin-9 multimers with differential reactivity of the two domains. Remarkably, a 

significant relative increase in the immunoreactivity of both 19 and 98 kDa bands was 

observed in extracts of MS lesions as compared to CWM (Fig. 1D), whereas the relative 

galectin-9 mRNA expression is only slightly enhanced (Fig. 1A). 
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Figure 1. Galectin mRNA and protein expression in control white matter and MS 
lesions. A) Total RNA was isolated from homogenates of post-mortem control white 
matter (CWM), active/chronic active MS [(c)aMS] and chronic inactive MS (ciMS) 
lesions, followed by real time qPCR, using specific primers for the 11 known human 
galectins. Data were obtained from specimens of 6 different healthy subjects, 6 (c)aMS 
and 6 ciMS lesions. Bars depict the mean ± standard deviation. Note the prominent 
increase in mRNA level of galectins-1, -3 and -8 in both (c)aMS and ciMS lesions as 
compared to CWM. B) Equal amounts of protein (20 µg) of CWM, (c)aMS and ciMS 
lesion homogenates were subjected to Western blot analysis for galectins (-1, -3, -8 
and -9), MBP and actin. Note that galectin-1 can also appear at position of the 
homodimer. C) 20 µg of a (c)aMS lesion homogenate was subjected to Western blot 
analysis and probed with a complex of anti-galectin-9 antibody and human 
recombinant galectin-9 C-terminal domain (G9C) or a complex of anti-galectin-9 
antibody and human recombinant galectin-9 N-terminal domain (G9N). Note that 
galectin-9 immunoreactivity to both the 19 and 98 kDa band was blocked upon 
preincubation of the antibody with G9C, but not with G9N. D) Densitometric analysis 
of immunoblots in 18. Data were obtained from homogenates of 8 CWM, 8 (c)aMS and 
9 ciMS lesions. Data are shown in a scattergram as mean ± SD. Symbols represent 
individual subjects within the 3 groups of analyzed tissues. Note that the presence of 
galectin-1 dimers and anti-galectin-9 antibody-reactive 19 kDa and 98 kDa bands 
were significantly upregulated in both (c)aMS and ciMS as compared to CWM. 
Presence of galectin-3 was upregulated in (c)aMS lesions as compared to CWM and 
ciMS. In all cases, statistical significance between CWM and the indicated MS lesions is 
indicated (* p < 0.05, ** p < 0.01). 

Importantly, to exclude cross reactivity, the antibodies to galectins that have similar 

molecular weights, were tested on different recombinant galectin proteins. None of 

the antibodies showed cross reactivity with non-cognate galectins (data not shown). 

Taken together, these data show that the expression of galectins was increased in MS 

lesions. Interestingly, the protein levels do not always parallel mRNA levels, 

suggesting additional regulatory mechanisms at the translational level. 

Preferential expression of galectins in microglia/m acrophages 
in brain parenc hyma 

Next, it was of obvious interest to carefully identify the cellular localization of the 

major galectins, as defined in the previous section. In preliminary experiments we 

therefore carried out Western blotting analysis of purified myelin. The data revealed 

that galectins-1, -3, -8 and -9 did not localize to myelin (data not shown). 
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Subsequently, we therefore examined serial cryosections, using an 

immunohistochemical approach. Thus, galectin immunoreactivity (at two levels of 

magnification and by quantitative analysis, Fig. 2 and 4) was determined, and in 

parallel, the activity of the lesions was established [244]. Active MS lesions typically 

showed abundant MHC II-positive microglia/foamy macrophages and severe 

demyelination (Fig. 2A, D and 48, E). In addition, active demyelinating lesions still 

contained PLP-immunopositive phagocytosing macrophages (Fig. 2D and 4E, 

arrowhead) . Galectins-1, -3, -8 and -9 were detected in parenchyma, around blood 

vessels and in the endothelium (Fig. 2). Quantitative analysis revealed a significant 

two-fold increase in the number of cells expressing galectins-1, -3 or -8 (Fig. 3) in 

active MS lesions as compared to normal-appearing white matter (NAWM). 
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Figure 2. Galectin distribution in active MS lesions. Serial cryosections of active MS 
lesions were stained for MHC II (A), PLP (D), galectin-1 (B), galectin-3 (C), galectin-8 
(E) and galectin-9 (F). Scale bar is 500 µm. Inflammatory demyelination in active MS 
lesions was characterized by the absence of the myelin marker PLP (D) and the 
presence of microglia and infiltrated macrophages, as visualized by MHC II staining 
(A). An indistinct edge between the surrounding normal-appearing white matter 
(NAWM) and MS lesion was observed. Note that presence of galectins-1 (B), -3 (C) 
and -8 (E) was dramatically upregulated in the discrete active MS lesion region as 
compared to adjacent NAWM, whereas the difference was less clear for galectin-9 (F). 
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The number of galectin-9-positive cells in active MS lesions was hardly, if at all, 

upregulated as compared to NAWM (Fig. 2F and 3), suggesting that the observed 

increased galectin-9 expression at the protein level (Fig. lB, D) is likely a reflection of 

an enhanced expression per cell. 
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Figure 3 .  Number of  galectin-positive cells in active MS lesions. Serial cryosections 
of active MS lesions were stained for galectins-1, -3, -8 and -9. The number of galectin
positive cells was determined in three active MS lesions and corresponding NA WM 
distant from the lesions. Results are presented as mean ± SD. Statistical significance of 
each galectin between NAWM and active MS lesions is shown (** p < 0.0l, Mann
Whitney test). Note the significant increase in the number of galectins-1-, -3- and -8-
positive cells, but not galectin-9, in active MS lesions as compared to NAWM. 

At a higher magnification (Fig. 4), most galectin immunoreactivity in active MS lesions 

localized to cells with morphological features resembling microglia/macrophages or 

astrocytes (Fig. 4). To obtain further support for this notion double

immunofluorescence staining with cell-specific markers was performed in parallel 

(Fig. 5 and 6). CWM obtained from subjects without neurological disease, chronic 

active MS and chronic inactive MS lesions were analyzed in parallel for galectin 

immunoreactivity. Chronic active MS lesions were characterized by an astrogliotic, 

hypocellular demyelinated lesion center (Fig. 4C, F), surrounded by a hypercellular 

rim of activated microglia and infiltrated macrophages [83], whereas chronic inactive 

MS lesions were characterized by demyelination, astrogliosis and a reduced number 

of phagocytic macrophages. 
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Figure 4. Galectin localization in parenchyma of control white matter and MS 
lesions. Serial cryosections of post-mortem control white matter (CWM) (A, D, G, ), M 
and P), active MS lesions (B, E, H, K, N and Q), and chronic active MS lesions (C, F, I, L, 
0 and R) were stained for MHC II (A-C), PLP (D-F), galectin-1 (G-1), galectin-3 (J-L), 
galectin-8 (M-0) and galectin-9 (P-R). Lesion activity was characterized by staining 
for MHC II (microglia/macrophage marker, A-C) and PLP (myelin marker, D-F). Cell 
types expressing galectins were distinguished according to well- established 
morphological criteria. Arrowheads point to cells with features of microglia/activated 
macrophages; arrows indicate cells morphologically resembling astrocytes. Scale bar 
is 50 µm. Note that in the parenchyma galectins are mainly present in 
microglia/macrophages and astrocytes. 

In active MS lesions, strong perivascular and parenchymal galectin-1-immunoreactive 

cells were observed which resembled infiltrated macrophages (Fig. 4H, arrowhead). 

In CWM, and in the center of chronic active MS lesions, a weak intensity of galectin-1 

staining was observed in cells with morphological characteristics of microglia (Fig. 4G 

and I, respectively). 

Double-immunofluorescence staining with anti-MCH II antibody revealed the 

cytoplasmic microglia/macrophages residence of galectin-1 in active (Fig. SA-C, 85-

95% of total microglia/macrophages vs. 55-65% in CWM) and in the center of chronic 

active MS lesions (Fig. SM-O, 10-20%). 

Double labeling with the astrocyte-specific marker GFAP showed that galectin-1 was 

largely localized to the nucleus, while some very weak, cytoplasmic staining was 

occasionally observed (Fig. 6A-C, G-1). Furthermore, the number of galectin-1-positive 

astrocytes appeared to be slightly decreased in MS lesions as compared to CWM (85-

90% in CWM vs. 55-60% in lesions). Together, galactin-1 is localized to both 

microglia/macrophages and astrocytes. However, whereas the number of galectin-1 

positive microglia/macrophages increased in MS lesions, the number of astrocytes 

harboring galectin-1 decreased. In active MS lesions the presence of galectin-3 was 

markedly increased in foamy macrophages (Fig. 4K, arrowhead) and hypertrophic 

astrocytes (Fig. 4K, arrow). Co-localization studies revealed that most 

microglia/macrophages in MS lesions displayed a cytoplasmic localization of galectin-

3, whereas in CWM only a small subpopulation of cells (10-20%) was galectin-3 

positive (Fig. 5D-F, P-R). Similarly, in active and chronic inactive MS lesions all GFAP-
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positive astrocytes were galectin-3 positive, whereas in CWM only a subpopulation 

(60-70%) of the GFAP-positive astrocytes harbored galectin-3 (Fig. 6D-F, J-L). In 

addition, in the center of chronic active lesions, but not CWM, we observed a 'mesh'

like staining pattern of galectin-3 (Fig. 4L, arrow; Fig. SP and 6J), likely reflecting 

staining of the astrogliotic scar. 
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Figure 5. Galectin localization in microglia/macrophages in active and chronic 
active MS lesions. Cryosections of active and chronic active MS lesions were analyzed 
by confocal microscopy for expression of either (red) galectin-1 (A-C; M-0), -3 (D-F; 
P-R), -8 (G-1; S-U) or -9 (J-L; V-X) together with the microglia/macrophage marker, 
MHC II (green). Scale bar is 20 µm. Note that microglia/macrophages localized in both 
active and center of chronic active MS lesions expressed galectins-1, -3 and -8 in their 
cytoplasm (A, D, G, M, P, S) whereas a shift in galectin-9 localization from nuclei in 
active MS lesions (J) to cytoplasm (V) in the center of chronic active MS lesions was 
observed. 

Microglia/macrophages (Fig. 4N, arrowhead; Fig. SG-1) were the predominant 

galectin-8 and galectin-9 positive cells in active MS lesions. Double-labeling 
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experiments showed that the majority of the microglia/macrophages were positive 

for galectin-8 (app. 80-90%), which mainly localized to the cytoplasm (Fig. SG-1, S-U). 

In active MS lesions a strong staining for galectin-9 was detected in foamy cells (Fig. 

4Q, arrowhead; Fig. SJ-L). However, in contrast to the other examined galectins, the 

major share of galectin-9 immunoreactivity in microglia/macrophages in active MS 

lesions was predominantly localized to the nucleus (Fig. 4Q, arrowhead; Fig. SJ-L). In 

marked contrast, in the center of chronic active MS lesions galectin-9 was mainly 

located in the cytoplasm (Fig. 4R, arrowhead; Fig. SV-X). 
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Figure 6. Galectin localization in astrocytes in active and chronic inactive MS 
lesions. Sections from paraffin-embedded active and chronic inactive MS lesions were 
analyzed by confocal microscopy for immunopositivity of either (red) galectin-1 (A-C; 
G-1) or, -3 (D-F; J-L) together with the astrocyte marker, GFAP (green). Scale bar is 10 
µm. Note that astrocytes showed both nuclear and cytoplasmic localization for 
galectin-3 (D, J), whereas galectin-1 reactivity is mainly localized to the nucleus. 

In summary, in the parenchyma galectins-1 and -3 were present in 

microglia/macrophages and astrocytes, whereas galectins-8 and -9 were essentially 

localized to microglia/macrophages. Notably, the intensity and the number of 

galectin-positive microglia/macrophages were particularly increased in active MS 

lesions as compared to CWM, NAWM and the inactive center of chronic active MS 

lesions. 
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Expression and loc alization of galectin-1 differ in norm al versus 
MS astrocytes 

The in vivo analyses, as described in the previous paragraphs, clearly identified 

astrocytes as a source of galectins-1 and -3 in MS lesions, other galectins being present 

in relatively minor amounts, if at all. To obtain further support for these observations, 

we analyzed mRNA levels, as described above, in cultured human astrocytes, isolated 

from post-mortem white matter of healthy subjects and MS patients. Both normal and 

MS-derived cultured human astrocytes abundantly expressed galectin-1 mRNA and to 

a much lesser extent that of galectin-3 (Fig. 7 A). Only minor levels, if any, of mRNAs 

specific for galectins-4, -8, -9, -10 and -12 were detected. Fluorescence microscopy 

revealed that in the majority (75-80%) of normal astrocytes, galectin-1 (Fig. 78) 

showed a strong perinuclear localization, while being absent from the nucleus. 

Strikingly, in MS astrocytes (80-85%) nuclei were strongly stained. Using biotinylated 

human galectin-1 as probe, no significant nuclear binding was seen in cultured 

astrocytes and astrocytes present in MS lesions, whereas cytoplasmic positivity, with 

intensity increase in active MS lesions, was detected (data not shown). Intriguingly, 

galectin-3 was observed in the nuclei of normal astrocytes, next to a fairly diffuse 

cytoplasmic localization. The latter was converted to a more punctuate appearance in 

MS astrocytes, suggesting a vesicular localization (Fig. 78). Analyses of galectin-1 by 

Western blotting revealed (Fig. 7C) that in cultured normal, but not MS human 

astrocytes, a substantial fraction of the protein pool was present as dimers (29 kDa), 

next to monomers (14.5 kDa). Since galectins can be secreted by astrocytes [146], the 

culture medium was also examined. As shown in Figure 7C, major fractions of 

monomeric galectin-1 were seen after analysis of samples from both normal and MS 

astrocytes, whereas dimeric galectin-1 was solely detected in the MS astrocyte 

medium. 

Together, these data reveal that, compared to normal astrocytes, MS astrocytes 

displayed an enhanced in vitro release of galectin-1 dimers, with potential 

implications for auto-antibody generation [214 ], while concomitantly its intracellular 

localization shifted from a cytoplasmic to a nuclear localization, a phenomenon known 

from tumor progression [229, 235, 245]. 
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Figure 7. Ga/ectin expression in cultured normal and MS-derived human 
astrocytes. A) Total RNA was isolated from cultured human astrocytes derived from 
healthy subjects (normal) or NAWM of MS patients (MS), followed by real time qPCR, 
using specific primers for 11 known human galectins. mRNA expression of each 
galectin was normalized to the geometrical mean of reference genes. Data were 
obtained from three healthy subjects and three MS patients. Bars depict the mean ± 
SD. No statistical differences between normal and MS astrocytes for any galectin were 
observed. B) Cultured normal human and MS astrocytes were analyzed for presence 
of galectins-1 and -3 (red). Merged images are shown. The exposure time of the 
acquired images was lOx shorter for galectin-1 than for galectin-3. Scale bar is 20 µm. 
Note that the intracellular localization of galectin-1 shifted from perinuclear in normal 
astrocytes to nuclear in MS astrocytes. C) Equal amounts of protein (20 µg, total cell 
lysates) or volume (1 ml, conditioned medium) of cultured normal and MS astrocytes 
were subjected to Western blot analysis for galectin-1 and actin. Note the decreased 
presence of galectin-1 dimers in cultured MS astrocytes as compared to normal 
astrocytes, whereas galectin-1 dimers in conditioned medium of MS astrocytes were 
increased as compared to conditioned medium obtained from normal astrocytes. 
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Galecti n expressio n o n  e ndotheli al cells i n  hum a n  co ntrol white 
matter and MS lesio ns 

Since endothelial activation plays an important role in the early pathogenesis of MS 

[246] and galectins are involved in endothelial cell activation and angiogenesis [24 7], 

we next examined the expression of galectins-1, -3, -8 and -9 in endothelial cells in 

CWM and active MS lesions. In CWM moderate levels of galectins-1, -3, -8 and -9 were 

apparent (Fig. BA, C, E and G, see insets). In active MS lesions, the intensity of 

galectins-1 and -8 immunoreactivity appeared to be increased in activated endothelial 

cells of blood vessels surrounded by perivascular inflammatory infiltrates (Fig. 8B, F), 

whereas the reactivity towards galectins-3 and -9 was similar to CWM (Fig. 8D, H). 

Thus, an increased expression of galectins-1 and -8 in active MS lesions might be 

partly caused by an increased association with endothelial cells. 
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Figure 8. Galectin localization in endothelial cells of CWM and active MS lesions. 
Serial sections of fresh-frozen post-mortem CWM (A, C, E, G) and active MS lesions (B, 
D, F, H) were stained for galectin-1 (A, B), galectin-3 (C, D), galectin-8 (E, F) and 
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galectin-9 (G, H) . Scale bar is 50 µm. Asterisk (*) depicts blood vessels. Insets show 
endothelial cells at an additional 3x magnification. Note that presence of galectins-1 
and -8 in endothelial cells was strongly increased in activated endothelial cells in 
active MS lesions as compared to CWM, whereas the immunoreactivity of galectins-3 
and -9 was comparable in CWM and active MS lesions. 
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Discussion 
The present study describes a comprehensive analysis of the distribution of galectins in 

demyelinated MS lesions and non-neurological disease control white matter. Our data 

revealed an enhanced expression of galectins-1, -3, -8 and -9 in MS lesions as compared 

to CWM, and their localization to microglia/macrophages, endothelial cells and 

astrocytes. Interestingly, galectin-9 redistributed in microglia/macrophages from the 

nucleus in CWM and active lesions to the cytosol in inactive MS lesions, while galectin-1 

appeared in the nucleus of cultured MS derived astrocytes. Moreover, whereas galectin-

1 dimers were prominently present in normal astrocytes, they were significantly 

reduced in MS derived cells, presumably due to release into the extracellular 

environment. Together, these findings suggest a role for galectins in MS pathology. 

By qPCR analysis we demonstrated that among the 11 known human galectins, mRNAs 

for galectins-1, -3, -8 and -9 were abundantly present in CWM tissue (Fig. 1). Galectins-4, 

-10 and -12 mRNAs were present at rather minor amounts, while mRNA levels for 

galectins-2, -7, -13 and -14 were outside the detection range of the qPCR assay. The 

absence of galectins-2 and -7-specific mRNAs and proteins (our unpublished 

observations) and the relatively low levels of galectin-4 in our study as compared to a 

previous finding [167] might be attributed to the absence of gray matter tissue, i.e., 

neuronal cell bodies, in the tissues we analyzed. In line with the qPCR results, galectins-

1, -3, -8 and -9 were also detected on the protein level. Interestingly, galectin-9 appeared 

to be subjected to proteolytic processing likely targeting the thrombin-sensitive linker 

[243]. Whether the observed cleavage of galectin-9 is physiologically significant, as 

suggested recently [235, 243], or an artifact due to degradation during homogenization, 

remains to be determined. 

Galectins have been implicated in brain diseases including neuroinflammation and 

malignancy [154, 180]. Here we show that mRNA expression for galectins-1, -3 and -8 

was significantly increased in both (chronic) active and chronic inactive MS lesions (Fig. 

1). For galectins-1 and -3 this upregulation was also reflected at the protein level in 

(chronic) active MS lesions. In contrast, in chronic inactive lesions, the increase of 

galectin-3 was minimal, indicating that in line with previous findings an enhanced 
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galectin-3 level is likely associated with increased inflammation activity. Thus, 

perturbation of the blood-brain barrier and an ensuing inflammatory reaction induced 

the expression of galectin-3 in activated microglia/macrophages [196, 248] . Also in EAE, 

galectin-3 specifically localizes to phagocytosing microglia and macrophages that reside 

in regions of demyelination [208] . In addition to its presence in microglia/macrophages, 

we also observed that the presence of galectin-3 in astrocytes was significantly 

enhanced in MS lesions (Fig. 4). Interestingly, galectin-3 is expressed in human 

astrocytic tumors and likely plays a role in glioma malignancy by stimulating migration 

[180, 186]. Furthermore, besides being active by itself, galectin-3 is known to compete 

with galectin-1 and block its signalling activity, for ganglioside GMl presented in 

microdomains and for the fibronectin receptor a5�1-integrin [184, 224, 249] .  Whether 

galectin-3 fulfils a similar function in astrocytes in MS lesions remains to be determined. 

The observed increased expression of galectin-1 in activated microglia/macrophages in 

MS lesions is evocative of previous findings showing an upregulation of galectin-1 in rat 

macrophages upon acute inflammation [199, 250]. Western blots revealed alteration in 

detection of homodimers, resistant to presence of f3-mercaptoethanol, excluding inter

subunit disulfide bonding known from a related chicken galectin [251] and urea. The 

molecular basis for this homodimer stability is presently not known, as it cannot be 

excluded that the monomeric form, common to this analysis, may also represent the 

oxidized galectin-1 variant. In addition, galectin-1 was localized to astrocytes. 

Interestingly, the number of galectin-1 positive astrocytes decreased in MS lesions, 

indicating its release into the extracellular environment. Indeed, compared to medium 

protein levels of normal human astrocytes, the level of galectin-1 homodimers after 

analysis of conditioned medium from cultured MS astrocytes was elevated (Fig. 7C), 

which was accompanied with a nuclear localization of galectin-1. Similarly, the 

appearance of galectin-1 as non-covalent homodimers in denatured form in Western 

blots was also more prominently present in homogenates of both (chronic) active and 

chronic inactive MS lesions (Fig. 18, D). In this context it is of interest that the reduced 

form of recombinant galectin-1, which is a homodimer, has been reported to enhance 

degeneration of neuronal processes when functioning as a lectin [174, 252], whereas 

oxidized monomeric galectin-1, as a non-lectin, promotes indirectly axonal regeneration 

61 



Chapter 2 

after peripheral nerve injury [253]. Hence, galectin-1 might be associated with MS 

pathogenesis during advanced stages of MS lesion formation. In addition, released 

galectin-1 might have a regulatory function in early stages MS, i.e., in controlling 

inflammation. Of potential relevance, low levels of galectin-1 drive the induction of 

dendritic cell differentiation towards a tolerogenic phenotype in EAE [204]. 

Furthermore, a direct effect of galectin-1 on regular T cell activity in EAE have been 

reported [219], further pointing to the potential for involvement of galectin-1 in overall 

MS pathology. 

The significant upregulation of galectin-8 mRNA in (chronic) active and chronic inactive 

MS lesions was only partially reflected at the protein level. However, at the cellular level, 

the number of galectin-8 positive cells significantly increased in active MS lesions as 

compared to NA WM. Furthermore, a dramatic increase in expression of galectin-8 in 

endothelial cells of the white-matter vasculature and a more modest one in 

microglia/macrophages and/or astrocytes was observed. Galectins-1, -3, -8 and -9 have 

been detected in endothelium of various sources, and their expression and distribution 

change upon activation in vitro and in tumor vasculature [232]. Blood-brain barrier 

disruption is an early phenomenon in the formation of new MS lesions [254] and, 

therefore, the enhanced expression of galectin-8 in endothelial cells might contribute to 

early events in MS pathology. Recently, a role of galectin-8 in autoimmune inflammation 

has been suggested [255]. Galectin-8 binding to a distinct glycoform of CD44 on 

inflammatory cells characteristic for rheumatoid arthritis induced apoptosis, whereas 

fibrinogen, also known to accumulate at MS lesions [256], prevented galectin-8 binding 

to inflammatory cells, thereby exacerbating autoimmune inflammation [257]. However, 

galectin-8 is not a general sensor for progress of an apoptotic process, in contrast to 

galectin-1 [258]. Whether galectin-8 is secreted in MS lesions remains to be determined. 

Neither in MS lesions nor in CWM, significant differences were apparent in galectin-9 

mRNA expression or in the number of galectin-9 positive cells. However, the expression 

levels of both the galectin-9 C-terminal domain (19 kDa) and the galectin-9 

immunoreactive 98 kDa band were significantly upregulated in (c)aMS and ciMS lesions. 

Furthermore, in microglia, the intracellular galectin-9 distribution between active and 

inactive MS lesions differed markedly; in active MS lesions nuclei and cytosol of 
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activated microglia/macrophages were positive, whereas in inactive lesions galectin-9 

exclusively localized to the cytosol. Alterations in intracellular distribution of galectins 

have been observed before [230, 232] and might reflect changes in the surrounding 

environment and/ or galectin function. Alternatively, redistribution in galectin 

localization and/ or its diminished appearance could also reflect enhanced release into 

the extracellular environment, as we observed for galectin-1 in cultured MS astrocytes. 

Taken together, our results show that several members of the galectin family are 

expressed in CWM and that their level of expression, intracellular localization and 

secretion differ in MS lesions. Whether this reflects an MS-specific effect or changes in 

the cellular environment as a response to inflammation, warrants further investigation. 

Evidently, such knowledge is imperative for an understanding of the exact role and 

mechanisms of action of galectins in MS pathology and a potential exploitation of their 

presence as novel targets for MS treatment. 

63 



Chapter 2 

Acknowledgements 
---- -- ---

M.S. is a recipient of a PhD fellowship from the School of Behavioral and Cognitive 

Neurosciences, University of Groningen, The Netherlands. Work in our laboratory is 

supported by grants from the Dutch Foundation for the Support of MS Research 

('Stichting MS Research', W.B. and D.H.), and the Netherlands Organization of Scientific 

Research (NWO, 'VIOi', W.B.). V.L.T. is supported by grants of the Dutch Cancer Society 

(UM2008-4101, VU2009-4358), H.-J.G. by the EC GlycoHIT research grant. We would 

like to thank Malika Bsibsi for the generous gift of human astrocytes, Klaas Sjollema 

and Michel Meijer for excellent technical assistance with confocal microscopy, and 

Olaf Maier and Nadine Wilczak for inspiring discussions. 

64 



Chapter 3 

Differential expression, localization 

and release of galectins by glial cells . 

Potential implication for cell survival 

and proliferation 

Mirjana Stancic, Anit a Nomden, Jing Qin, Hans-]. Gabius, Dic k 
Hoekstra and Wia Ba ron 



Chapter 3 

Abstract 

Galectins are a family of 15 �-galactoside binding lectins that have multiple roles in 

modulating cell proliferation, differentiation, survival and migration. Previously, we 

have shown that distinct galectins are upregulated in multiple sclerosis lesions. In the 

present study, we performed a detailed expression analysis of different galectins in 

cultured glial cells, and examined their exogenous effect on glial cell proliferation and 

survival. Our findings reveal that astrocytes, oligodendrocytes and microglia harbor 

and release a distinct set of galectins. Galectin-3 is expressed in and released from all 

examined glial cells, while its expression decreases upon oligodendrocyte maturation. 

Galectins-1, -2, -7 and -9 are also present in oligodendrocytes and astrocytes, while 

microglia only express galectin-2. Galectin-4 is detected in oligodendrocytes. In 

addition, microglia and astrocytes possess binding sites for galectins-1, -2, -3, -4 and -8, 

whereas mature oligodendrocytes, but not OPCs, display receptors for galectins-2, -4 

and -8. Interestingly, immunocytochemical analysis reveals that galectin binding sites 

on oligodendrocytes are distinctly localized, i.e, either at the cell body or primary 

processes, whereas they are excluded from myelin-like membranes. Exogenously 

added galectins are able to modulate glial cell survival and proliferation, indicating that 

the cells express (functional) receptors. Galectins-2 and -8 diminish proliferation and 

survival of oligodendrocytes and microglia, whereas these galectins exert no effects on 

astrocytes. In contrast, galectins-1 and -3 modulate astrocyte proliferation in an 

opposite and likely autocrine manner; galectin-1 decreasing and galectin-3 increasing 

proliferation. Taken together, we have identified galectins as novel regulators of glial 

cell proliferation and survival, functions that are of high relevance to brain 

development. This work justifies further studies to reveal the nature of galectin 

receptors and their effects on glial cell function at pathological conditions. 

66 



Galectin expression in glial cells 

Introduction 
Galectins, previously called S-type lectins, are an evolutionary conserved family of 15 

endogenous �-galactoside-binding lectins [130, 133]. They have a potent role in the 

regulation of many aspects of cell behavior, including adhesion, proliferation, 

differentiation, apoptosis and mRNA splicing [160, 259]. All members of the galectin 

family contain a carbohydrate recognition domain (CRD) with conserved motifs and 

ligand specific activity [133]. Based on their structural architecture and guided by the 

number of CRDs, galectins are subdivided into three groups, i.e., proto-type galectins 

(galectins-1, -2, -5, -7, -10, -11, -13, -14 and -15, which comprise one CRD), a chimera 

type galectin (galectin-3, which comprises one CRD and a non-CRD domain) and 

tandem-repeat type galectins (galectins-4, -6, -8, -9 and -12, which comprise two CRDs 

with different affinities linked by a peptide of various length) [130, 159, 260]. In addition 

to binding glycoproteins and glycolipids in a carbohydrate dependent manner, galectins 

also show the capacity to interact via protein-protein and protein-lipid interactions 

[129, 130]. The function of a specific galectin not only depends on its concentration 

and/ or the type of cell in which it is expressed, but also on its localization, i.e., cytosolic, 

nuclear or extracellular [147, 261, 262]. Most galectins can be released from cells, thus 

allowing their interaction with appropriate cell surface glycoconjugates in an autocrine 

or paracrine manner [146]. Interestingly, extracellular galectins exhibit their role(s) in a 

carbohydrate-specific manner [128, 129], whereas interactions between galectins and 

their intracellular ligands proceed via protein-protein or protein-RNA/DNA interactions 

[263, 264]. Furthermore, galectin receptors such as glycans, i.e., monosaccharide chains 

attached to proteins or lipids, have shown to be important in interactions between 

neuronal cells in the developing and adult nervous system [132]. Hence, investigating 

the roles of galectins in glial cell behaviour will improve our understanding of these 

cells, which is of obvious relevance to proper brain functioning. 

While galectins have been well characterized in other tissues, their expression and 

functioning in the central nervous system (CNS) are just emerging [159, 160]. At the 

protein level, galectin-1 is abundantly expressed in healthy CNS [164, 165], displaying 

exogenous roles in axon guidance and differentiation of astrocytes and adult neural stem 
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cells [168, 171, 173, 174]. In addition, glial-derived galectin-3 appears to drive 

oligodendrocyte differentiation [265], whereas endogenous galectin-4 is involved in the 

regulation of p27-mediated MBP promoter activity [177]. In diseased CNS, several 

galectins have been implicated in brain malignancy and neuroinflammation [181, 186, 

195, 266]. In fact, expression of galectins-1, -3 and -9, including their intracellular 

localization and function, appears to depend on the activation status of the glial cells 

[194, 207]. In addition, our recent data identified an enhanced expression and/or 

release of individual galectins by glial cells in multiple sclerosis (MS) lesions (Chapter 2; 

[267]). However, a comprehensive analysis of galectin expression and release in glial 

cells is still lacking. Therefore, to obtain more insight into the physiological role of 

galectins in glial cell behavior, we performed a detailed analysis of galectin expression 

and release in primary rat glial cells, and examined their exogenous effect( s) on glial cell 

proliferation and survival. 
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Material and methods 
Primary r at glial cultures 

Primary rat glial cells were isolated as described previously [268]. Briefly, 1-3 days old 

Wistar rats (Harlan, Horst, The Netherlands) were decapitated, cortical hemispheres 

were collected and meninges removed. Tissue was mechanically and enzymatically 

digested in MEM (Sigma, St. Louis, MO) containing papain (30 U/ml; Worthington, 

Lakewood, NY), cystein (0.24 mg/ml; Sigma) and DNase I type IV ( 40 µg/ml; Sigma). 

The single cell suspension was plated on poly-L-lysine (PLL, 5 µg/ml) coated tissue 

culture flasks (Nalge Nunc, Naperville, IL) in DMEM (Gibco BRL, Paisley, UK) 

supplemented with 10% FCS (Bodinco), L-glutamine (4 mM; Gibco), penicillin (100 

U/ml; Gibco) and streptomycin (100 µg/ml; Gibco). After 10-12 days, microglia 

(>97%) grown on top of confluent astrocyte layer were collected by a shake-off 

procedure for 1 hr at 150 rpm and subsequently plated for 48 hrs on 10 cm dishes in 

10% FCS/DMEM (0.8-1x106 cells/dish; 6 ml/dish; Nunc) for RT-PCR and Western blot 

analysis or on 8 well plastic chamber slides (15,000 cells/well; 400 µlfwell; Nunc) for 

immunocytochemical analysis. For analysis of galectin release into medium, microglia 

were plated for 24 hrs in 10% FCS/DMEM on 10 cm dishes (1x106 cells/dish; 6 

ml/dish), after which medium was replaced with 0.5% FCS/DMEM (4 ml). After 24 hrs 

medium was collected, filtered to remove cell debris (0.45 µm filters, Millipore, 

Bedford, MA) and stored at -20°C until further use. 

Oligodendrocyte progenitor cells (OPCs] were isolated by shaking the flasks with the 

mixed glial cultures for an additional 20 hrs at 240 rpm. After differential adhesion, the 

enriched OPCs were plated on PLL-coated 10 cm dishes (1x106 cells/dish; 6 ml/dish) or 

8 well chamber slides (15,000 cells/well; 400 µI/well) in a defined SATO medium [114] 

supplemented with PDGF-AA (10 ng/ml, Peprotech, Rocky Hill, NJ) and FGF-2 (10 ng/ml; 

Peprotech). At the start of the experiments typical cultures contained 95-97% Olig2-

positive cells, 1-3 % astrocytes, and less than 1 % neurons and microglia. After 48 hrs, 

growth factors were removed and OPCs were allowed to differentiate in 0.5% 

FCS/SATO. Three days after initiating differentiation, OPCs were differentiated into 
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immature oligodendrocytes (imOLGs), as identified with Ranscht mAb (R-mAb) surface 

staining [269] which recognizes OLG typical lipids galactosyl-ceramide (GalCer) and 

sulfatide. After 4-7 days of initial differentiation, OLGs started to express the myelin

specific proteins proteolipid protein (PLP) and myelin basic protein (MBP), markers of 

mature OLGs (mOLGs). At 8-10 days after initiating differentiation, mOLGs started to 

produce MBP-positive myelin-like membranes representing terminal maturation of 

OLGs in vitro. For analysis of galectin release from OLGs, medium was collected from 

OPCs and mOLGs, filtered to remove cell debris and stored at -20°C until further use. 

After collecting microglia and OPCs, the flasks were shaken for another 24 hrs at 240 

rpm to obtain purified astrocytes (> 95%). The astrocyte monolayer was trypsinized and 

passaged once before cells were plated on 10 cm dishes (1x106 cells/dish; 6 ml/dish; 

Costar) or 8 well chamber slides (15,000 cells/well; 400 µI/well; Nunc) for 48 hrs in 

10% FCS/DMEM. For analysis of galectin release, astrocytes were first plated in 6 ml of 

10% FCS/DMEM on 10 cm dishes (0.8x106 cells/dish) for 24 hrs after which medium 

was changed to 0.5% FCS/DMEM (4 ml) and analyzed after 24 hrs. 

RT-PCR analysis 

Total RNA from glial cells was isolated using TRI REAGENT TM reagent (Sigma) according 

to the manufacturer's instructions. The total yield and purity were quantified using a 

Nano-Drop ND-1000 Spectrophotometer (V3.1.0, Thermo Scientific). 1 µg of isolated 

RNA was used to synthesize cDNA in the presence of oligo( dT) 12-18, dNTPs (Gibco 

Invitrogen) and superscript II reverse transcriptase (Roche, Diagnostics, Mannheim, 

Germany). cDNA was amplified using primers specific for rat galectins and the house 

keeping gene actin (Table 1). 
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Table 1. Primer sequence used for RT-PCR 

Gene name NCBI Reference Number 

Lgals1 NM_019904 

Lgals2 NM_1335599 

Lgals3 NM_031832 

Lgals4 NM_012975 

Lgals5 NM_012976 

Lgals7 NM_022582 

LgalsB NM_053862 

Lgals9 NM_012977 

Lga/s12 NM_001106333 

Actc1 NM_019183 

Western blot analysis 

Galectin expression in glial cells 

Primer sequence 5'-3' 

CTTCGCTTCAATCATGGCCTG 

GGGCTGGGGCTGGCTGGCTTCACTC 

TCACCCTTACCTTCCAAGAC 

AGAGTGAACGGTGAGTAAGAG 

CCAGGAAAATGGCAGACGGCTTC 

CTCATAACACACAGGGCAGTTC 

GCTATATGAATGGCTCTTGG 

GGGATTAGATGGAACTTGGG 

ACACTGAGATCAACAACTCC 

GTGACAAGACTCAGGTAGGG 

AGGCTGGCAGGTTCCATGTA 

TCCACTGAGCGCACGTTAGA 

ACAATCCCCTATGTCAGTACCA 

TGAAGCGAGGGTTAAAGTGGAA 

GACTTCAGATCACCCTCCAG 

GTTCTTGTTCACCATCACCT 

GATGTTGCCTTCCACTTCAG 

AAGACCAGTCCTCGAACTAC 

AACACCCCAGCCATGTAC 

ATGTCACGCACGATTTCC 

Cells were washed 2 times in 0 .01 M phosphate-buffered saline (PBS; pH 7.4), scraped 

using a rubber policeman and pelleted for 7 min at 7000 rpm. After centrifugation, 

collected cell pellets were lysed in TNE-lysis buffer (SO mM Tris-HCl, 5 mM EDTA, 150  

mM NaCl, 1 % Triton X-100 and a cocktail o f  protease inhibitors [Complete Mini; Roche 

Diagnostics]) and subjected to protein determination using Bio-Rad DC Protein Assay 

(Bio-Rad Laboratories, CA). To analyze release of galectins from cells, 1 ml of 

conditioned medium was TCA-precipitated as described previously [234] . Equal 

amount of proteins (20 or 40 µg for cell lysates) or volumes (1 ml for medium) were 

loaded on 12.5% SDS-polyacrylamide gels and transferred to lmmobilon-FL transfer 

membrane (Millipore, IPFL00010, Livingston, UK) using a semi-dry blotting system. 

Membranes were blocked in Odyssey blocking buffer for 40 min (1 :1  with PBS; Li-Car 
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Biosciences, Lincoln, NE), followed by incubation with the indicated primary 

antibodies for 4 hrs at room temperature (RT). Primary antibodies used are rabbit 

polyclonal anti-galectins-1, -2, -3, -4, -7, -8 and -9 antibodies (0.4 µg/ml in blocking 

buffer; [225, 236, 237, 270]), rabbit monoclonal anti-galectin-8 antibody (1:750, 

Abeam, Cambrige, UK) and anti-actin antibody (1:1000; lgGl, Sigma). After washing 

with PBS containing 0.05% Tween-20, membranes were incubated for 40 min with 

the appropriate IRDye®-conjugated secondary antibodies (Li-Car Biosciences). Signals 

were detected using the Odyssey Infrared Imaging System (Li-Cor Biosciences) and 

analyzed using Odyssey V3.0 analysis software. For consecutive analyses with 

different antibodies, the membranes were stripped with 25 mM glycine and 1 % SOS at 

pH 2.0 for 15 min at RT. 

Immunocytochemistry 

For live staining of surface components, aspecific binding was blocked with 4% BSA in 

PBS for 10 min at 4°C, after which cells were incubated with A2B5 (OPCs, 1:5, kind gift 

of Dr. Thijs Lopes-Cardozo, Utrecht, The Netherlands) or ED7 (microglia, 1:50, kind 

gift of Dr. Christien Dijkstra, VUmc, Amsterdam, the Netherlands) for 30 min at 4°C, 

cells were washed 3 times with ice-cold PBS and incubated for 25 min at 4°C with 

appropriate TRITC- or FITC-conjugated antibodies (1:50, Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA). After washing with PBS, cells were fixed with 4% 

paraformaldehyde (PFA). Similarly, for detection of cell surface ligands, live glial cells 

were incubated with biotinylated human recombinant galectins (BG1, 2, 3, 4 and 9: 20 

µg/ml; BG8: 10 µg/ml; [163, 258, 271]) for 30 min at 4°C, followed by 20 min 

incubation with TRITC-conjugated streptavidin (1:50) and 4% PFA fixation. Notably, 

no immunoreactivity was observed upon omission of BGs (data not shown). For 

(subsequent) staining of internal antigens, cells were gently fixed with 2% PFA for 15 

min at RT, followed by 4% PFA for 15 min at RT. Next, cells were either permeabilized 

with ice-cold methanol (MBP) for 10 min or 0.1% Triton X-100 (GFAP, galectins) for 

30 min. After blocking 30 min with 4% BSA, cells were incubated for 60 min with 

either anti-MBP (1:25, Serotec, Kinglington, UK), anti-GFAP (1:100, Millipore) and/or 

anti-galectins-1, -2, -3, -4, -7, -8 and -9 antibodies (1:50; [225, 236, 237, 270]) at RT. 
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Cells were washed with PBS and incubated for 25 min with appropriate TRITC- or 

FITC-conjugated secondary antibodies. All primary and secondary antibodies were 

diluted in 4% BSA. Nuclei were counterstained with 1 µg/ml DAPI (Sigma). For double 

stainings, cells were sequentially stained for the different antibodies. Slides were 

mounted in Dako mounting medium and analyzed with a conventional fluorescence 

microscope (Provis AX70, Olympus, New Hyde Park, NY) equipped with analySIS 

software. 

LDH and MTT assay 

Cells were plated on 24 well plates (Nunc) at density of 50,000 (OLGs and microglia) 

or 10,000 (astrocytes) cells/well in 500 µl culture medium. Oligodendrocytes were 

treated with 0.25 µM human recombinant galectins-1, -2, -3, -4 and 8 [162, 239, 240, 

272] at the onset of differentiation (OPCs), 3 days (imOLGs) or 7 days (mOLGs) after 

initiating differentiation, followed by analysis of medium at 3 days (LOH assay) and 

cells at 10 days after initiating differentiation (MTT assay). One hour after plating, 

astrocytes and microglia were treated with 0.25 µM human recombinant galectins, 

followed by analysis of medium (LOH assay) and cells (MTT assay) after 48 hrs. 

Recombinant galectins were continuously present for the duration of the experiment. 

To determine the cytotoxicity of galectins, the release of LOH into the medium was 

measured using a commercial LOH assay kit (Roche, Indianapolis, IN) according to 

manufacturer's instructions. The effect of galectins on cell viability was determined 

with an MTT assay. Briefly, after medium was removed for LOH assay, cells were 

incubated with MTT diluted in culture medium (0.5 mg/ml, Sigma) for 2-3 hrs. MTT

formazan crystals were collected in 15% isopropanol in 100 mM Tris (pH 10) and 

absorption was measured at 560 nm. Data represent the mean ± SD of 3-5 

independent experiments, each performed in triplicate. Cytotoxicity (LOH) and cell 

viability (MTT) are expressed as the percentage of vehicle-treated cells, which was set 

at 100%. Statistical analysis was performed using one sample t-test. 
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Prolifera tion assay 

Freshly isolated glial cells were plated in culture medium (see above) on PLL-coated 8 

well chamber slides (Nunc) at 25,000/well (400 µI/well). Recombinant human 

galectins (0.25 µM, see above) were added one hour after plating and subsequently 

incubated with 10 µM BrdU for 16 hrs. Cell proliferation was measured using the 

commercially available Br DU labeling and detection kit (Roche) according to the 

manufacturer's instructions. Nuclei were counterstained with DAPI. Data represent 

the mean ± SD of 3-5 independent experiments, each performed in duplicate with at 

least 500 cells per well counted. Proliferation is expressed as the percentage of BrdU

positive cells of total (DAPI). In each experiment the data of vehicle-treated cells was 

set at 100%. Statistical analysis was performed using one sample t-test. 

TUNEL assay 

Cells were cultured on PLL-coated 8-well chamber slides at a density of 15,000 cells 

per well. OPCs were allowed to differentiate for 3 days (imOLGs), after which they 

were treated for 16 hrs with vehicle (PBS) or galectin-2 at the indicated 

concentrations. To identify OLGs, immunocytochemistry on live cells was performed 

using the R-mAb (see above). Apoptosis was detected using a TUNEL assay according 

to the manufacturer's instructions (Apoptag Red, Millipore). Nuclei were stained with 

DAPI. Apoptosis is expressed as the percentage of TUNEL-positive, R-mAb-positive 

cells in a given condition. In each experiment the data of vehicle-treated cells was set 

at 100%. Statistical analysis was performed using one sample t-test. 
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Results 
0/igodendrocytes and astrocytes express the m ajority of 
m amm alian galectins, whereas galectin expression in microgli a  
i s  limited 

To define the expression profile of galectins in primary rat glial cells, we first examined 

the presence of mRNA for an array of 9 known rat galectins by conventional RT-PCR. 

As shown in Figure 1A, 6 different galectin mRNAs were detected in undifferentiated 

OPCs and mature OLGs (cells at 9 days after initiating differentiation). Interestingly, 

whereas galectin-2 and -7 mRNAs were upregulated in mOLGs as compared to 

undifferentiated OPCs, galectin-4 mRNA was slightly downregulated upon maturation. 

Galectin-1, -3, and -9 mRNAs were present at seemingly similar levels at both 

developmental stages. The same galectin mRNAs were also detected in astrocytes (AS 

in Fig. 1A), whereas in microglia (MG in Fig. 1A) only galectin-1 and -3 mRNAs were 

prominently present. In contrast, galectin-5, -8 and -12 mRNA were hardly, if at all, 

present in glial cells (data not shown). To reveal galectin expression on the protein 

level, cell lysates obtained from primary OPCs, mOLGs, astrocytes and microglia 

cultures were analyzed by Western blotting. Galectin-1 monomers (14.5 kDa) were 

particularly abundant in astrocytes, while in OPCs and mOLGs galectin-1 was detected 

on Western blots as a dimer (Fig. 1B). Both isoforms appeared also on Western blots of 

human white matter homogenates (Chapter 2; [267]). Galectin-2 (14 kDa), a proto

type galectin like galectin-1, was mainly present in astrocytes as monomers, and to a 

lesser extent in microglia and OPCs. Consistent with the RT-PCR data, galectin-3 (30 

kDa) was detected in all glial cells (Fig. 1B). Notably, although the anti-galectin-3 

polyclonal antibodies are reactive with proteolytically truncated galectin-3, 

degradation products were not detected in glial cell cultures. Intriguingly, galectin-3 

protein expression was high in OPCs but decreased substantially upon OLG 

maturation. In contrast, galectin-4 was particularly abundant in mOLGs, to a lesser 

extent in OPCs, and hardly, if at all present in microglia and astrocytes (data not 

shown, Chapter 4). 
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Figure 1. Galectin expression and release in primary rat glial cells. A) Total RNA 
was isolated from primary rat oligodendrocyte progenitor cells (OPCs), mature 
oligodendrocytes (mOLGs, cells at 9 days after initiating differentiation), astrocytes 
(AS) and microglia (MG), followed by RT-PCR. Specific primers for rat galectins were 
used ( see Table 1). Representative gels of 3 independent experiments are shown. B) 
Equal amounts of protein (20 µg) of total cell lysates were subjected to Western blot 
analysis for galectins-1, -2, -3, -7 and -9, and the housekeeping protein actin. 
Representative blots of 3 independent experiments are shown. Note that galectin-1 
appeared in denatured Western blots both at the position of the homodimer (30 kDa,) 
and as a monomer (14.5 kDa) Galectin-9 (36 kDa) appeared as 17 kDa band (arrow) 
and 98 kDa band (arrowhead). C) Conditioned media (1 ml) of OPCs, mature OLGs 
(mOLGs), astrocytes (AS) and microglia (MG) were concentrated by TCA-precipitation 
and analyzed for the presence of the indicated galectins by Western blot. 
Representative blots of 3 independent experiments are shown. Note that OPCs release 
galectin-3, astrocytes galectins-1 and -3 and microglia galectins-2 and -3. 

Galectin-7 was apparent in cells of the oligodendrocyte lineage and astrocytes, and was 

virtually absent in microglia, consistent with the RT-PCR analysis. Galectin-9 (36 kDa), 

a tandem-repeat galectin like galectin-4 [273, 274], appeared on Western blots at 17 

kDa, representing the C-terminal CRD (Chapter 2; [267]). In addition, an intense anti-
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galectin-9 specific band at 98 kDa was visible, likely representing galectin-9 multimers 

(Chapter 2; [267]). 

Taken together, these data show that cells of the oligodendrocyte lineage and 

astrocytes express a similar set of galectins, except for galectin-4, that appears to be 

expressed only in oligodendrocytes. In contrast, non-stimulated microglia express only 

a limited repertoire of galectins. 

Following their synthesis at cytoplasmic ribosomes, galectins are targeted to specific 

cellular compartments, including the nucleus, or they are directed towards the cell 

surface where they are secreted by mechanisms still not completely understood [146, 

275, 276]. Therefore, we next examined their intracellular localization and potential 

release by glial cells. A detailed analysis of the function of galectin-4 in the CNS will be 

presented elsewhere (Chapter 4). 

Galectins-1 and -3 disp lay a specific intr ace llu lar loca lization in 
g lia l  ce lls and are part ly released 

lmmunocytochemical analysis revealed a strong immunoreactivity for galectins-1 and -

3 in all glial cells, whereas the intensities of single immunolabeling with polyclonal 

anti-galectins-2, -7, -8 and -9 antibodies were too low to obtain any conclusive data. 

Double immunofluorescence labeling with glial-specific markers (Fig. 2), showed that 

galectin-1 was mainly located in the nucleus of GFAP-positive astrocytes, whereas it 

was predominantly present in the cytosol of OPCs (A2B5-positive) and mOLGs (MBP

positive). Interestingly, in about 10-15% of mOLGs, galectin-1 was prominently 

present in the nucleus, either reflecting the presence of a subpopulation of cells 

and/or a possible role of galectin-1 in mOLGs in pre-mRNA splicing [277]. 

Interestingly, while a more diffuse staining for galectin-3 was observed in the cytosol 

of astrocytes and mOLGs, a very strong vesicular-like galectin-3 staining was detected 

in the perinuclear region of OPCs and microglia (Fig. 2). 

As galectins can be released from cells, we next examined the presence of galectins-1, -

2, -3, -7 and -9 in glial conditioned media. To this end, similar volumes (1 ml) of 

conditioned media of primary rat glial cells were concentrated by TCA-precipitation 

and subjected to Western blot analysis. As shown in Figure 1C, astrocytes released 
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significant amounts of galectins-1 and -3. Notably, galectin-1 was present as monomers 

(14 kDa). Galectin-3, but not galectin-1, was also detected in conditioned media of 

microglia, OPCs and mOLGs. 

galectin-1 galectin-3 

Figure 2. Galectin localization in primary rat glial cells. Cultured oligodendrocyte 
progenitor cells (OPCs), mature oligodendrocytes (mOLGs, cells at 9 days after 
initiating differentiation), astrocytes and microglia were analyzed for the presence of 
galectins-1 and -3 (red). To identify the cells, co-labeling with the cell-and stage
specific markers (green) was performed, i.e., A2B5 for OPCs, MBP for mOLGs, GFAP for 
astrocytes and ED7 for microglia. Scale bar is 20 µM. Note that galectins can reside in 
the cytoplasm and/ or in the nucleus. 

Interestingly, consistent with its expression, the release of galectin-3 by OLGs 

appeared to be dependent on their maturity, as galectin-3 release was considerably 

reduced in mOLG conditioned medium when compared to conditioned medium of 

OPCs. Microglia, but not astrocytes, OPCs or mOLGs, released galectin-2. Galectins-7 
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and -9 were not detected in any of the analyzed media. Notably, non-conditioned 

medium did not show any of the examined galectins (data not shown). 

Taken together, these data suggest that galectins-1 and -3 are the predominant 

galectins present in glial cells. Galectin-1 was found intracellularly, localizing to both 

the nucleus (astrocytes and subset of mOLGs) and cytosol (OLGs), suggesting an 

endogenous role. However, an extracellular role for this galectin can also be 

anticipated, since substantial extracellular galectin-1 release from astrocytes is seen. 

Although prominently expressed within all cell types examined, galectin-3, next to an 

endogenous role, presumably may also fulfill an exogenous role given its presence in 

conditioned media of all analyzed glia cells. Once galectins are released from cells, they 

might bind to receptors in an autocrine and/or paracrine manner, thereby influencing 

glial cell behaviour. Therefore, we next analyzed the presence of galectin receptors and 

explored their potential function in glial cell proliferation and survival. 

Galectin-3 promotes astrocyte prolifer ation 

To visualize potential galectin cell surface binding sites, astrocytes were labeled 

with biotinylated recombinant human galectins-1, -2, -3, -4 and -8 (BG). 

Staining performed on live cells revealed that astrocytes bind galectins-1, -2, -3, -4 and -

8 (Fig. 3A). The majority of ligand(s) for galectins-1, -2 and -8 were present at cell-cell 

contacts, suggesting their involvement in cell-cell interaction. Cell surface binding sites 

for galectins-3 and -4 had a more homogenous appearance on the plasma membrane. 

Galectins may mediate communication between cells and/or exert cytokine-like 

regulatory actions in the brain [195]. To assess whether galectin surface binding, as 

observed here, is functional, we next examined the effect of these galectins on astrocyte 

proliferation and survival. The data in Figure 38 indicate that treatment for 48 hrs with 

0.25 µM galectins-1, -2, -3, -4 or -8 had no detectable effect on the release of LOH, a 

marker for lethal cell injury. Consistently, cell viability, as monitored with an MTT assay, 

was also not affected by these galectins (Fig. 3C). A BrdU incorporation assay revealed 

that galectin-3 treatment significantly increased astrocyte proliferation by 80% as 

compared to vehicle-treated astrocytes, whereas exogenously added galectin-1 induced 

a 20% reduction in astrocyte proliferation (Fig. 30). Hence, these findings demonstrate 
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that galectins-1 and -3 had opposite effects on astrocyte proliferation, without affecting 

survival. 
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Figure 3. Effect of added galectins on viability, survival and proliferation of 
primary astrocytes. A) Primary astrocytes were cultured for 48 hrs and live labeled 
with biotinylated galectins (BG1, 2, 3, 4 or 8). Note the prominent presence of binding 
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sites for galectins-1, -2 and -8 at cell-cell interactions. B-D) Primary astrocytes were 
treated for 16 (D) or 48 hrs (B and C) with vehicle (PBS) or 0.25 µM of the indicated 
galectins. Effects on cytotoxicity (B), cell viability (C), and proliferation (D) were 
analyzed using the LOH-assay (medium), MTT-assay or BrdU-incorporation assay, 
respectively. In all experiments each bar represents the mean ± SD of 3 independent 
experiments. In each experiment the data of vehicle-treated cells was set at 100% 
(horizontal dashed line). Proliferation of vehicle-treated astrocytes was 11.4±2.0%. 
Statistical differences with vehicle-treated cells, as assessed with one-sample test, are 
indicated (* p<0.05; ** p<0.01). Note that galectin-1 slightly decreased, whereas 
galectin-3 markedly increased the proliferation of astrocytes (D). Cytotoxicity (B) and 
cell viability (C) were hardly, if at all, affected. 

Galectins-2 and -8 decrease microglia sur vival and proliferation 

Next, we analyzed the presence of galectin binding sites on microglia surface. 

Like astrocytes, non-stimulated microglia display surface binding sites for 

galectins-1,  -2, -3, -4 -and -8 (Fig. 4A). A LDH release assay revealed that 

microglia were sensitive to treatment with galectins-2, -4 and -8 (Fig. 4B). To 

further evaluate effects of galectins on microglia, the viability of the same cells as used 

for the LOH-release assay, was determined using the MTT assay. As shown in Figure 

4C, treatment of microglia with galectins-2 and -8 showed a significant (i.e., 20-40%) 

reduction of MTT activity, as compared to vehicle-treated cells. Galectin-3 treatment, 

although not resulting in any LOH release, induced increased MTT activity. Similarly, 

galectin-1 microglia treatment, which did not trigger significant LOH release, also 

induced MTT activity. However, although this stimulating effect was reproducible, it 

was not significant. Furthermore, BrdU-incorporation assays showed that all examined 

galectins reduced microglia proliferation; yet, only the reduction (of 35-40%) observed 

upon galectin-8 treatment was significant. Thus, the reduced MTT activity upon 

galectins-2 or -8 treatments might reflect both a decrease in cell survival and 

proliferation, as evidenced by an enhanced LOH release and reduced incorporation of 

BrdU. 
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Figure 4. Effect of added galectins on viability, survival and proliferation of 
microglia. A) Primary microglia were cultured for 48 hrs and live labeled with 
biotinylated galectins (BG1, 2, 3, 4 or 8). Note the prominent presence of binding sites 
for galectins-1, - 2  and -8 on the cell surface of microglia. B-D) Primary microglia were 
treated for 16 (D) or 48 (B and C) hrs with vehicle (PBS) or 0.25 µM of the indicated 
galectins. Effects on cytotoxicity (B), cell viability (C) and proliferation (D) were 
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analyzed using the LOH-assay medium), MTT-assay or BrdU-incorporation assay, 
respectively. In all experiments each bar represents the mean ± SD of 3 independent 
experiments. In each experiment the data of vehicle-treated cells was set at 100% 
(horizontal dashed line). Proliferation of vehicle-treated astrocytes was 11. 9±2.6%. 
Statistical differences with vehicle-treated cells, as assessed with one-sample test, are 
indicated (* p<0.05; ** p<0.01). Note that both galectins-2 and -8 decreased microglia 
proliferation (D), and increased cytotoxicity (B). 

Expression and su bce/lul ar dis tribu tion of recep tor [s) for 
galec tins-2, -4  and -8 is de velopmen tally regula ted in 
oligodendrocy tes 

Analysis of galectin binding sites, by means of biotinylated galectins, on the surface of 

OPCs, immature OLGs (cells at 3 days after initiating differentiation) and mOLGs (cells 

at 9 days after initiating differentiation) revealed that differentiated OLGs (Fig. SA), but 

not OPCs (data not shown), expressed receptor(s) for galectins-2, -4 and -8. In imOLGs, 

galectin-2 binding sites were present on the cell body plasma membrane but excluded 

from the surface of the processes. When imOLGs differentiate further and start 

expressing myelin specific proteins MBP and PLP (mOLGs, Fig. SA) a shift in 

localization of galectin-2 binding sites was observed from cell body plasma membrane 

to the surface of the processes. In contrast, whereas only a weak expression was 

detected on imOLGs, the presence of galectin-8 cell surface binding sites increased 

upon OLG maturation (mOLGs, Fig. SA). Galectin-4 binding site(s) appeared exclusively 

on processes of mOLGs. Cell surface binding sites for galectins-1 and -3 were not 

present at detectable levels on cells of the OLG lineage (data not shown). Hence, OLGs 

harbor binding sites for a distinct set of galectins, i.e., galectins-2, -4 and -8. Moreover, 

these binding sites were developmentally regulated, both in time and location, 

suggesting specific functions in OLG behaviour. Loss of oligodendrocytes is often a 

pathological hallmark of CNS injury involving demyelination. Therefore, we next 

investigated the cytotoxicity of these galectins and their effect(s) on OLG viability. 
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Figure 5. Effect of added galectins on viability, survival and proliferation of 
oligodendrocytes. A) Primary oligodendrocytes at different maturation stages, i.e., 3 
days (imOLGs) and 7 days (mOLGs) after initiating differentiation, were live labeled 
with biotinylated galectins (BG2, 4 or 8). Note that galectin-2 binding sites on the 
surface of immature OLGs are restricted to the cell body, whereas galectin-4 binding 
sites are absent from the cell body surface of mOLGs, and solely localize to primary 
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processes. In mOLGs, galectin-8 binding sites are present on both the surface of the cell 
body and processes. B-E) Primary oligodendrocyte progenitor cells (OPCs), and 
oligodendrocytes at different maturation stages, i.e., 3 days (imOLGs) and 7 days 
(mOLGs) after initiating differentiation, were treated for 16 hrs (D and E) or 3-4 days 
(B and C) with vehicle (PBS) or 0.25 µM (unless indicated otherwise) of the indicated 
galectins. Effects on cytotoxicity (B), cell viability (C), survival (D) and proliferation 
(E), were analyzed using the LOH-assay (medium), MTT-assay, TUNEL assay or BrdU
incorporation assay, respectively. In all experiments each bar represents the mean ± 
SD of 3 independent experiments. In each experiment the data of vehicle-treated cells 
was set at 100% (horizontal dashed line). Proliferation of vehicle-treated OPCs was 
19.4±2.6% and apoptosis of vehicle-treated imOLGs was 11.1±3.2%. Statistical 
differences with vehicle-treated cells, as assessed with one-sample test, are indicated 
(* p<0.05; ** p<0.01, *** p<0.001). Note that galectin-2 decreased cell viability at all 
OLG maturation stages (C), induced apoptosis in mOLGs (D), and significantly reduced 
OPC proliferation (E). 

Galectin-2 decreases sur vi val of m ature OLGs and proliferation 
of OPCs 

As we can not entirely exclude that OPCs and imOLGs transiently express galectin 

binding sites, oligodendrocytes at different stages of their development (OPCs, imOLGs 

and mOLGs) were treated for 3 days with vehicle (PBS), galectins-2, -4 or -8. Galectin-2 

treatment was toxic to OPCs and mOLGs, but interestingly not to imOLGs (Fig. SB). 

Consistently, a MTT assay revealed that 0.25 µM galectin-2 decreased the viability of 

OPCs and mOLGs (Fig. SC), which is likely a reflection of decreased survival. To assess 

whether galectin-2 induced apoptosis, we performed a TUNEL assay. As shown in 

Figure SD, increasing concentrations of galectin-2 induced dose-dependent apoptosis 

of R-mAb-positive OLGs. Galectin-8 treatment was also cytotoxic for OPCs (Fig. SB), 

which in contrast to galectin-2, did not result in a significant reduction of cell viability 

(Fig. SC). In contrast, galectin-4 did not have a toxic effect on mOLGs, but slightly 

reduced their viability (Fig. SB and C, respectively). As the reduced viability of OPCs 

upon galectin-2 treatment could also reflect a decrease in OPC proliferation, we next 

examined the effects of galectins on OPC proliferation. In vitro, freshly isolated OPCs 

are proliferative and only after withdrawal of growth factors PDGF-AA and FGF-2, 

OPCs will cease proliferation and differentiate. To ensure evaluation of an effect of 

galectins per se, rather than their interactions with growth factors, proliferation was 

assessed in the absence of PDGF-AA and FGF-2. As shown in Figure SE, galectins-2 and 
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-8, but not galectin-4, drastically decreased the incorporation of BrdU as compared to 

vehicle-treated OPCs, i.e., by 60% and 90% respectively. In conclusion, 

oligodendrocytes are highly sensitive to galectins-2 and -8, i.e., galectin-2 induced 

apoptosis in mOLGs and both galectins reduced OPC proliferation. 
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Discussion 
As evolutionary conserved proteins, galectins are known to be potent regulators of 

many cell functions [133]. However, the importance of their functional roles in 

physiological and pathological processes in the nervous system is only gradually 

emerging [173, 177, 196, 210, 265, 278]. The present study aimed at investigating the 

expression, release, intracellular localization and effects of galectins on primary rat 

glial cell proliferation and viability. Glial cell specific profiles of galectin expression as 

well as the presence of distinct cell surface binding sites for galectins points to distinct 

regulatory roles on glial cell behaviour. Thus, exogenous galectin-3 increased and 

galectin-1 slightly decreased astrocyte proliferation, whereas galectins-2 and -8 

reduced OPCs proliferation. In addition, galectin-2 induced mOLGs apoptosis. 

Microglia, although showing only a limited expression of galectins, showed sensitivity 

to most examined galectins in terms of proliferation and survival, both galectins-2 and 

-8 being toxic and negatively regulating their proliferation. Thus, given the glial cell 

specific expression and potential functioning of galectins, and the enhanced expression 

of distinct galectins upon neuroinflammation [210, 213], brain malignancy [181, 186] 

and in MS lesions (Chapter 2; [267]), modulation of galectin expression and/or their 

actions may generate novel tools in regenerative medicine. 

Astrocytes 

Astrocytes maintain homeostasis in the brain by controlling blood flow, providing 

neurons with glucose and oxygen [2 79], and have an important role in formation and 

plasticity of synapses [280]. Here we report the presence of mRNA for galectins-1, -2, -

3, -4, -7 and -9, which, except for galectin-4, is mirrored by the expression of the 

respective proteins in non-stimulated primary rat astrocytes. Relative to the other 

galectins, galectins-1 and -3 were most abundantly expressed in astrocytes. Galectin-1 

was detected on Western blots as a monomer, and was primarily localized to the 

nucleus. A nuclear presence of galectin-1 has been described previously in MS-derived 

astrocytes (Chapter 2; [267]), and its role in pre-mRNA splicing has been reported in 
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other cell types [277]. Similar data, showing low levels of astrocytic galectin-1 

expression in astrocytes both in vitro and in vivo, have been presented by others [170, 

199]. Interestingly, endogenous galectin-1 expression is upregulated in the most 

invasive parts of xenografted glioblastomas, which was related to progressive invasion 

of tumor astrocyte [180]. Galectin-3 immunoreactivity in cultured astrocytes was 

detected in the cytosol, consistent with a previous report [195]. Notably, galectin-3 

expression in astrocytes was upregulated at inflammatory conditions [195], in human 

astrocytic tumors [187, 195] and in MS lesions (Chapter 2; [267]), suggesting a 

regulatory role of galectin-3 in pathological conditions. Galectins-2, -7 and -9 are 

expressed at low levels in astrocytes. Normal human astrocytes only express galectin-9 

upon exposure to IL-1� [194]. Galectins-2 and -7 expressions in astrocytes have not 

been described before and their endogenous function remains to be established. 

In our study, astrocytes were the only glial cells that release galectin-1 in culture. It has 

been shown that released galectin-1 affects neurogenesis and neuronal regeneration 

[171, 252, 253, 278]. Moreover, the present work reveals the expression of galectin-1 

binding sites on astrocytes per se and the evidence indicates that added galectin-1 

slightly decreased astrocyte proliferation. This finding is in line with previous reports, 

showing that galectin-1 treatment in vitro induced differentiation of astrocytes, and 

strongly inhibited their proliferation [168]. In fact, galectin-1 promoted secretion of 

brain-derived neurotrophic factor, which is responsible for neuron proliferation, 

differentiation and survival [168]. Galectin-3 was released by all glial cells, albeit only 

astrocytes released substantial levels. Interestingly, exposure to recombinant galectin-

3 reduced proliferation of astrocytes, but not their survival, pointing to an autocrine 

role of astrocytic galectins-1 and -3 with regard to proliferation. Notably, galectin-3 

competes with galectin-1 and block its signaling activity [184, 281], suggesting that a 

balance between galectins-1 and -3 levels might regulate astrocyte proliferation. 

Microglia 

Microglia scrutinize the brain for infections and impaired cells, being primarily 

involved in injury repair by phagocytosis [282]. In addition, they secrete an array of 
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cytokines/chemokines and neutrophic molecules, which are important for the 

communication with glial cell and neurons during brain development [283-285], and 

with blood-derived inflammatory cells at pathological conditions [286, 287]. Here we 

show that non-stimulated microglia in culture express a distinct repertoire of galectins, 

i.e., high levels of galectin-3, mainly localized to the cytoplasm, and very low levels of 

galectin-2. Increased expression of galectin-3 in microglia at inflammatory, i.e., 

pathological conditions, both in vitro and in vivo, has been described [195, 196, 208]. In 

fact, enhanced galectin-3 expression is a general feature of microglia activation, i.e., 

only at conditions connected to inflammation and the breakdown of the blood-brain 

barrier, as occurs in cerebral ischemia, microglia stained positive for galectin-3 [196]. 

Enhanced galectin-3 expression is associated with phagocytosis and secretion of pro

inflammatory cytokines [195, 207, 288] Despite the limited expression of endogenous 

galectins by microglia, the cells display binding sites for several galectins, suggesting a 

distinctive role of locally produced and secreted galectins. Indeed, galectins-2 and -8 

were found to reduce microglia survival and proliferation. Strikingly, galectin-8 is not 

released by cultured non-stimulated glial cells and microglia per se only released low 

levels of galectin-2. However, galectin-8 was shown to be released during brain 

malignancy and neuroinflammation [180, 289]. Therefore, these galectin-mediated 

effects are likely exerted in a paracrine manner, e.g. locally produced by endothelial 

cells and/or blood-derived inflammatory cells that pass the blood-brain-barrier at 

pathological conditions [290, 291]. 

0/igodendrocytes 

Oligodendrocytes produce lipid-rich myelin sheaths which enwrap axons to ensure 

saltatory and fast conduction of nerve impulses [SO]. Upon maturation different 

developmental stages can be discerned, as reflected by morphological and antigenic 

properties. Our findings showed that OLG express low levels of galectins-1, -2, -4, -7, -9 

and substantial levels of galectin-3. Interestingly, galectin-3 expression and release 

was downregulated during OLG maturation. The latter result seemingly contradicts a 

recent report that shows that galectin-3 expression is upregulated upon OLG lineage 
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progression [265]. A possible reason for this discrepancy might be that we analyzed 

OLGs 7-10 days, instead of 2 days, after initiating differentiation [265], implying that a 

transient upregulation of galectin-3 expression during OLG lineage progression is 

possible. Apparently, exogenous, but not endogenous galectin-3 promoted OLG 

differentiation [265]. As galectin-3 binding sites were not detected on OPCs, imOLGs or 

mOLGs, this effect is likely a secondary effect of galectin-3 action on astrocytes that 

were present in the cultures. Galectin-1 is mainly localized in the cytosol and appeared 

as homodimers, but not as monomers, in OPCs and mOLGs homogenates in denatured 

form in Western blots. These homodimers were previously also detected in human 

white matter homogenates (Chapter 2; [267]). Weak expression of galectin-1 in OLGs 

and its negative effect on OLG differentiation were reported previously [265]. 

However, as for galectin-3, in our experimental settings, galectin-1 specific binding 

sites were not detected in cells of the OLG lineage. In contrast, receptors for galectins-

2, -4, and -8 were present on OLGs and their appearance was regulated both in time 

and place. Galectin-2 binding sites appeared first on the cell body surface of imOLGs, 

while shifting to processes at a more advanced stage of OLG maturation. Interestingly, 

OLGs at different stages of maturation were differently sensitive for galectin-2. 

Galectin-2 treatment decreased viability and was highly cytotoxic to OPCs and mOLGs, 

while having only a minor effect on the viability of imOLGs. In addition, galectin-2 

decreased proliferation of OPCs and induced apoptosis of mOLGs, suggesting that the 

shift in localization of galectin-2 binding sites might mirror changes and/or 

modifications of galectin-2 receptors. Galectin-8 treatment dramatically decreased OPC 

proliferation. A role of galectin-8 in glioblastomas cell migration in vitro has been 

reported [180], as well as the underlying mechanism of galectin-8 mediated cell 

growth arrest [292]. As for microglia, these galectin-mediated effects might play a role 

during brain malignancy and neuroinflammation, e.g., locally produced galectin-8 

might act as an enhancer of immune responses [255, 257]. 

Taken together, our findings show that multiple galectins are expressed and released 

by glial cells cultured in vitro. Soluble galectins have cell specific effects on 

proliferation, viability and survival. Further investigations will be necessary to reveal 
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the physiological significance of galectins in communication between cells in the brain 

during development and pathology. 
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Abstract 
Myelination of axons by oligodendrocytes (OLGs) is essential for proper saltatory 

nerve conduction, i.e., rapid transmission of nerve impulses. Among others, 

extracellular matrix (ECM) molecules, neuronal signaling and axonal adhesion 

regulate the biogenesis and maintenance of myelin membranes, driven by polarized 

transport of myelin specific proteins and lipids. Galectin-4, a tandem-repeat-type 

lectin with affinity to sulfatide and non-sialylated termini of N-glycans, has the ability 

to regulate adhesion of cells to ECM components and is also involved in polarized 

membrane trafficking. We therefore anticipated that galectin-4 might play a role in 

myelination. Indeed, here we show that in developing postnatal rat brains galectin-4 

expression is downregulated just before the onset of myelination. Intriguingly, when 

immature OLGs were treated with galectin-4, OLG maturation was retarded, while a 

subset of the immature OLGs reverted to a morphologically less complex progenitor 

stage, displaying concomitantly an increase in proliferation. Similarly, myelination 

was inhibited when galectin-4 or anti-galectin-4 antibodies were added to co-cultures 

of dorsal root ganglion neurons and OLGs. Neurons and OLGs were identified as a 

possible source of galectin-4, both in vitro and in vivo. In culture, neurons but not OLGs 

secreted galectin-4. Interestingly, in co-cultures, release of endogenous galectin-4 was 

inhibited at the onset of myelination, possibly suggesting a regulatory role of galectin-

4 in myelination. Moreover, galectin-4-reactive sites are transiently expressed on 

processes of pre-myelinating primary OLGs, but not on neurons. Taken together, these 

results identify neuronal galectin-4 as a soluble regulator of OLG differentiation and, 

hence, myelination. 
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Introduction 
Myelination in the central nervous system (CNS) is a complex, developmentally 

regulated process, in which oligodendrocytes (OLGs) synthesize large amounts of 

myelin that wrap around axons, thereby forming a multilamellar membrane sheath. 

These compact insulating myelin sheaths are necessary for both fast saltatory 

conduction of nerve impulses and protection of axons (Nave, 2010). Among others, 

the initiation of myelinogenesis is regulated by a fine balance between activation of 

membrane-bound positive axonal modulators such as Ll and neuregulin, and 

clearance of inhibitory axonal signals manifested by PSA-NCAM and Jagged [60, 70-72, 

74, 77, 293]. The overall process also requires careful coordination of several events 

at the level of OLGs, including protein and lipid synthesis, intracellular (polarized) 

membrane trafficking, formation of membrane microdomains and morphological 

changes [11]. In terms of regulatory proteins involved, many of those are glycosylated 

and although the importance of lectins, i.e., proteins that bind to glycans without 

altering their structure enzymatically, in myelination has been appreciated [132, 294], 

mechanistic insight of the latter as myelin regulators is still conspicuously lacking. Of 

special note, myelinated fibers in white matter where intensely stained for presence of 

J3-galactosides, pointing to the presence of respective lectins [162]. 

Galectins, a family of J3-galactoside-binding lectins sharing J3-sandwich folding and 

sequence signature, play a role in cell-cell and cell-matrix interactions, intracellular 

trafficking, cellular growth regulation and apoptosis [133, 142, 295]. Recently, a role 

for glial-derived galectin-3 in OLG differentiation has been described [265]. Possibly, 

also galectin-4 might play a role in myelination as this lectin displays a high affinity for 

sulfated glycosphingolipids with long chain-hydroxylated fatty acids, especially 3'

sulfated galactosylceramide (sulfatide) [150]. Sulfatide is a typical myelin lipid 

abundantly expressed at the surface of OLGs, which plays a role in differentiation, 

paranode formation and myelin maintenance [63, 296, 297]. Furthermore, recently, it 

has been delineated as inhibitor of axon outgrowth, intimating its strong potential for 

eliciting signaling [298]. Galectin-4 belongs to the tandem repeat galectin subfamily 
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and consists of two distinct carbohydrate recognition domains (CRDs ), which are 

connected by a linker peptide [159, 299]. As such, (extracellular) galectin-4 has thus 

the ability to cross-link either two different types of ligands within the plasma 

membrane or on apposed cells through (multi-)divalent protein/lipid-carbohydrate 

interactions [300, 301]. Furthermore, galectin-4 is one of the major components of 

detergent resistant membrane domains in enterocyte-like cells, and its re-uptake after 

secretion is essential for apical delivery of distinct glycoproteins, suggesting a distinct 

role in molecular sorting [302]. 

Galectin-4 is abundantly expressed in the epithelium of the gastrointestinal tract [303-

306], whereas galectin-4 mRNA expression, also seen in colon tumors, is detected in 

lung, breast, testis, liver, placenta, spleen, kidney and heart [307, 308]. So far, research 

on galectin-4 expression and function in healthy CNS has been limited, revealing its 

presence in the olfactory nerve and in primary mature OLGs [169, 177]. In OLGs, 

endogenous galectin-4 is involved in the regulation of p27-mediated MBP promoter 

activity by alternate binding to p27 and the transcription factor Spl [177]. In olfactory 

neurons, its function is as yet unknown. However, given the reported roles in cell-cell 

interactions, membrane microdomain stabilization and intracellular trafficking and 

the identification of sulfatide as a high-affinity ligand, a role for galectin-4 in 

myelinogenesis is an attractive hypothesis. 

In the present study we therefore examined the spatiotemporal expression of 

galectin-4 during rat brain development, its expression in CNS resident cells and its 

exogenous role on OLG proliferation, differentiation and myelination in mono- and co

cultures. Our data show that neuronal galectin-4 interferes with OLG differentiation, 

thereby impeding myelination. Accordingly, galectin-4 appears a novel regulator of 

myelination. 
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Material and methods 
Rat brain tissue 

Whole brains of newborn Wistar rats (Harlan, the Netherlands) were homogenized, 

using a Wheaton homogenizer, in 1 ml of ice cold TE buffer (10 mM Tris-HCl, 2 mM 

EDT A, 0.25 M sucrose and a cocktail of protease inhibitors (Complete Mini, Roche 

Diagnostics, Mannheim, Germany) at postnatal days 0, 2, 4, 8, 10, 12, 16, 23 and after 

4-5 months (adult). Samples were stored at -80°C until further biochemically analysis. 

For immunohistochemical studies, brains were dissected from newborn Wistar rats at 

postnatal days 4, and 10, and after 4-5 months, washed in phosphate buffer saline 

(PBS; pH 7.4), frozen on dry ice for 3 hrs and stored at -80°C until further use. 

Primary glial cu ltures 

Primary mixed glial cultures. Primary mixed glial cultures were prepared from brain 

tissue obtained from 1-3 days old Wistar rats (Harlan), as described previously [268]. 

Briefly, papain-dissociated cortices were cultured in DMEM (Gibco, Paisley, Scotland), 

supplemented with 10% fetal calf serum (FCS, Bodinco, Alkmaar, The Netherlands), L

glutamine (Gibco, Invitrogen, Paisley, UK) and penicillin/streptomycin (P /S, 

lnvitrogen) on poly-L-lysine (PLL; 5 µg/ml, Sigma, St. Louis, MO)-coated 80 cm2 flasks 

(Nunc, Roskilde, Denmark). After 10-12 days in culture, i.e., when a confluent 

mono layer of type-1 astrocytes is formed, microglia and oligodendrocytes growing on 

top of the astrocyte mono layer were collected by a shake-off procedure ( see below, 

[309]). 

Microglia. Confluent mixed glial cultures were shaken on an orbital shaker for 1 hr at 

150 rpm, after which floating microglia were centrifuged for 5 min at 800 rpm. For 

PCR and Western blot analysis, cells were resuspended in DMEM supplemented with 

10% FCS, L-glutamine and P /S, plated on 6 wells plates (Corning Costar, Lowell, MA) 

at a density of 1 x 106 cells per well (2 ml) and cultured for 48 hrs. 

Oligodendrocytes (OLGs). After 1 hr pre-shake to remove microglia (see above), 

culture flasks were shaken for an additional 20 hrs at 240 rpm. Contaminating 
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astrocytes and microglia were removed by differential adhesion (15 min at 37°C), 

after which the floating oligodendrocyte progenitor cells (OPCs) were centrifuged for 

10 min at 1000 rpm. OPCs were resuspendend in SATO medium [114] containing 10 

ng/ml PDGF-AA (Peprotech, Rocky Hill, NJ) and 10 ng/ml FGF-2 (Peprotech). For 

immunocytochemical studies OPCs were plated on PLL-coated 8-well chamber slides 

(Nunc) at 15,000 cells per well (400 µl), for RT-PCR and Western blot analysis on PLL

coated 10 cm dishes) at 1 x 106 cells per dish (6 ml), and for cytotoxicity assays (LOH) 

on PLL-coated 24 well plates at 50,000 cells per well (0.5 ml). After 48 hrs, 

differentiation was induced by growth factor withdrawal and cells were cultured in 

SATO supplemented with 0.5% FCS for 3 days (immature OLGs) or 7 days (mature 

OLGs), with medium changes twice a week. Medium was collected from OPCs and 

from immature OLGs (3 days after initiating differentiation) that differentiated to 

mature OLGs (7 days in differentiation). Equal volumes of OPCs and mature OLGs (1 

ml) were TCA- precipitated as described previously [234] and analyzed by Western 

blot. Immature oligodendrocytes were treated with vehicle (PBS) or exposed to 0.2 5 

µM recombinant human galectin-4 [258, 310], 0.25 µM galectin-4 N- or C-terminal 

CRD, respectively [311], 1 µg/ml anti-galectin-4 antibody [230] or 1 µg/ml control 

rabbit IgG antibody (Jackson lmmunoresearch Laboratories, Inc., West Grove, PA) for 

4 days after which they were analyzed as indicated. 

Astrocytes. After shaking off microglia and OPCs as described above, the flasks were 

shaken for an additional 16 hrs at 240 rpm. Cells were trypsinized, and plated in 162 

cm2 flasks (Corning Costar) and cultured for 3 days in DMEM supplemented with 10% 

FCS, L-glutamine and P/S. Astrocytes were detached using trypsine, and for RT-PCR 

and Western blot analysis plated on 10 cm dishes (Corning Costar) at a density of lx 

106 cells per dish (6 ml), and cultured for 48 hrs. 

Primary neuronal cultures 

Cortical neurons. Primary rat cortical neurons were isolated from 15 days old Wistar 

rat embryo's (Harlan) as described before, with minor modifications [312]. Briefly, 

cortices were collected in 30% glucose in HBSS (Invitrogen) on ice, and tissue was 

subsequently placed in 0.25% trypsin solution (Life Techologies) for 20 min at 37°C. 
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After trypsin removal, tissue was dissociated by trituration, filtered through a 70 µm 

Falcon cell strainer (BD Bioscience, Bedford, MA) and centrifuged at 1000 rpm for 10 

min. Cells were resuspended in neurobasal medium (Invitrogen) supplemented with 

2% B-27 (Life Technologies), 0.5 mM L-glutamine and 1 % P /S, and plated on PLL

coated 8 well chamber slides (Nunc) at a density of 30,000 cells per well (400 µl) for 

immunocytochemical analysis or on PLL-coated 10 cm dishes (Nunc) at a density of 3 

x 106 cells per dish (6 ml) for RT-PCR and Western blot analysis. Medium was 

replaced every second day and cells were analyzed after 5-7 days of culturing. For 

analysis of release of galectin-4 from cortical neurons, medium was collected from 5 

days-in-vitro (div) cortical neurons (48 hrs after previous media replacement), TCA

precipitated (250 µl) and analyzed by Western blotting. 

Dorsal root ganglia neurons (DRGNs). Primary rat DRG neurons were isolated from 15 

days old Wistar rat embryo's (Harlan), as described before, with minor modifications 

[313]. Briefly, DRGNs were dissected and dissociated in papain (1.2 U/ml; Sigma), L

cysteine (0.24 mg/ml; Sigma) and DNase I ( 40 mg/ml; Roche Diagnostics GmbH, 

Mannheim, Germany) at 37°C for 1 hr. For immunocytochemical analysis, cells were 

plated as 40 µl drops at a density of 60,000 cells on 13-mm coverslips (0.5 ml; VWR, 

Amsterdam, The Netherlands) that were pre-coated with PLL (10 µg/ml), followed by 

growth factor reduced matrigel (1 :40 dilution; BD Bioscience). For Western blot 

analysis cells were plated onto PLL-and matrigel-pre-coated 6 well plates (Nunc) at a 

density of 400,000-500,000 per well (1 ml). DRGNs were cultured for the indicated 

time points in 500 µl of neurobasal medium (lnvitrogen) supplemented with 2% B-27, 

0.5 mM L-glutamine and 1 % P /S in the presence of nerve growth factor (NGF, 100 

ng/ml; Serotec, Kinglington, UK). To remove contaminating fibroblasts, the cultures 

were pulsed 4 times for 3 days with fluorodeoxyuridine (10 µM; Sigma). For analysis 

of release of galectin-4 from DRGNs, medium was collected from 14 div DRGNs ( 48 hrs 

after previous media replacement), TCA-precipitated (200 µl) and analyzed by 

Western blot. 
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Myelinating co-cu ltures 

OPCs (generated as described above) were seeded onto 14-19 div DRGNs at a 1:1 ratio 

in BME (Life Technologies) supplemented with 1% ITS supplement (Sigma), 0.25% 

FCS, D+-glucose ( 4 mg/ml, Sigma), L-glutamine and P /S. After 3 days in co-cultures 

(dice), the cultures were treated with vehicle (PBS) or exposed to 0.05 µM 

recombinant human galectin-4 [258, 310] or 1 µg/ml anti-galectin-4 antibody [230]. 

Co-cultures were maintained for up to 14 days with medium changes at every third 

day. Recombinant galectin-4 and anti-galectin-4 antibodies were added upon medium 

changes. To verify the presence of galectin-4 in the culture media during the course of 

myelination, media were collected at indicated time points, TCA-precipitated (500 µl) 

and analyzed by Western blot. 

Constructs 

For construction of a myc-tagged galectin-4 expression plasmid, the coding sequence 

of human galectin was amplified from pcDNA3.1-GAL4, using 

the forward primer (Agel) 5'-ATTAACCGGTACCATGGCCTATGTCCCCGCAC-3' 

and the reverse primer (SnaB) 5' -

CGCCTACGTATTACAGATCCTCTTCAGAGATGAGTTTCTGCTCCATGATCTGGACATAGG 

ACAAGGTGAC-3'. The reverse primer, lacking the stop codon of galectin-4, included a 

coding sequence for the myc tag (indicated in bold) in frame with the coding sequence 

of galectin-4. The resulting PCR product was cut with Agel and SnaBI (New England 

Biolabs), and ligated into the lentiviral pRRL.PPT.SF.IRES-VENUS plasmid. As a 

control, 'empty' pRRL.PPT.SF.IRES-VENUS plasmid was used (mock). 

Lentiviral transduction 

For production of lentiviral particles, the constructs, packaging and envelop plasmids 

(pRSV-Rev and pMD.G) were transfected into the HEK293T packaging cell line using 

calcium phosphate. Two days after transfection, cells were washed with 0.01 M 

phosphate-buffered saline (PBS), conditioned medium was collected after 24 hrs, 

filtered through a PVDF membrane based filter (0.45 µm pore size) and either used 
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immediately or stored frozen at -80°C. DRGNs at 7 div were transduced for 5 hrs with 

lentiviral particles, 5 times diluted in neurobasal medium (Invitrogen) supplemented 

with 2% B-27, 0.5 mM L-glutamine, 1 % P /S and 4 µg/ml hexadimethrine bromide 

(polybrene; Sigma). Subsequently, cells were washed 3 times with PBS and grown in 

fresh neurobasal medium with medium replacement every 2 days. For analysis of 

myc-galectin-4 expression and release, cells and media (250 µl) were collected at 14 

div. In parallel, neurobasal medium without cells was kept on 37°C for 48 hrs. 

Alternatively, to analyze the effect of galectin-4 overexpression on myelination at 7 

days after transduction of DRGNs, OPCs were added and co-cultures were analyzed at 

14 days in co-cultures (dice). 

RT-PCR analysis 

Total RNA from cells was isolated using the RNeasy Mini kit (Qiagen, Hilden, 

Germany). The RNA yield and purity were quantified spectrophotometrically by 

measuring A260 and Azao (NanoDrop, ND-1000 Spectrophotometer V3.1.0, 

Thermoscientific). Total RNA (1 µg) was reversed transcribed in the presence of 

oligo( dT) 12-18 and dNTPs (Gibco, Paisley, UK) with superscript II reverse 

transcriptase (Roche Diagnostics) according to the manufacturer's instructions. PCR 

amplifications were performed on copy DNA using primers specific for rat galectin-4 

(forward galectin-4: 5' -GCTATATGAA TGGCTCTTGG-3', reverse galectin-4: 5' -

GGGATTAGATGGAACTTGGG-3'; Biolegio BV) and the housekeeping gene actin 

(forward actin: 5'-AACACCCCAGCCATGTAC-3', reverse actin: 5'

ATGTCACGCACGATTTCC-3'; Invitrogen ). 

Western blot analysis 

Cells were harvested by scraping in 0.01 M PBS, followed by centrifugation for 7 min 

at 7000 rpm. Pellets were lysed in TNE-lysis buffer (50mM Tris-HCl, 5mM EDTA, 150 

mM NaCl, 1% Triton X-100 and a cocktail of protease inhibitors. Equal amounts of 

protein (20 µg for tissue and cells) or volume [medium, TCA precipitated, [234]] were 

mixed with reducing sample buffer and heated at 95°C for 5 min. Protein 

concentrations were determined by a BioRad DC protein assay (Bio Rad Laboratories, 
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Hercules, CA) using bovine serum albumin (BSA) as standard. Proteins were 

separated by 12.5% SOS-PAGE and transferred to Immobilon-FL transfer membrane 

(Millipore, IPFL00010, Bedford, MA) using a semi-dry blotting system. Aspecific 

binding to membranes was blocked with Odyssey Blocking Buffer (1:1 in PBS; Li-Cor 

Biosciences, Lincoln, NE) for 40 min after which the membranes were incubated for at 

least 4 hrs at room temperature (RT) or overnight at 4°C with either home-made anti

galectin-4 (0.4 µg/ml, rabbit polyclonal, [230]), commercial anti-galectin-4 (1:125, 

rabbit polyclonal, Invitrogen), anti-MBP (1:100; rat monoclonal, Serotec, Kinglington, 

UK), anti-PLP (1:100, Serotec), anti-CNP (1:250, mouse monoclonal, Sigma), anti-myc 

(1:15.000, rabbit polyclonal, Abeam) or anti-actin antibody (1:1000; mouse 

monoclonal, Sigma) diluted in Odyssey blocking buffer (1:1 in PBS). After 4 times 5 

min washing with PBS containing 0.05% Tween-20 (PBS-T), the membranes were 

incubated for 40 min at RT with the appropriate IRDye®-conjugated secondary 

antibodies (Li-Cor Biosciences). After washing 4 times 5 min with PBS-T, and once 

with PBS, the signals were detected using the Odyssey Infrared Imaging System (Li

cor Biosciences) and analyzed using Odyssey V3.0 analysis software. For consecutive 

analyses with different antibodies, the membranes were stripped with 25 mM glycine 

and 1 % SOS at pH 2.0 for 15 min at RT. 

Immuno histoc hemical  analysis 

Coronal sections of freshly frozen rat brains, mounted in OCT medium (Merck, 

Darmstadt, Germany), were cut in a cryostat (Leica Microsystems, Nussloch, Germany) 

at a thickness of 20 µm. Sections were mounted on Polysine™ glass slides (Thermo 

Fisher Scientific), dried overnight at RT and fixed in acetone for 10 min. After rinsing 3 

times 5 min with PBS, sections were incubated with 10% normal goat serum (NGS; 

Vector Laboratories, Burlingame, CA) and 0.3% Triton X-100 in PBS for 1 hr at RT, and 

subsequently incubated overnight at 4°C with anti-galectin-4 (5 µg/ml, [230]), anti

neurofilament heavy chain (NF-H 1:5000; EnCor Biotechnology Inc, Gainesville, FL) 

and/or or anti-APC antibody (1:200; Calbiochem, La Jolla, CA). Sections were washed 

3 times 5 min with PBS and incubated with the appropriate goat anti-rabbit Alexa

conjugated secondary antibodies (1:500; Invitrogen) for 2 hrs at RT. All primary and 
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secondary antibodies were diluted in 2% NGS. Sections were analyzed with a confocal 

laser scan microscope Leica SP2 AOBS CLSM (Leica Microsystems, Heidelberg, 

Germany) equipped with Leica Confocal Software. Fluorescence images were acquired 

sequentially and processed using Adobe Photoshop CS3. 

lmmunocytochemical analysis 

Monocultures. Staining of surface components was performed on live cells at 4°C. For 

live staining, aspecific binding was blocked with 4% BSA in PBS for 10 min, after 

which cells (OLGs) were incubated with either Ranscht-mAb (R-mAb; recognizing 

GalCer/sulfatide, a kinf gift of Dr. Guus Wolswijk, NIN, Amsterdam, The Netherlands; 

[269]), anti-PLP (010, recognizing an extracellular epitope of PLP, 1:3, [314], a kind 

gift from Dr. Evi Albers-Kramer, Mainz, Germany), anti-sulfatide (04, 1:1, a kind gift 

from Dr. Guus Wolswijk) or anti-GalCer antibodies (01, 1:25, a kind gift from Dr. Guus 

Wolswijk) for 30 min, washed 3 times with ice-cold PBS and incubated for 25 min 

with appropriate TRITC- or FITC-conjugated antibodies (1:50, Jackson 

ImmunoResearch Laboratories). After washing with PBS, the cells were fixed with 4% 

paraformaldehyde (PFA). Similarly, for detection of cell surface galectin-4 binding 

sites, live cells (OLGs and neurons) were incubated with biotinylated recombinant 

human galectin-4 checked for maintained carbohydrate-binding activity by solid

phase assays using surface-presented glycoprotein (20 µg/ml [258, 311] for 30 min at 

4°C, followed by a 20 min incubation with TRITC-conjugated streptavidin (1:50, 

Jackson lmmunoResearch) and 4% PFA fixation. For (subsequent) staining of internal 

antigens, the cells were gently fixed with 2% PFA for 15 min at RT, followed by 4% 

PF A for 15 min at RT. After fixation, cells were either permeabilized with ice-cold 

methanol (MBP) for 10 min or 0.1% Triton X-100 (PLP, NF-H, TuJl, galectin-4, Olig2). 

After a 30 min block with 4% BSA, the cells were incubated for 60 min at RT with 

either primary anti-MBP (1:10, Chemicon) or anti-PLP (4C2, 1:10; kind gift of Dr. V. 

Kuchroo, Harvard Medical School, Boston, MA [315]), anti-Olig2 (1:100, Abeam), TuJl 

(kind gift from Dr. A Frankfurter, University of Virginia, Charlottesville [316]), anti

NF-H (1:5000) and/or anti-galectin-4 antibody (1:50, [317]). Next, the cells were 

washed with PBS, and incubated for 25 min with appropriate Alexa, TRITC- or FITC-
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conjugated secondary antibodies. Primary and secondary antibodies were diluted in 

2% NGS or 4% BSA. Nuclei were counterstained with 1 µg/ml DAPI. For double 

staining, the cells were sequentially stained with the different antibodies. Coverslips 

and slides were mounted in Dako mounting medium and analyzed with a conventional 

fluorescence microscope (Provis AX70, Olympus, New Hyde Park, NY), equipped with 

analySIS software or analyzed with a confocal laser scan microscope (Leica SP2 AOBS 

CLSM, Leica Microsystems, Heidelberg, Germany) equipped with Leica Confocal 

Software. Fluorescence images were acquired sequentially and processed using Adobe 

Photoshop CS3. OLGs and neurons were characterized morphologically, i.e., cells with 

a typical astrocyte morphology were excluded, and in each experiment at least 500 

cells were scored as either positive or negative. The data within each experiment are 

expressed relative to data recorded for vehicle-treated control cells, which was set at 

100%. Data were obtained in 3-7 independent experiments and presented as mean ± 

standard deviation (SD). Statistical analyses were performed using the one-sample t 

test with a hypothetical value set at 100 (GraphPad Prism 5). 

Co-cultures. Co-cultures at the indicated time points were fixed twice in 4% PFA for 

15 min, washed with PBS and incubated at RT in 0.5% TX-100 in 5% NGS for 40 min. 

After PBS washing, the cells were incubated for 2 hrs at RT with primary anti-MBP 

(1:250, Serotec), anti-galectin-4 (1:50), anti-APC (1:200) and/or anti-NF-H antibodies 

(1:5000) diluted in 2% NGS. Staining was visualized by an incubation for 30 min at RT 

with appropriate Alexa-conjugated secondary antibodies diluted in 2% NGS (1:500). 

Coverslips were mounted in Dako mounting media (Dako). All analyses were 

performed using a confocal laser scan microscope (Leica SP2 AOBS CLSM, Leica 

Microsystems, Heidelberg, Germany) equipped with Leica Confocal Software. 

Fluorescence images were acquired sequentially and processed using Adobe 

Photoshop CS3. Data were obtained from 3 independent experiments, while in each 

experiment 7-8 images at 20 x magnifications per coverslip and 2-3 coverslips per 

condition were analyzed. In each independent experiment the number of MBP

positive oligodendrocytes in vehicle-treated ( control) co-cultures was set at 100% 

and the number of MBP-positive cells in treated co-cultures was calculated as a 

percentage of vehicle-treated co-cultures. Quantification of axonal density and 
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myelination has been described in detail elsewhere [318]. Briefly, using NF-H staining, 

axonal density was first measured in Image} as a percentage of the total area of the 

image. In order to exclude immunoreactivity associated with OLG cell bodies, 

myelination was manually traced in Adobe Photoshop Elements. The percentage of 

myelinated axons was calculated in Image} using a macro (a kind gift from Dr. Sue. 

Barnett, Glasgow [319]) as an area in pixels in each image occupied by both myelin 

and axons divided by the axonal density. In each independent experiment the 

percentage of myelinated axons in vehicle-treated ( control) co-cultures was set at 

100%, and myelination in treated co-cultures was calculated as a percentage of 

vehicle-treated co-cultures. Data are presented as a mean ± SD. Statistical analyses 

were done using one-sample t-test. 

LDH assay 

Cell cytotoxicity was determined by measuring the release of lactate dehydrogenase 

(LOH), a marker of increased membrane permeability and lethal cell injury. Immature 

OLGs (3 days after initial differentiation) were exposed to recombinant human 

galectin-4 at the indicated concentrations at 37°C. After 4 days, the medium was 

centrifuged for 7 min at 7000 rpm, and LOH release was determined according to the 

manufacturer's instructions. Data represent the mean ± SD of 3-5 independent 

experiments. In each experiment the data of vehicle-treated cells were set at 100%. 

Statistical differences with vehicle-treated cells as assessed with the one-sample t test 

are indicated. 

Proliferation assay 

Cell proliferation was measured by determining the incorporation of the thymidine 

analog BrdU, as described previously, with minor modifications [268]. Briefly, 6 days 

after initiation of cell differentiation, 10 µM BrdU was added to vehicle- and galectin-4 

treated OLGs. After 16 hrs OLGs were fixed, stained for the oligodendrocyte specific 

lineage marker Olig2 (see above), followed by visualization of BrdU incorporation 

using a BrdU proliferation detection kit (Roche) according to the manufacturer's 

instructions. Alternatively, living cells were first stained with R-mAb (see above), after 
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which BrdU-incorporation was visualized. Nuclei were counterstained with DAPI. 

Data represent the mean ± SD of 4 independent experiments, each performed in 

duplicate with at least 500 cells per well counted. Proliferation is expressed as the 

percentage of BrdU-positive cells of Olig2-positive cells. In each experiment the data 

of vehicle-treated cells was set at 100%. Statistical analysis was performed using the 

one-sample t test. 
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Results 
Galectin-4 is present in cultured neurons and o ligodendrocytes 

As a detailed analysis of galectin-4 expression in the CNS is lacking, we first 

determined whether resident cells express galectin-4. Purified rat primary cultures of 

cortical neurons and glial cells were analyzed for the presence of galectin-4 by RT-PCR 

and Western blotting. At similar mRNA levels of the house-keeping gene actin, 

prominent galectin-4 mRNA levels were detected in oligodendrocyte progenitor cells 

(OPCs) and cortical neurons, whereas galectin-4 mRNA was present to a lesser extent 

in microglia and astrocytes, and hardly, if at all, detectable in mature OLGs (mOLGs) 

(Fig. lA). On the protein level, galectin-4 was most prominently present in cortical 

neurons (Fig. 1B) and to a lesser extent in oligodendrocytes, where the protein was 

detected at all developmental stages (Fig. 1B). The amounts of galectin-4 were 

virtually negligible in total cell extracts of microglia and astrocytes. Remarkably, 

galectin-4 was detected at 32 kDa instead of the expected 36 kDa. This might reflect 

the occurrence of galectin-4 splice variants that differ in the length of their linker 

region as has been shown for porcine galectin-4 [299]. The lower molecular weight 

galectin-4 was detected in both human and rat brain homogenates (Fig. lC). In 

contrast, in a rat intestine homogenate, galectin-4 displayed the same molecular 

weight (36 kDa) as recombinant human galectin-4 with full linker sequence [258, 

310]. Notably, the (home-made) galectin-4 antibody did not cross react with other 

galectins, i.e., galectins-1, -2, -3, -8 and -9, and similar bands could be revealed with a 

commercially available anti-galectin-4 antibody [ data not shown; [177]]. In cortical 

neurons and cells of the OLG lineage, an additional galectin-4 immunoreactive band at 

app. 58 kDa was visible. Neither the origin of this band nor its physiological 

significance is currently known, but its presence has been reported before [304, 320]. 

Having identified biochemically that galectin-4 protein is mainly present in cortical 

neurons, OPCs and mOLGs, we next determined its localization by 

immunocytochemistry. 
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Figure 1. Expression of galectin-4 in cortical neurons, glial cells and during 
postnatal brain development. A-B) Primary rat oligodendrocyte progenitors (OPC), 
mature rat oligodendrocytes (mOLG, 3, 7 or 1 1  days after initiating differentiation), 
rat cortical neurons (CN), rat microglia (MG) and rat astrocytes (AS) were analyzed for 
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galectin-4 mRNA (A) and protein (B) expression using RT-PCR (A) and Western blot 
analysis (B). Note that whereas galectin-4 mRNA is detected in OLGs, cortical neurons 
and microglia, only OLG lineage cells and cortical neurons synthesize galectin-4 
protein in abundant levels. C) Recombinant human galectin-4 (HRG4), human control 
white matter (CWM), rat intestine and rat brain (P4) were analyzed by Western blot 
analysis. Note that in brain tissue and neurons galectin-4 appears as a 32 kDa protein, 
in contrast to a 36 kDa protein in rat intestine. D) Localization of galectin-4 in OPCs, 
mOLGs (7 days after initiating differentiation) and cortical neurons (CN). In order to 
confirm cell identity, co-labeling with cell type and developmental stage-specific 
markers was performed, using A2B5 for OPCs, MBP for mOLGs, and TuJl for CN. Scale 
bar is 20 µm. Note that galectin-4 (G4) primarily localizes in the cytoplasm of OPCs 
(arrow), whereas galectin-4 in mOLGs is largely restricted to the nucleus (arrowhead; 
merged images, right panel). Both nuclear and cytoplasmic galectin-4 staining were 
detected in cortical neurons ( arrow and arrowhead). E) Adult rat brains and brains 
between 0-23 days were homogenized and analyzed for expression of galectin-4, CNP, 
MBP, PLP and actin by Western blotting. Note that galectin-4 (32 kDa) expression is 
downregulated with the onset of myelination. F) Densitometric analysis of galectin-4 
(32 kDa) immunoblot staining, as presented in the immunoblots Fig. 1E. Data were 
obtained from 3 series of rat brains per age, while in each series the expression level 
at postnatal day O was set at 100% (* p<0.05). 

Double immunofluorescence labeling with OPC- and mOLG-specific markers, i.e., A2B5 

and MBP respectively, showed that galectin-4 was mainly located in the cytosol of 

OPCs (arrow, Fig. 1D), whereas in mature OLGs its localization was more shifted 

towards the nucleus (arrowhead, Fig. 1D). In cultured cortical neurons galectin-4 was 

localized to both nucleus and cytoplasm of the cell body and neuronal processes (Fig. 

1D). Thus, these data demonstrate that galectin-4 is mainly present in cortical neurons 

and OLGs and, in addition, reveal that upon OLG maturation galectin-4 shifts from a 

cytoplasmic to a nuclear localization. 

Galectin -4  do wnregulation in developing rat brain corresponds 
with the onset of myelination 

To examine whether the in vitro findings reflect those in vivo, the expression of 

galectin-4 during postnatal rat brain development was characterized next. To this end, 

total brain homogenates, isolated from animals of different age, were analyzed by 

Western blotting. As shown in Figures 1E and 1F, galectin-4 was expressed during 

early postnatal development, and, interestingly, downregulated from postnatal day 
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10-12 onwards, becoming virtually undetectable in the adult stage (4-5 months). The 

band at app. 58 kDa (arrowhead; detected also in cortical neurons and OLGs, Fig. 1B) 

was, similarly to (32 kDa, arrow) galectin-4, prominently present immediately after 

birth, but was subsequently downregulated in early postnatal life (P23, onwards; Fig. 

1E). Additional two bands of app. 46 kDa and 62 kDa were also detected, but their 

nature and/ or specificity remain currently unknown. Intriguingly, the boost in 

expression of the two major myelin-specific proteins, i.e., MBP and PLP, around 

postnatal day 12-16, which signifies the final steps of OLG differentiation and the 

onset of myelination [SO], is seen to commensurate with the developmental 

downregulation of galectin-4. 

To verify the presence of galectin-4 in neurons and OLGs in vivo, 

immunohistochemical analyses of freshly frozen coronal sections of developing (P4, 

P10) and adult rat brains were performed next. Gray matter areas, i.e., cerebral cortex, 

hippocampal formation and thalamus, were strongly positive for galectin-4 during 

early development (Fig. 2A), but a considerable weaker staining was found as 

development progressed (Fig. 2B,C). Galectin-4 was localized to both cytoplasm and 

nucleus of cells with apparent neuronal morphology. Interestingly, the number of 

galectin-4-positive cells was decreased in adult as compared to developing rat brains. 

In corpus callosum, a well-characterized white matter tract, galectin-4 

immunoreactivity was more readily apparent (Fig. 2D-F) and galectin-4 was detected 

in nuclei, most strikingly at PlO. Double labeling with an oligodendrocyte specific 

marker APC, revealed that these nuclei belong to OLGs (arrow; P4 corpus callosum; 

Fig. 2D, G). In addition, a diffuse cytoplasmic staining of galectin-4 was observed in 

corpus callosum, which colocalized with the axonal marker NF-H (arrowhead; PlO 

corpus callosum; Fig. 2E, H). 
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Figure 2. Localization of galectin-4 in cortex and corpus callosum during 
postnatal rat brain development. Cross-sections of rat brain tissue ( cortex, A-C; 
corpus callosum, D-F) of the indicated ages (4 and 10 days postnatal and adult tissue) 
were immunohistochemically stained for galectin-4. Scale bar is 20 µm. Note that the 
intensity of galectin-4 staining in the cortex is decreased during rat brain 
development. Co-staining with oligodendrocyte (G) and neuron (H) specific markers, 
i.e., APC and NF-H, respectively, confirmed the expression of galectin-4 in 
oligodendrocyte nuclei (D; arrow) and axons (E; arrowhead) in the corpus callosum. 

Taken together, the data obtained for galactin-4 expression in vivo are entirely 

consistent with those obtained in vitro. Specifically, galectin-4 expression, which 

occurs in both neurons and OLGs, is downregulated in developing rat brain, while, 

moreover, its transfer from a cytoplasmic to a nuclear localization in OLGs 

corresponds with the later stages of their differentiation. 

Although mammalian galectins do not possess any classical secretion signal sequence, 

members of this family are often detectable in the extracellular space, following 

secretion through a non-classical secretory pathway [146]. Indeed, secretion and re-
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uptake is also central for galectin-4's activity in apical delivery [302]. It was therefore 

of interest to assess whether secreted galectin-4 could fulfill any role in ( co

)regulating the onset of myelination. We therefore first examined whether cultured 

cortical neurons and/or cells of the OLG lineage release galectin-4. 

Neurons, but not oligodendrocytes, release g alectin-4 

To detect the potential release of galectin-4, conditioned media derived from cortical 

neurons, OPCs and mOLGs were concentrated by TCA precipitation and subjected to 

Western blot analysis. As shown in Fig. 3A, galectin-4 was mainly released by neurons, 

to a very minor extent by mOLGs and hardly, if at all by OPCs. It should be noted that 

for technical reasons volumewise 4 times less neuronal conditioned media was loaded 

than in the case of OPCs and mOLGs, further emphasizing the prominent release of 

galectin-4 by neurons as compared to OPCs and mOLGs. Furthermore, an additional 

band at 17 kDa was detected (Fig. 3A, arrow) which, according to its size, might 

represent single galectin-4 CRD [321]. In support of this notion is the fact that the 

linker peptide that connects the two CRD subunits is sensitive to tissue proteases 

[322] . 

Since galectin-4 is thus primarily released by neurons and given that the protein 

seemingly developmentally coincides with the onset of myelination of OLGs (Fig. l E), 

we next explored whether a correlation may exist between neuronal derived galectin-

4 and a potential expression of galectin-4 binding sites on the cell surface of the OLG 

lineage. 

0/igodendrocytes tr ansiently express galectin -4  binding sites on 
their processes 

To visualize galectin-4 cell surface binding sites or receptors, OLGs at different 

maturation stages were labeled with biotinylated recombinant human galectin-4 

(BG4) in combination with maturation stage specific markers. As shown in Figure 38, 

neither OPC (panel a) nor R-mAb positive immature OLGs (panel b; 3 days after 

initiating differentiation) were able to bind BG4 on their surfaces. Interestingly, 

however, cell surface binding of galectin-4 to mature OLGs was apparent but did 
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depend on the cells' state of involvement in myelination. Thus, mature MBP-positive 

OLGs (at 7 days after initiating differentiation), displaying numerous processes but 

not yet forming myelin-like membranes, extensively bound galectin-4 at their surfaces 

(Fig. 3B, panel c). In contrast, mature MBP-positive OLGs, engaged in the process of 

myelin membrane biogenesis (i.e., 7-9 days after initiating differentiation), did not 

show any BG4 staining (Fig. 3B, panel d). These data thus suggest a developmentally 

dependent transient production of galectin-4-binding sites at the OLG surface, in 

particular on premyelinating OLGs. On these cells, galectin-4 receptors were 

exclusively localized in patches on the processes and, strikingly, not on the cell body 

plasma membrane. Usually, only a subset of mOLGs at this stage (15-20%) displayed 

BG4 reactivity, consistent with a developmental stage-dependent, i.e., transient 

expression of galectin-4 cell surface binding sites. Importantly, expression of MBP is 

not a prerequisite for BG4 reactivity, as at 7 days after the initiation of differentiation 

BG4 also binds to MBP-negative OLGs (data not shown). 

Finally, BG4 was not able to bind to cultured cortical neurons (data not shown), 

indicating that these neurons, at least in vitro, do not possess detectable binding sites 

for galectin-4. Taken together, mOLGs transiently expose galectin-4-binding sites at 

their surfaces, appearing on maturing cells just prior to MBP biosynthesis until the 

onset of myelin-like membrane formation. To further clarify whether galectin-4 

interferes with OLG maturation, we next determined whether exposure to 

recombinant galectin-4 interferes with OLG differentiation, an essential step that leads 

to myelin-like membrane formation. 
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Figure 3 .  Galectin-4 is released by neurons and transiently binds to 
oligodendrocytes. A) Conditioned media of OPCs, mature OLGs (mOLG, 7 days after 
initiating differentiation) and cortical neurons (CN) were concentrated by TCA
precipitation and analyzed for the presence of galectin-4 using Western blot. The 
starting volume of CN conditioned media was 4 times lower than that of OPCs and 
mOLGs. Note that only neurons release substantial amounts of galectin-4. B) Freshly 
shaken rat OPCs were cultured for 2 days with PDGF-AA and FGF-2 (OPC), after which 
OPCs were allowed to differentiate upon growth factor removal for either 3 days 
(imOLG) or 7 days (mOLG). At the indicated developmental stages, live cells were first 
labeled with biotinylated galectin-4 (BG4), followed by co-labeling with the 
appropriate developmental stage-specific marker, i.e., A2B5 for OPCs (panel a), R-mAb 
for imOLGs (panel b), and MBP for mOLGs (panel c, displaying cells without and, panel 
d, with myelin sheet formation). Note that galectin-4 surface binding sites are 
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transiently present on processes of mature, pre-myelinating OLGs (panel c), i.e., cells 
which did not yet form myelin-like membranes. Scale bar is 10 µm. 

Recom binant galectin-4 inhibits oligodendrocyte maturation 

and promotes partly dedifferentiation and proliferation 

To investigate the potential functional consequences of the binding of exogenous 

galectin-4 on OLG behavior, immature OLGs were treated with recombinant human 

galectin-4 for 4 days, i.e., a time interval that suffices for immature OLGs to develop 

into mature, myelin-like membrane forming OLGs in vitro. To determine the efficacy 

and to exclude cytotoxic effects of galectin-4, immature OLGs were first exposed to 

different concentrations of recombinant galectin-4 ranging from 0.05 to 2 µM. Cell 

cytotoxicity was determined by measuring the release of LOH into the culture 

medium. At concentrations up to 1 µM, no significant effect of galectin-4 was apparent 

on LOH release, relative to the control, while a minor enhancement was seen at the 

highest concentration of 2 µM (data not shown). Accordingly, galectin-4 at a 

concentration of 0.25 µM was used in further experiments. Intriguingly, 4-days 

treatment of immature OLGs resulted in morphologically less differentiated OLGs, as 

evidenced by a decrease in the number of branched OLG processes as compared to 

vehicle-treated immature OLGs (Fig. 4A). To obtain further support for an impediment 

of OLG differentiation upon galectin-4 binding, a detailed analysis of the expression of 

different OLG developmental stage specific markers was carried out. As shown in Fig. 

48, relative to untreated control cells, a significant reduction was seen in the number 

of cells expressing the mature OLG markers, i.e., M8P and PLP. Intriguingly, the 

number of cells expressing the more immature OLG markers, sulfatide (04), GalCer 

(01) and R-mAb, was also significantly reduced, indicating that galectin-4 treatment at 

least partly impaired OLG maturation by inducing dedifferentiation to OPCs in a 

subset of immature OLGs. Importantly, the cells were positive for the oligodendroglial 

lineage marker Olig2 (Fig. 48), and galectin-4 treatment did not affect the number of 

GFAP-positive astrocytes (data not shown). Of further relevance, the effect of galectin-

4 was reversible, as after its withdrawal, the OLGs were able to differentiate normally, 
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Figure 4. Galectin-4 treatment of immature oligodendrocytes impedes 
morphological differentiation and promotes dedifferentiation and proliferation. 
Freshly shaken rat OPCs were cultured for 2 days with PDGF-AA and FGF-2 (OPC), 
after which the OPCs were allowed to differentiate for 3 days. The immature OLGs 
thus obtained were treated for 4 days with vehicle (PBS) or 0.25 µM recombinant 
human galectin-4. In all experiments each bar represents the mean ± SD of 3-5 
independent experiments. In each experiment the data of vehicle-treated cells was set 
at 100% (horizontal dashed line; ** p< 0.01, *** p< 0.001). A) Representative phase 
contrast images of vehicle- (control) and galectin-4-treated cells. Note that upon 
galectin-4 treatment the cells appear morphologically less mature, as reflected by a 
decrease of processes and less branched structures. Scale bar is 20 µM. B) Analysis of 
OLG differentiation in the presence of galectin-4. Differentiation was quantified as the 
percentage of positive cells, expressing the indicated marker, relative to the total 
number of cells. Markers are arranged according to their sequential appearance upon 
differentiation. The percentage of positive cells in vehicle-treated cells was 
73.9±15.5% (Olig2), 85.9±4.1 % [04 (anti-sulfatide)], 89.9±2.8% (R-mAb), 
65.7±12.0% [01 (anti-GalCer)], 27.1±8.1 % (MBP), 41.8±15.2% (PLP), and 16.0±4.1 % 
[010 (anti-surface PLP)]. Note that upon galectin-4 treatment differentiation was 
severely impaired, and that a subpopulation, given the decrease in O4-positive cells, 
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reverts to a less mature developmental OLG stage. C) Quantification of galectin-4-
induced proliferation in Olig2-positive cells as visualized with a BrdU-incorporation 
assay. Proliferation in galectin-4-treated cells is expressed as the percentage of BrdU
positive cells of the Olig2-positive cells in vehicle-treated controls. The percentage of 
proliferative Olig2-positive-cells in vehicle-treated cells was 14.1±2.4%. Note the 
significant upregulation of Olig2-positive cells proliferation upon galectin-4 treatment. 
DJ Proliferation of OLGs (7 days after initiating differentiation) in the absence 
(control) or presence of galectin-4 as visualized by an BrdU-incorporation assay in 
conjunction with R-mAb co-labeling. Note that upon galectin-4 exposure, OLGs that 
start to lose and/or lost R-mAb surface expression, proliferate (arrow). Scale bar is 2 0  
µM. E) Analysis o f  OLG differentiation i n  the presence o f  0.25 µM human recombinant 
galectin-4 (G4), galectin-4 N-terminal (G4-N) or C-terminal CRD (G4-C), as quantified 
by the percentage of MBP-positive cells relative to the total number of cells. The 
percentage of MBP-positive cells in vehicle-treated cells was 34.9±9.2%. Note that 
both CRDs are necessary to inhibit OLG differentiation. 

resuming their capacity for myelin membrane biosynthesis and displaying their 

characteristic branched morphology (data not shown). 

Since a subset of the immature OLGs was able to revert to OPCs upon galectin-4 

treatment, it was of obvious interest to determine whether these cells might regain 

their proliferative capacity. Indeed, BrdU-incorporation assays, carried out in cells at 7 

days after initiating differentiation, revealed that proliferation of Olig2-positive cells 

was increased by 231 .8±4.4% (p<0.05) upon galectin-4 treatment of immature OLGs 

(Fig. 4C). Double labeling with R-mAb confirmed that immature OLGs that are losing 

their R-mAb epitope become proliferative (arrow; Fig. 4D), whereas vehicle-treated 

OLGs, clearly positive for R-mAb, were not proliferating. Hence, these findings indicate 

that exogenous galectin-4 impedes maturation, while, in parallel, a subset reverted to 

a pre-mature stage, as reflected by a resumption of proliferation. 

Recombinant g alectin -4 l ikely inhibits o /igodendrocyte 
m atur ation via its carbo hydrate cross-linking potential 

To obtain some insight into the underlying mechanism by which galectin-4 interferes 

with OLG maturation and dedifferentiation, we next examined the potential 

involvement of the protein's cross-linking ability [301] .  To this end, immature OLGs 

were treated for 4 days with 0.25 µM full-length (cross-linking) recombinant human 

galectin-4, or recombinant galectin-4 N-terminal or C-terminal CRDs. Whereas full-
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length galectin-4, which contains 2 distinct CRDs, impaired OLG maturation, the 

number of MBP-positive cells following treatment with either the galectin-4 N- or C

terminal subunits did not differ from the number of MBP-positive vehicle-treated 

control cells (Fig. 4E). Notably, simultaneous exposure to both galectin-4 N and C

terminal CRDs neither affected the number of MBP-positive cells (data not shown), 

emphasizing the functional requirement of the intact, crosslinking galectin-4. 

Strikingly, treatment of immature OLGs with a version of recombinant galectin-4 

without linker, i.e., impairing the physiological mode of CRD presentation [323], 

resulted in massive OLG death, even at very low concentrations (0.05 µM, data not 

shown). These findings therefore suggest that the cross-linking properties of galectin-

4 and the presence of the complete linker sequence are crucial in triggering an 

intracellular response that interferes with OLG differentiation. Of special note, 

reduction to a proto-type-like module drastically alters functionality. 

From the results presented thus far a picture emerges suggesting that released 

galactin-4, largely derived from neurons as its major source (Fig. 3A), might be 

physiologically relevant as a (co-regulatory) mechanism by which OLG-induced 

myelination of axons could be governed. To obtain further supportive evidence for 

such a mechanism we therefore examined whether neuronal galectin-4 regulates OLG 

differentiation and thereby myelination in a co-culture system of DRGNs and OLGs 

[324]. 

Galectin-4 expression and rele ase is downregul ated in co 

cultures of DRGNs and OLGs at t he onset of myelination 

First, we examined the expression, localization and release of galectin-4 in DRGN 

monocultures and co-cultures of DRGNs and OLGs. As shown in Fig. 5, galectin-4 is 

expressed by DRGN monocultures (Fig. SA, 10 and 20 days in vitro [div]) and released 

into the culture medium (Fig. SB, 14 div). Immunocytochemical analysis showed that 

galectin-4 localizes to axons (10 div; Fig. SC) and DRGNs cell bodies (data not shown). 

Interestingly, galectin-4 expression is downregulated in DRGN-OLG co-cultures 

between 2-8 days in co-culture (dice), which coincides with the appearance of MBP 

(Fig. SA), which is very similar to galectin-4 downregulation observed during rat brain 
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development (Fig. lE). Double immunocytochemical analyses showed, as expected 

(Fig. 1 and 2), that at 7 dice galectin-4 localizes to axons and the nucleus of OLGs, as 

confirmed by staining with the OLG marker APC (insets; Fig. SD). Furthermore, 

galectin-4 release was still apparent in 2 dice conditioned medium, i.e., before the 

onset of myelination, whereas in 6 dice conditioned medium galectin-4 was virtually 

undetectable (Fig. SB). Similarly to developmental myelination (Fig. 10), 46 kDa and 

58 kDa bands, of unknown origin and specificity, were detected in both medium and 

cells lysates of DRGN monocultures and co-cultures (arrowhead; Fig. SA, B). 

Thus, in in vitro myelinating co-cultures, galectin-4 was no longer released from 

DRGNs when myelination has started, corroborating with the presence of galectin-4 in 

lysates (Fig. SA). Together, the data thus indicate that both cortical and DRG neurons 

release galectin-4, and that downregulation of endogenous neuronal galectin-4 

precedes myelination both in vitro and in vivo. Since, in addition, exposure to 

recombinant galectin-4 retards OLG maturation, the results thus strongly support a 

regulatory role for neuronal galectin-4 in the timing of OLG differentiation. To obtain 

further support for such a role, we next examined whether overexpressing galectin-4 

in DRGNs interferes with axonal myelination. 

Galectin-4 reg ulates the timing of myelination 

To examine whether an enhanced intracellular expression of galectin-4 in DRGNs 

could lead to a prolonged sustainable release of the protein, thereby affecting OLG 

differentiation and hence myelination in co-culture, DRGNs were transduced with 

lentivirus containing human myc-tagged galectin-4. Although overexpression was 

readily accomplished, no release of myc-galectin-4 was observed, in contrast to 

endogenous galectin-4 (Fig. 6A, B). Accordingly, overexpression of myc-galectin-4 in 

DRGNs did not affect myelination in co-cultures (Fig. 6C, D). Therefore, as an 

alternative for a prolonged presence of galectin-4 in DRGN-OLG co-cultures, we 

exposed co-cultures 3 dice, i.e., at the time myelination starts, to 0.05 µM recombinant 

human galectin-4 for the duration of the experiment. 
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Figure 5. Expression of galectin-4 in dorsal root ganglia neurons (DRGNs) and 
myelinating DRGN-OLG co-cultures. DRGNs were isolated from E15 embryos and 
cultured for 15- 21 days, after which co-cultures were prepared by adding OPCs. A) 
Western blot analysis was performed using 2 0  µg of total cell lysate protein of DRGN 
monoculture kept for 10 days in vitro (div) and 2 0  div; 2 days in co-culture (dice, pre
myelinating), 8 dice (after the onset of myelination) and 14 dice (fully myelinated) co
cultures. In case of co-cultures, OPCs were added to 20  div DRGNs (arrow). MBP 
marked the onset of myelination and actin served as a loading control. Note that 
galectin-4 (32 kDa) expression is downregulated during maturation of DRGNs in 
monocultures and that the downregulation of galectin-4 expression in DRGN-OLG co
cultures is paralleled by myelination progress. B) Galectin-4 release from DRGN 
monocultures (14 div) and in DRGN-OLG co-cultures (2 and 6 dice). OPCs were added 
to 14 div DRGNs (arrow). Medium, collected at different time points during 
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myelination in DRGN-OLG co-cultures, was concentrated and subjected to Western 
blot analysis. Note the presence of galectin-4 (32 kDa) in 2 dice media and its absence 
after the onset of myelination (6 dice). C) Galectin-4 staining in 10 div DRGNs. Axons 
are identified by NF-H staining (red). D) Galectin-4 staining in DRGN-OLG co-cultures 
at 7 dice (insets on the right). Note that galectin-4 immunoreactivity (green) was 
detected in axons and in the nucleus of OLGs (as identified by oligodendrocytes 
specific marker APC, red). Scale bar is 20 µm. 

The continuous presence of galectin-4 in culture medium of DRGN-OLG co-cultures 

severely retarded OLG maturation and strongly reduced myelination (Fig. 7). The 

number of MBP-positive cells in galectin-4 treated co-cultures was markedly reduced 

to 22.2±8.1 % (Fig. 7 A, B), as well as the percentage of myelinated axons (8.4±8.8%; 

Fig. 7 A, C) as compared to vehicle-treated co-cultures (set as 100%). Accordingly, 

these observations further support the view that galectin-4 inhibits the differentiation 

of OLGs to mature MBP-positive myelinating cells, thereby precluding axon 

myelination as demonstrated here directly in the co-culture system. Notably, higher 

doses of galectin-4, as well as the treatment of co-cultures 1 dice, resulted in 

detachment of DRGNs. 

As a loss-of-function approach, we next treated co-cultures with anti-galectin-4 

antibodies in order to prevent the binding of (endogenous) released neuronal 

galectin-4 to premyelinating OLGs. When DRGN-OLG co-cultures at 2 dice were 

continuously exposed to anti-galectin-4 antibodies, the majority of OPCs matured into 

MBP-positive OLGs (84.3±17.7% of control; Fig. 7 A, B). However, the MBP-positive 

OLG did not myelinate axons (see insets; Fig. 7 A, C), which resulted in inhibited axonal 

myelination in DRGN-OLG co-cultures (38±25.3% of control; Fig. 7 A, C). Importantly, 

anti-galectin-4 antibodies did not bind to the OLG cell surface, and did not interfere 

with OLG differentiation and myelin-like membrane formation in OLG monocultures 

(data not shown). 

Taken together, prolonged exposure of in vitro myelinating DRGN-OLG co-cultures to 

galectin-4 as well as treatment with anti-galectin-4 antibodies inhibit myelination. 

Accordingly, these data are consistent with a regulatory role of galectin-4 in OLG 

differentiation and further, the timing of myelination. 
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Figure 6. Upregulation of galectin-4 in dorsal root ganglia neurons (DRGNs) does 
not affect myelination. DRGNs were transduced with lentiviral particles containing 
either myc-G4 (human) or vector-only (mock) plasmids. At 14 div, i.e., 7 days after 
transduction, OPCs were added and the percentage of myelinating axons in co-culture 
was analyzed at 14 dice. A) Western blot analysis was performed using 20 µg of total 
cell lysate protein of DRGN monocultures at 21 div, i.e., 14 days after transduction, 
using anti-myc and anti-galectin-4 antibodies. Note that myc-G4 was expressed in 
transduced DRGNs at 36 kDa, whereas endogenous galectin-4 is detected at 32 kDa. 
Staining with anti-myc antibody confirms the presence of the myc-tag at the 36 kDa. 
B) Conditioned DRGN media (250 µl) obtained from non-transduced (control), mock
treated and transduced DRGNs (myc-G4) (14 div), as well as non-conditioned media 
(-), were concentrated and analyzed for the presence of galectin-4. Note that myc
tagged galectin-4 is not released from the transduced DRGNs (no visible band at 36 
kDa), whereas release of endogenous galectin-4 was readily detected. C) 
lmmunocytochemical analyses of myelination in DRGN-OLG co-cultures at 14 dice. 
Mature, myelinating OLGs were identified by MBP staining (green) and axons were 
identified by NF-H staining (red). Scale bar is 100 µm. D) Quantification of myelination 
in DRGN-OLG co-cultures at 14 dice prepared with non-transduced DRGNs (control), 
mock-transduced DRGNs (mock) or myc-G4-transduced DRGNs (myc-galectin-4). Data 
are presented as mean ± SD. Percentage of myelinated axons in mock or myc-galectin-
4 transduced co-cultures were calculated accordingly. Note that myc-galectin-4 
overexpression did not affect myelination. 
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Figure 7. Exogenous galectin-4 controls the timing of myelination. DRGN-OLG co
cultures 2-3 dice were treated with vehicle, recombinant human galectin-4 (0.05 µM) 
or anti-galectin-4 antibody (1 µg/ml). Immunocytochemical analyses were performed 
at 14 dice. Myelin and OLG cell bodies were visualized with MBP (green) and DRGNs 
with NF-H (red). A) Myelination in vehicle-treated (control), recombinant galectin-4 
and anti-galectin-4 antibody treated co-cultures. Scale bar is 100 µm. B) 
Quantification of the number of MBP-positive OLGs in co-cultures. In each experiment 
the number of MBP-positive OLGs in vehicle-treated cells was set at 100%. Data are 
presented as mean ± SD, (* p<0.05). Note the significant decrease in the number of 
MBP-positive cells (22.2±8.1 % of control) after recombinant galectin-4 treatment, but 
not after anti-galectin-4 antibody treatment (84.3±17.7% of control).  C) 
Quantification of myelination in DRGN-OLG co-cultures at 14 dice. The percentages of 
myelinated axons in recombinant galectin-4 and anti-galectin-4-treated co-cultures 
were compared to vehicle-treated co-cultures (control, set at 100%). Results are 
presented as mean ± SD. Note that recombinant galectin-4 treatment as well as 
treatment with anti-galectin-4 antibodies significantly decreased the percentage of 
myelinated axons (8.4±8.8% and 38.0±25.3% of control, respectively). 
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Discussion 

In the present study we have identified galectin-4 as a novel neuronal regulator of 

myelination (summarized in Fig. 8). Our findings reveal that nonmyelinated neurons 

express and release substantial amounts of galectin-4, and that premyelinating OLGs 

transiently express cell surface receptors that bind galectin-4. Exposure to galectin-4 

impeded OLG maturation, and induced a subset of the OLGs to dedifferentiate and to 

proliferate. Importantly, expression of endogenous galectin-4 was clearly 

downregulated and release no longer occurred at the onset of myelination in DRGN

OLG co-cultures, allowing OLG differentiation and myelination. Very reminiscent, 

although indirect, data on galectin-4 downregulation and the ensuing onset of myelin 

protein expression were obtained in vivo. Thus, since microglia and astrocytes do not 

express galectin-4, our data are consistent with a scenario that regulation of galectin-4 

expression and subsequent release provides neurons with a means to control OLG 

maturation, presumably well before axonal contact is established. 

OLG maturation is under tight regulation by developmentally regulated neuron

derived signals to allow axonal myelination at the appropriate time and place [60] . 

These signals are either negative or positive for OLG maturation, and their interplay is 

critical in regulation of the fine tuning of myelination [72]. Here we show that 

galectin-4, as an environmental cue, operates as a negative signal for OLG maturation. 

Galectin-4 treatment of premyelinating OLGs prevented their further differentiation, 

while in a subset of cells dedifferentiation was induced along with an increase in 

proliferation. Interestingly, in myelinating co-cultures, release of endogenous galectin-

4 became strongly decreased and/or inhibited at the onset of myelination, while 

permanent exposure of the OLG to galectin-4 markedly reduced cell differentiation 

and axonal myelination. 
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(iv) oligodendrocyte differentiation is inhibited (arrow), 
while a subset dedifferentiates and proliferates (arrowhead) 

(iii) galectin-4 crosslinks cell surface 
receptors 

(ii) oligodendrocytes express 
galectin-4 cell surface receptors 

(i) immature neurons 
secrete galectin-4 
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Figure 8. Schematic model on the role of neuronal galectin-4 in OLG maturation. 
Immature, unmyelinated neurons express and release galectin-4 (i), while 
premyelinating OLGs transiently expressed galectin-4 cell surface receptors (ii). Upon 
galectin-4 binding, galectin-4 binding sites are crosslinked by the bivalent lectin (iii), 
which leads to reduced OLG maturation and, in a subset of OLGs, dedifferentiation 
along with proliferation (iv). Release of neuronal galectin-4 is inhibited at the onset of 
myelination in DRGN-OLG co-cultures (v), allowing OLG differentiation (vi) and 
myelination (vii). 

Consistently, treatment of co-cultures with anti-galectin-4 antibodies counteracted 

the effect of endogenous galectin-4 on OLG differentiation. However, relative to 

control co-cultures, in the anti-galectin-4 antibody-treated co-cultures, although 

containing similar numbers of MBP-positive OLGs, the number of myelinated axons 

was significantly lower. Presumably, the anti-galectin-4 antibody captures the 

endogenous galectin-4, as released by neurons, which precludes neuronal galectin-4 
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from binding to OLGs. As a result, a relatively premature onset of OLG terminal 

differentiation is triggered, implying an out-of-phase timing between myelination 

availability by OLGs and susceptibility by neuronal axons, thus leading to impaired 

myelination. Therefore, these findings suggest that galectin-4 might have a role in the 

fine tuning of the timing of myelination in preventing premature OLG differentiation, 

and that galectin-4 downregulation or an antagonistic action otherwise is a 

physiological prerequisite for the proper initiation of myelination. 

Consistent with its role as a negative regulator of myelination, galectin-4 expression 

and release was inversely correlated with the onset of myelination, i.e., in vitro and in 

vivo downregulation of galectin-4 expression coincided with the upregulation of 

myelin specific proteins MBP and PLP (Fig. 1 and 5). Interestingly, galectin-4 was 

expressed by both neurons and OLGs. In gray matter areas, as well as in the corpus 

callosum, the presence of neuronal galectin-4 diminished during the course of 

myelination, in agreement with results of a previous study reporting postnatal 

downregulation of galectin-4 in primary olfactory axons [169]. In contrast to a 

downregulation in neurons, in developing corpus callosum, galectin-4 was 

prominently present in the nucleus of OLGs at the onset of myelination. Moreover, 

also in vitro, galectin-4 expression was not dramatically downregulated upon OLG 

maturation. In fact, a prominent shift in localization of galectin-4 from cytoplasm in 

OPCs to nucleus in mature OLGs was observed, consistent with the reported role for 

endogenous galectin-4 in p27-mediated activation of the MBP promotor [177]. 

Importantly, whereas galectin-4 was expressed by both neurons and OLGs, only 

neurons released substantial amounts of galectin-4 and only pre-myelinating OLGs 

showed detectable levels of cell surface bound galectin-4, excluding autocrine effects. 

Hence, oligodendroglial galectin-4 acts endogenously in the nucleus to regulate MBP 

expression, whereas neuronal galectin-4, as revealed in the present work, (co

)regulates the timing of axonal myelination. 

Evidently, questions concerning the underlying mechanism(s) of galectin-4-mediated 

timing of OLG maturation remain to be determined. Nevertheless, it is apparent that 

the cross-linking properties of galectin-4 and the presence of the complete linker 

sequence are crucial in triggering an intracellular response that interferes with OLG 
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differentiation. Neither the separate N- and C-terminal subunits or a stoichiometric 

mixture of both nor linker-devoid galectin-4 are effective in this regard. Likely, 

binding to N-glycosylated receptors at the OLG surface is involved in subsequent 

signal transduction. Indeed, galectin-4 has also been demonstrated to bind to N

glycans on human colon cancer cells [325-327]. Interestingly, LINGO-1 and Notch are 

N-glycosylated OLG cell surface receptors that have been shown to negatively regulate 

OLG maturation [71, 76, 328]. Accordingly, galectin-4 might be a potential agonist for 

these receptors. However, using tagged-galectin 4, we detected receptors for galectin-

4 exclusively on primary processes, while they were only transiently present on 

mature pre-myelinating OLGs. Hence, galectin-4 could then only act as an agonist for 

these receptors when a differential N-glycosylated fraction of LINGO-1 and/or Notch 

is specifically targeted to primary processes. Alternatively, galectin-4 binds to sulfated 

glycosphingolipids with long chain-hydroxylated fatty acids [150, 320], especially 

sulfatide, a myelin lipid abundantly expressed at the surface of OLGs. Its role in 

paranode formation and myelin maintenance is well appreciated as well as its ability 

to act as a negative regulator in OLG differentiation, which could possibly result from 

an interaction with galectin-4 [63, 296, 297, 329]. Specific galectin-4 binding to 

primary processes might be acquired by differences in fatty acyl length and 2-

hydroxylation, which both increase during rat brain development [330-332]. Of 

interest, our preliminary antibody-exclusion data suggest that (tagged-)galectin-4 

showed a higher affinity towards galactosylceramide, another myelin-specific 

glycolipid, than sulfatide. However, since the effect of galectin-4 apparently relies on 

the presence of the two different CRDs, connected by a linker of correct size, the data 

thus indicate that galectin-4 likely binds to two different types of cell surface 

receptors. These issues thus warrant further investigations. 

Taken together, in the present study we demonstrated the emerging role of neuronal

derived galectin-4 as a novel negative regulator of OLG differentiation and, thereby, 

myelination. The exact mechanism(s) by which galectin-4 elicits these effects, the 

molecular nature of galectin-4 receptor(s) and the question whether galectin-4 may 

also act a regulatory signal for the timing of remyelination, following demyelination, 

are important issues that are currently under investigation. 

127 



Chapter 4 

Acknowledgements 
Authors would like to thank Andrew Jarjour and other members of ffrench-Constant 

lab (Edinburgh, UK) for helping setting up the DRGN-OLG co-cultures. M.S. is a 

recipient of a PhD fellowship from the School of Behavioral and Cognitive 

Neurosciences, University of Groningen, The Netherlands. This work in our laboratory 

is supported by grants from the Netherlands Foundation for the Support of MS 

Research ('Stichting MS Research', M.S., W.B., and D.H.), the Netherlands Organization 

of Scientific Research NWO (VIDI and Aspasia, to W.B), and EC grant agreement no. 

260600, GlycoHIT (H.-J. G.). 

128 



Chapter S 

Neuronal galectin-4, a negative 

regulator of myelination, is expressed 

in demyelinated lesions and promotes 

myelination in the presence of the 

myelination inhibitor fibronectin 

Mirjana Stancic, Mic hel ]. Vos, Mar ta Olah, Miriam van Strien, 
Jac k van Horssen, Paul van der Valk, Hans-]. Ga bius, Dick 

Hoekstra  and Wia Baron 



Chapter 
5 

Abstract 

Neuron-derived molecules and components of the extracellular matrix (ECM) are 

potent regulators of oligodendrocyte (OLG) differentiation and myelination during 

brain development, and in demyelinating diseases, such as multiple sclerosis (MS). 

Previously, we have identified galectin-4 as a novel negative, neuronal regulator in the 

timing of developmental myelination, preventing premature OLG differentiation. In 

the present study we investigated whether galectin-4 plays a similar regulatory role 

during demyelination, thereby precluding effective remyelination in MS lesions. Our 

findings revealed that galectin-4 is indeed expressed by virtually all axons in MS 

lesions, and is also apparent upon cuprizone-induced demyelination, whereas its 

appearance is rare in control white matter and in actively demyelinating cr-EAE 

lesions. The latter observation was taken to suggest that its expression is not an 

immediate effect upon demyelination. Remarkably, activated microglia/macrophages 

also harbor galectin-4, localizing in MS lesions and in inflammatory infiltrates at the 

relapse phase in cr-EAE. Most interestingly, galectin-4 eliminates the myelin

inhibiting effect of fibronectin (Fn), an ECM protein that is also expressed upon CNS 

demyelination. Thus, our data demonstrate that in myelinating cultures plated on 

either cultured MS-derived or normal human astrocytes, galectin-4 treatment most 

strongly promotes myelination in cultures plated on MS-derived astrocytes, which 

express higher levels of Fn. Similarly, upon Fn downregulation in astrocytes, galectin-

4 treatment did not influence myelination, whereas in control cultures, galectin-4 

treatment significantly increased myelination. Hence, rather unexpectedly, in contrast 

to their individual activities as negative regulators of myelination, the simultaneous 

presence of both galectin-4 and Fn may effectively promote myelination. Our findings 

may provide novel tools for improving remyelination in demyelinated MS lesions. 
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Introduction 
Remyelination in multiple sclerosis (MS) lesions is often insufficient, despite the 

presence of oligodendrocyte progenitors in most lesions [97, 222]. Many parameters 

are involved in remyelination failure, including axonal damage, dysregulation of the 

cellular and extracellular microenvironment within the lesions and/or failure of OPC 

recruitment [98]. Therefore, to develop novel and effective therapeutic strategies for 

remyelination in MS, it is essential to identify environmental ( signalling) 

abnormalities that hamper remyelination in MS lesions. 

Soluble cellular signals together with many extracellular matrix (ECM) proteins form a 

very dynamic and complex signaling network that, next to the intrinsic 

oligodendrocyte (OLGs) machinery, controls OLG development [34, 115]. This 

signaling network, rather than a single signal, creates an environment which, at 

healthy physiological conditions, is permissive for OLG differentiation. However, at 

pathological conditions, as observed in MS lesions, OLGs fail to successfully 

remyelinate denuded axons during the course of disease [103, 222]. Partially, this is 

due to changes in the surrounding ECM, which lead to the formation of a restrictive 

environment for OLG differentiation [104, 107, 108, 222]. Fibronectin (Fn) is one of 

the ECM proteins known to impede formation of myelin membranes in vitro and in 

vivo through binding to integrin receptors on the OLG surface (Stoffels et al., 

submitted; [112-115]). Whereas Fn appears to be absent from healthy adult brain 

parenchyma, it is ubiquitously present in MS lesions and in lesions, occurring in 

experimental animal models of demyelination [109, 111, 333, 334]. 

In addition to astrocyte-mediated ECM remodeling, several neuronal-derived proteins 

that are important negative regulators during developmental myelination, such as 

PSA-NCAM and LINGO-1, are re-expressed upon demyelination [76, 78, 335]. We have 

recently identified galectin-4, which is downregulated at the onset of myelination, as a 

novel soluble neuronal factor that is involved in the regulation of the timing of 

myelination by preventing premature OLG differentiation (Chapter 4). In the present 

study, we have explored whether galectin-4 might fulfil a similar regulatory role upon 

demyelination. As galectins are matricellular proteins, and able to bind Fn or its 
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receptors, i.e., integrins [217, 336], we examined in addition whether galectin-4 could 

interfere with the inhibitory effect of Fn on myelination. Our findings revealed, that 

galectin-4 is expressed upon demyelination, and most intriguingly, that the presence 

of both myelination-inhibiting components, i.e., galectin-4 and Fn, induced OLG 

differentiation and maturation into mature myelin membrane producing OLGs in vitro. 
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Material and methods 

MS lesions 

Huma n  autopsy brain m aterial 

Human post-mortem paraffin-embedded or frozen brain material from 23 patients 

with clinically diagnosed and pathologically confirmed MS (14 (chronic) active lesions, 

mean post-mortem delay 7 hrs 33 min; 9 chronic inactive lesions, mean post mortem 

delay 8 hrs] and 11 subjects without neurological diseases (mean post mortem delay 

10 hrs 5 min) were obtained from the Dutch Brain Bank according to a procedure as 

detailed previously (232]. Further characteristics of the used brain autopsy material, 

identification and classification of white matter lesions were described previously 

(Chapter 2; (267]). All patients and controls had given informed consent for autopsy 

and use of their brain tissue for research purposes. 

Imm u no histoc hemistry 

Cryosections. Cryosections (10 µm) were air-dried and fixed in acetone for 10 min at 

room temperature (RT). After three washes with 0.01 M phosphate buffer saline (pH 

7.3; PBS) sections were incubated with primary antibodies, i.e., anti-PLP (1:500; IgG, 

Serotec, UK), anti-MHC II (clone LN3, 1:100; (242]) or anti-galectin-4 antibodies (5 

µg/ml; (230]) diluted in 1 % bovine serum albumin (BSA; Sigma, St. Louis, MO) in PBS 

for 1 hr at RT. Sections were washed in PBS and incubated with appropriate 

secondary antibodies (DAKO Real En Vision™ /HRP, Rabbit/Mouse K5007; 

DakoCytomation, Glostrup,) for 30 min at RT. Peroxidase activity was visualized by 

30% 3,3-diaminobenzidine (DAB, Sigma). Sections were counterstained with 

hematoxylin, mounted in DEPEX (VWR International, Lutterworth, UK) and analyzed 

with bright field BXS0 Olympus microscope using Cell B software. For double

immunohistochemical fluorescence staining, acetone fixed cryosections were stained 

and analyzed as described previously (267]. 
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Paraffin-embedded tissue. 5 µm thick sections on PolysineT,., glass slides (Thermo 

Scientific) were deparaffinized and washed extensively in PBS. Subsequently, sections 

were incubated in 10 mM citrate buffer (pH 6) at 125°C for 10 min, followed by 0.5 M 

sodium acetate (NaAc) for 5 min at RT (antigen retrieval). Unspecific staining was 

blocked and cells were opened by incubation with 10% normal goat serum (NGS; 

Vector laboratories, Burlingame, CA) and 0.3% Triton X-100 in PBS, respectively, for 1 

hr at RT. Primary antibodies, i.e., anti-galectin-4 antibody (5 µg/ml, [230]) and TuJl 

(1:100, kind gift of dr. A. Frankfurter, Charlottesville, VA [337]) were co-incubated in 

1% NGS and 0.1% Triton X-100 in PBS overnight at 4°C. After extensive washing with 

PBS, galectin-4 and TuJl were visualized with appropriate TRITC- or FITC-conjugated 

secondary antibodies (1:50; Jackson ImmunoResearch, West Baltimore Pike, PA) for 3 

hrs at 4°C. All fluorescently labeled sections were analyzed with a confocal laser scan 

microscope Leica SP2 AOBS CLSM (Leica Microsystems, Heidelberg, Germany) 

equipped with Leica Confocal Software. Fluorescence images were acquired 

sequentially. 

Experimental anim al models 

Chronic relapsing experimental autoimmune encephalomyelitis 
[cr-EAE) 

Cr-EAE was induced in adult male DA rats (Harlan, Horst, The N etherlands) as 

described previously [338]. Briefly, animals were immunized intradermally with 75 

µg of recombinant rat myelin oligodendrocyte glycoprotein (amino acids 1-125) in 

incomplete Freund's adjuvant (IFA; Difeo, Detroit, MI) and 10 mM NaAc (pH 3.0). 

Control animals received IFA and NaAc only. Animals were weighed and examined 

daily for neurological symptoms and at the relapse phase (25 days post injection) 

sacrificed by decapitation. Spinal cords were dissected, frozen in liquid nitrogen and 

kept at -80°C until further use. Alternatively, for immunohistochemical studies, spinal 

cords were embedded in Tissue-Tek (Sakura, Zoeterwolde, The Netherlands), frozen 

in liquid nitrogen and kept at -80°C until further use. All experimental procedures 
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were approved by the Animal Experimental Committee of the VU University Medical 

Center (Amsterdam). 

Cuprizone-induced demyelination 

Adult male C57Bl/6 mice (Harlan) were fed with 0.2% cuprizone (Sigma) mixed with 

standard powder chow (Ab diets; Cat. No. 2103) for 5 weeks after which animals were 

sacrificed (demyelination) [339]. Alternatively, animals were left to recover after 

cuprizone diet for 2 weeks (remyelination) and sacrificed. Control animals were fed 

with standard chow powder alone. For immunohistochemical analysis, isolated brains 

(3 animals per condition) were fresh frozen in liquid nitrogen and kept on -80°C until 

further processing. For biochemical analysis, the corpus callosum was dissected under 

a dissection microscope; tissue lysates were dissolved in RIPA buffer and kept on -

20°C until further processing. All conducted experiments were approved by the 

Institutional Animal Care and Use Committee of the University of Groningen. 

Im m u no hi sto chemistry 

Rat tissue (cr-EAE). Cryosections (10 µm) were air-dried for 3 hrs at RT and fixed in 

ice cold acetone for 20 min. Endogenous peroxidase was blocked with 0.3% H 2 0 2 

in PBS for 20 min at RT. Unspecific staining was blocked and cells were opened by 

10% NGS and 0.3 % Triton X-100, respectively, followed by incubation with primary 

anti-galectin-4 antibody (5 µg/ml, diluted in 2% NGS and 0.1 % Triton X-100 in PBS) 

overnight at 4°C. Sections were washed with PBS and incubated with the appropriate 

Histofine® Simple Stain MAX AP secondary antibodies (Nichrei Bioscience, Tokyo, 

Japan) for 50 min at RT, followed by washes with PBS and 50 mM Tris-buffered saline 

(TBS; pH 7.4). To visualize the probe, slides were incubated with 30% DAB in TBS 

containing 0.03% H 2 0 2 • Finally, sections were counterstained with hematoxylin, 

dehydrated in series of alcohol, followed by xylol and mounted in DEPEX. For 

immunofluorescent double stainings, cryosections were fixed with acetone for 10 min 

at RT and washed extensively in PBS. Sections were incubated in 5% NGS and stained 

with EDl (1 :50, kind gift of Dr. Christien Dijkstra, VUmc, Amsterdam, the Netherlands) 
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diluted in 1 % NGS overnight at 4°C. After PBS washing, staining was visualized by 

immunofluorescent labeling with Alexa-546-conjugated goat anti-mouse (Invitrogen, 

1:400) secondary antibody for 45 min at RT. Subsequently, sections were incubated 

with 0.1 % Triton X-100 for 30 min at RT, followed by incubation with anti-galectin-4 

antibody (5 µg/ml) overnight at 4°C. Galectin-4 staining was visualized with Alexa-

488-conjugated goat anti-rabbit (1:400). Nuclei were counterstained DAPI (1:1000; 

Sigma). Finally, coverslips were mounted in Dako mounting medium and analyzed 

with a conventional fluorescence microscope (Provis AX70, Olympus, New Hyde Park, 

NY), equipped with analySIS software. Fluorescence images were processed using 

Adobe Photoshop CS3. 

Mouse brain tissue (cuprizone). Cryosections (16 µm) were air-dried overnight and 

subsequently fixed in ice-cold acetone for 15 min at RT. Unspecific staining was 

blocked and cells were opened by incubation with 5% NGS and 0.5% Triton X-100, 

respectively, for 2 hrs at RT. Sections were further co-incubated with either anti

galectin-4 (5 µg/ml) or anti-MBP antibodies (1:10; Serotec) or anti-galectin-4 and 

anti-NF-H antibodies (1:5000; EnCor Biotechnology Inc, Gainesville, FL) diluted in 1 % 

NGS overnight at 4°C. Following extensive PBS washing, sections were incubated with 

appropriate Alexa-conjugated secondary antibodies (1:400) and DAPI (1:1000) 

diluted in 1 % NGS for 30 min at RT. Slides were mounted in Dako mounting medium 

and analyzed with a conventional fluorescence microscope (Provis AX70, Olympus, 

New Hyde Park, NY), equipped with analySIS software. Fluorescence images were 

processed using Adobe Photoshop CS3. 

Cell cultures 

Human astrocyte cultures 

Human adult post-mortem astrocytes were obtained from corpus callosum or 

subcortical white matter of healthy donors and MS patients, and cultured as described 

previously [233]. Used astrocyte cultures were at least 99% pure and the purity of the 

cultures was routinely verified by staining for GFAP and CD68. For biochemical 

analysis, astrocytes were plated on 10 cm dishes (0.8 x 106/dish, 6 ml/dish; Nunc 
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Thermo Fischer Scientific, Roskilde, Denmark) in medium (1:1 v/v DMEM 

(Glutamax™-1; Gibco BRL Life Technologies, Paisley, Scotland)/HAMF10 with L

glutamine (Bio Whittaker™, Lonza, Verviers, Belgium) supplemented with 10% v /v 

fetal calf serum (FCS; Bodinco, Alkmaar, The Netherlands) for 48 hrs. For myelinating 

spinal cord cultures, astrocytes were plated on poly-L-lysine (PLL; 5 µg/ml, Sigma) 

coated 13 mm coverslips (VWR, Amsterdam, The Netherlands) at density of 

60,000/coverslip (500 µI/well) for 3 days. 

Primary rat glial monocu ltures 

Primary oligodendrocytes (OLGs) were cultured as described previously [268]. 

Briefly, cortices obtained from 1-3 days old Wistar rats (Harlan) were dissociated in 

papain and cultured in DMEM (Gibco, Paisley, Scotland), supplemented with 10% FCS, 

L-glutamine (Gibco, Invitrogen, Paisley, UK) and penicillin/streptomycin (P /S, 

Invitrogen) on PLL-coated (5 µg/ml) 80 cm2 flasks (Nunc). After 10-12 days in culture, 

oligodendrocyte progenitor cells (OPCs) grown on top of astrocyte layer were 

collected by a shake-off procedure [309]. OPCs were cultured on PLL-coated (5 µg/ml) 

or Fn (10 µg/ml; Sigma) coated 8 well Permanox chamber slides (Nunc; 400 µl; 15,000 

cells/well) in a defined SATO medium [114] in the presence of 10 ng/ml PDGF-AA 

(Peprotech, Rocky Hill, NJ) and 10 ng/ml FGF-2 (Peprotech). After 48 hrs, 

differentiation was induced by growth factor withdrawal and cells were cultured in 

SATO supplemented with 0.5% FCS. 3 days after initiating differentiation, immature 

OLGs were treated with either vehicle (PBS) or human recombinant galectin-4 (0.25 

µM; [258, 310]) for 4 days. 

Primary astrocytes. The astrocyte monolayer was trypsinized and passaged once 

before cells were plated on 10 cm dishes (1x106 cells/dish; 6 ml/dish; Costar) for 

biochemical analyses for 48 hrs in 10% FCS/DMEM. For myelinating spinal cord 

cultures, astrocytes were plated on PLL-coated (5 µg/ml) 13 mm coverslips (VWR) at 

density of 60,000/coverslip in 10% FCS/DMEM (500 µIjwell) for 3 days. 
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Myelinating spinal cord cu ltures 

Myelinating spinal cord cultures were generated from 15 days old Wistar embryo's 

(Harlan), as described before, with minor modifications [319]. Briefly, meninges were 

removed from isolated spinal cords and minced with a scalpel blade in Leibowitz L-15 

medium (Sigma). Enzymatic digestion was achieved by adding 100 µI of 2.5% trypsin 

solution (Sigma) and 80 µI of liberase (2.5 mg/ml; Roche) for 20 min at 37°C. To stop 

digestion, 1 ml of SD solution [0.52 mg/ml trypsin soybean inhibitor (Sigma); 0.04 

mg/ml bovine pancrease DNase (Roche); 3 mg/ml BSA) in L-15 medium] was added 

for 3 min. Next, cells were gently triturated and centrifuged at 1000 rpm for 5 min. 

The cell pellet was resuspended in plating medium (PM; 50% DMEM [Gibco]; 25% 

horse serum [Invitrogen]; 25% HBSS [Gibco] and 2 mM glutamine), and cells were 

plated onto 13 mm coverslips with the indicated astrocyte monolayer at a density of 

150,000 cells/coverslip (500 µI/well). After 2 hrs, 500 µI of differentiation medium 

[(DM); DMEM supplemented with 1 mg/ml holotransferin (Sigma), 20 mM putrescine 

(Sigma), 4 µM progesterone (Sigma), 6 µM selenium (Sigma), 10 ng/ml biotin (Sigma), 

50 nM hydrocortisone (Sigma) and 10 µg/ml insulin (Sigma)] was added. Half of 

medium was replaced every second day with fresh DM. After 12 days in vitro (div), 

insulin was omitted from DM. At day 10, cultures were treated with vehicle (PBS) or 

0.05 µM recombinant human galectin-4 [258, 310]. Recombinant galectin-4 and 

vehicle were added upon each medium change, i.e., every 2 days. The cultures were 

analyzed at 26-28 div. 

Constructs 

Lentiviral-mediated knockdown of gene expression was performed using the 

pHR'trip-PGK-eGFP-WPRE-Hl vector. For this purpose, the vector was modified to 

allow for insertion of different short hairpins. In short, the pHR'trip-PGK-eGFP-WPRE

Hl vector was amplified with two opposing primers containing either the recognition 

sequence for Asel (5'- CGTGGCGCGCCATCTGTGGTCTCATACAGAACTT-3') or Sbfl (5'

CGTCCTGCAGGGGAAAAGCTTATGAA TTCGGC-3') and self-ligated ( restriction sites 

underlined). PCR amplification was performed using Pfu turbo DNA polymerase 
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(Stratagene, Cedar Creek, TX) . Short hairpin constructs cloned into the modified 

vector had the following topology: S '-acaaGGCGCGCC(Nl  9-23)actcgaga(N19-

23c)gtttttCCTGCAGGacaa-3' (Asel and Sbfl restriction sites in capital). The target 

sequence for rat fibronectin (NCBI reference sequence NM_0l 9143) used was 

GCTCAGTATTATTGTCTAA, located in the 3'UTR (mRNA nucleotide position 7885-

7903). As a control (mock RNAi) pHR'-PGK-eGFP-Renilla-RNAi was used, encoding a 

short hairpin targeting renilla luciferase mRNA (kind gift of Dr. J.J. Schuringa, UMCG, 

Groningen, The Netherlands). Ordered DNA oligonucleotides (Biolegio, Nijmegen, The 

Netherlands) encoding the short hairpin for fibronectin knockdown were primed with 

a reverse primer (5'-TTGTGCCTGCAGGAAAAA-3') and filled in using Phi29 DNA 

polymerase (New England Biolabs, Ipswich, MA). Reaction conditions (20 ul) for 

nucleotide fill in were as follows: 40 pmoles of each primer, 50 mM dNTPs, lOU Phi29 

DNA polymerse, lx New England Biolabs reaction buffer 4, 0.2 mg/ml BSA. The 

reaction was incubated for 20 min at 30°C followed by an inactivation step of 10 min 

at 65°C. The reaction volume was increased to 49 µl using lx New England Biolabs 

reaction buffer 4 and overnight digested with SU of Asel and SU Sbfl. After heat 

inactivation of the restriction enzymes, the double stranded, and digested, DNA from 

the reaction was precipitated using two volumes of ice cold absolute ethanol. A 1 hr 

incubation at -80°C was followed by a centrifugation step (30 min at 0°C, > 10000g) .  

The pellet was washed carefully with 96% ethanol followed by centrifugation (10 min 

at 4°C, >10000g) . The pellet was air-dried (10 min 37°C) and resuspended in 20 µl 

H 2 0. Ligation was performed using 1 µl of hairpin DNA and 150ng of digested 

modified pHR'trip-PGK-eGFP-WPRE-Hl. 

Lentiviral transduction  

Lentivirus was produced in HEK293T cells via calcium phosphate transfection o f  the 

constructs, packaging and envelop plasmids (pRSV-Rev and pMD.G). Two days after 

transfection, cells were washed with 0.01 M PBS, conditioned medium was collected 

after 24 hrs, filtered through a PVDF membrane based filter (0.45 µm) and either used 

immediately or stored frozen at -80°C. Primary astrocytes, plated in 75 cm2 flasks 
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(Costar; 2.6 x 106 cells/flask) were transduced using 5 ml of previously collected virus 

medium (v/v 2:3 in 10% FCS/DMEM) overnight at 37°C, after which cells were left to 

recover in 10% FCS/DMEM for 48 hrs. 

Im m unocytochem istry 

Monocultures. Live mature OLGs (mOLGs, 9 days after initiating differentiation) were 

first incubated with 4% BSA in PBS for 10 min at 4°C, followed by incubation for 30 

min at 4°C with Ranscht-mAb (R-mAb, recognizing the myelin typical lipids 

galactosylceramide and sulfatide, a kind gift of Dr. Guus Wolswijk [269]). Cells were 

washed 3 times with ice-cold PBS, and incubated for 25 min at 4°C with appropriate 

TRITC-conjugated secondary antibody (1:50; Jackson Immunoresearch). After 

washing 3 times with PBS, cells were fixed with 4% paraformaldehyde (PFA). 

Alternatively, for staining of internal antigens, mOLGs were fixed with 2% PFA for 15 

min, followed by 4% PFA for 15 min at RT. Cells were permeabilized with ice-cold 

methanol for 10 min. After 30 min blocking with 4% BSA, cells were incubated for 60 

min with anti-MBP antibody (1:10; Chemicon) at RT. Next, cells were washed with 

PBS, and incubated for 25 min with appropriate TRITC-conjugated secondary 

antibody (1:50). Primary and secondary antibodies were diluted in 4% BSA. Nuclei 

were counterstained with 1 µg/ml DAPI. Slides were mounted in Dako mounting 

medium and analyzed with a conventional fluorescence microscope (Provis AX70, 

Olympus, New Hyde Park, NY) equipped with analySIS software. 

Spinal cord cultures. Spinal cord cultures were fixed twice in 4% PFA for 15 min at RT, 

washed with PBS and incubated at RT in 0.5% TX-100 in 5% NGS for 40 min. Cells 

were washed 3 times with PBS, and incubated for 2 hrs at RT with primary anti-MBP 

(1:250; Serotec) and anti-NF-H antibodies (1:5000; EnCor Biotechnology, Inc, 

Gainesville, FL) diluted in 2% NGS. Staining was visualized by incubation for 30 min at 

RT with appropriate Alexa-conjugated secondary antibodies diluted in 2% NGS 

(1:500; Invitrogen). Coverslips were mounted in Dako mounting media. All analyses 

were performed using a confocal laser scan microscope (Leica SP2 AOBS CLSM, Leica 

Microsystems, Heidelberg, Germany) equipped with Leica Confocal Software. 
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Fluorescence images were acquired sequentially and processed using Adobe 

Photoshop CS3. Data were obtained from 2-3 independent experiments, while in each 

experiment 5-10 images at 20x magnification per coverslip and 1-3 coverslips per 

condition were analyzed. Quantification of axonal density and myelination has been 

described in detail elsewhere [318]. Briefly, using NF-H staining, axonal density was 

first measured in ImageJ as a percentage of the total area of the image. In order to 

exclude immunoreactivity associated with OLG cell bodies, myelination was manually 

traced in Adobe Photoshop Elements. The percentage of myelinated axons was 

calculated in ImageJ using macro (a kind gift from S. Barnett, Glasgow, UK) as an area 

in pixels in each image occupied by both myelin and axons divided by the axonal 

density. In each independent experiment the percentage of myelinated axons in 

vehicle-treated ( control) or cultures was set at 100%, and myelination in treated 

spinal cord cultures was calculated as a percentage of vehicle-treated cultures. Data 

are presented as a mean ± SD. Statistical analyses were performed using one-sample t

test (GraphPad Prism 5). 

Common procedures 

Western blot analysis 

Cells were harvested by scraping into sterile 0.01 M PBS followed by centrugation for 

7 min at 7000 rpm. Pellets were lysed in TNE-lysis buffer (SO mM Tris-HCl, 5 mM 

EDTA, 150 mM NaCl, 1% Triton X-100 and a cocktail of protease inhibitors [Complete 

Mini; Roche Diagnostics, Mannheim, Germany]) for 30 min on ice and subjected to 

protein determination using Bio-Rad De Protein Assay (Bio-Rad Laboratories, Irvine, 

CA). Equal amount of proteins (20 µg) were loaded on 12.5% SDS-polyacrylamide gels 

and transferred to Immobilon-FL transfer membrane (Millipore, IPFL00010, Bedford, 

MA) using a semi-dry blotting system. Membranes were blocked in Odyssey blocking 

buffer for 40 min (1:1 with PBS; Li-Cor Biosciences, Lincoln, NE), followed by 

incubation with the anti-fibronectin (1:500; Millipore), anti-galectin-4 (5 µg/ml) or 

anti-actin (1:1000; IgGl, Sigma) antibodies overnight at 4°C. After washing three 

times with PBS containing 0.05% Tween-20, membranes were incubated for 40 min 
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with the appropriate IRDye®-conjugated secondary antibodies (Li-Cor Biosciences). 

Signals were detected using the Odyssey Infrared Imaging System (Li-Cor Biosciences) 

and analyzed using Odyssey V3.0 analysis software. For consecutive analyses with 

different antibodies, the membranes were stripped with 25 mM glycine and 1 % SOS at 

pH 2.0 for 15 min at RT. 
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Results 
Increased axonal galectin-4 im m unoreactivity in corp us 
callosum upon cuprizone-induced demyelination 

We have recently identified galectin-4 as a novel negative, neuronal regulator of 

myelination. To assess whether galectin 4 may also play a role during remyelination, 

we first examined galectin-4 expression upon cuprizone-induced demyelination. 

Exposure to cuprizone, a copper chelator, induced massive demyelination in large 

areas, including the corpus callosum, as a consequence of specific ablation of mature 

oligodendrocytes. Upon cuprizone removal, demyelination is followed by spontaneous 

and robust remyelination [340-342]. When mice were fed for 5 weeks with 0.2% 

cuprizone, demyelinated areas, as visualized by immunostaining for the myelin 

marker MBP, were readily observed in the corpus callosum (arrow; Fig. lA). 

Interestingly, galectin-4 immunoreactivity was specifically present in demyelinated 

lesions of the corpus callosum, whereas galectin-4 expression was very low in corpus 

callosum of control animals (Fig. lA). Double immunostaining of galectin-4 with the 

axonal marker NF-H revealed that galectin-4 was localized to axons (Fig. 18), 

consistent with its expression during developmental myelination (Chapter 4). Two 

weeks after removal of cuprizone, i.e., during remyelination as evidenced by the 

restoration of MBP, galectin-4 staining decreased to basal, control levels (Fig. lA). 

Notably, Western blot analysis of total lysates of dissected corpus callosum revealed a 

25-35% increase in galectin-4 expression in demyelinated corpus callosum as 

compared to control or upon remyelination (Fig. lC). 

Hence, these findings show that galectin-4 levels in the corpus callosum are 

transiently upregulated upon cuprizone-induced demyelination, followed by galectin-

4 downregulation at remyelination. To further examine whether galectin-4 expression 

is a natural response to demyelination, we next examined galectin-4 expression in 

chronic relapsing experimental autoimmune encephalomyelitis (cr-EAE). 
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Figure 1. Galectin-4 expression and localization upon cuprizone-induced 
demyelination. A) Immunohistochemical stainings for MBP (red, myelin marker) and 
galectin-4 (green) of corpus callosum were performed on cryosections from control 
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mice (control), mice after 5 weeks of 0.2% cuprizone diet (demyelination), and mice 
after 2 weeks upon cuprizone removal (remyelination). Nuclei were visualized by 
DAPI. Representative images of 3 animals per condition are shown. Scale bar 100 µm. 
Note that galectin-4 expression was upregulated in demyelinated areas, as evident by 
the absence of MBP expression, and downregulated upon remyelination. B) Double 
immunohistochemical analysis showed co-localization of galectin-4 (green) and NF-H 
(red; axonal marker) in demyelinated areas. Scale bar 20 µm. C) Western blot analysis 
of galectin-4 expression in corpus callosum. of control mice, mice after 5 weeks of 
0.2% cuprizone diet (demyelination), and mice after 2 weeks upon cuprizone removal 
(remyelination). Note the 25%-35% increase in galectin-4 expression during 
demyelination as compared to control or remyelination. 

Increased microglial galecti n-4 immu noreacti vity in  spi n al cord 
i n  chronic relapsing experimental autoimmune 
encephalomyelitis ( cr-EAE) 

Cr-EAE is a widely accepted model that shares similarities with MS, including an early 

increase in blood-brain barrier permeability, infiltration of mononuclear cells, 

occasional demyelination and axonal loss, and a relapsing-remitting pattern [343, 

344]. Western blot analysis revealed that at the first relapse in cr-EAE galectin-4 

protein levels in the spinal cord were upregulated by 15-25% as compared to control 

rats (Fig. 2A). In spinal cord white matter of cr-EAE, galectin-4 immunoreactivity was 

localized to inflammatory lesions, neuronal cell bodies and to cells with morphological 

features resembling microglia in NAWM (Fig. 2B). Notably, not all inflammatory 

lesions were positive for galectin-4. Double labeling with EDl, confirmed that 

galectin-4 positive cells in inflammatory lesions and NAWM were activated 

microglia/macrophages (arrow and arrowhead, respectively; Fig. 2C). Remarkably, 

and in contrast to cuprizone-induced lesions, galectin-4 was hardly, if at all present in 

axons, although neuronal cell bodies in the spinal cord grey matter were galectin-4 

positive (arrow; Fig. 2B). 

Thus, galectin-4 was present in cr-EAE during the relapse phase at most inflammatory 

lesions, and was mainly localized to activated microglia/macrophages. Given the lack 

of axonal galectin-4 expression, and the fact that inflammatory lesions in cr-EAE are 

actively demyelinating lesions, these findings might indicate that galectin-4 

expression in axons is not an early event upon demyelination. To further examine a 
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role for axonal galectin-4 in de- and remyelination, we next analyzed galectin-4 

expression in MS lesions. 
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Figure 2. Ga/ectin-4 expression and localization at the relapse phase of cr-EAE. A) 
Western blot analysis of galectin-4 expression in spinal cords isolated from control 
rats and rats at the relapse phase of cr-EAE. Note the 15-25% increase in galectin-4 
expression in cr-EAE as compared to control rats. B) Galectin-4 distribution in spinal 
cord at the relapse phase of cr-EAE. Scale bar is 500 µm. Note the expression of 
galectin-4 at inflammatory infiltrates and in normal appearing white matter (NAWM; 
see insets, scale bar is SO µm), as well as galectin-4 positive neuronal cell bodies 
(arrow). C) Double immunohistochemical analysis showed co-localization of galectin-
4 (green) and ED-1 (activated microglia/monocytes marker; red) in inflammatory 
infiltrates (arrow) and NAWM (arrowhead) at the relapse phase of cr-EAE. 
Representative images of 3 animals are shown. Scale bar is 20 µm. 
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Galectin-4 immuno reactivity is inc reased in axons and activated 
mic roglia/macrophages in MS lesions 

In contrast to cr-EAE inflammatory demyelinating lesions, post-mortem MS lesions 

are mostly demyelinated, as evidenced by lack of PLP expression (Fig. 3A, B). To 

assess whether galectin-4 is expressed on axons in demyelinated MS lesions, we next 

examined galectin-4 expression in control white matter (CWM), active and chronic 

active MS lesions. Immunohistochemical analysis revealed increased galectin-4 

immunoreactivity in active MS lesions as compared to surrounding normal appearing 

white matter (NAWM, Fig. 3A). At a higher magnification, in CWM, i.e., tissue without 

histopathological signs of inflammation or demyelination, galectin-4 staining was 

occasionally detected on axons (arrowhead) and cells with typical microglia 

morphology (arrow) (Fig. 3B). Interestingly, the density of galectin-4 positive axons 

was increased in active and chronic active MS lesions as compared to CWM. In 

addition, more thick galectin-4 positive axons were detected in MS lesions as 

compared to NAWM or CWM. Double labeling with the activated 

microglia/macrophages specific marker MHC II confirmed that in active and chronic 

active MS lesions, galectin-4 localized to activated microglia/macrophages (Fig. 3C). 

Furthermore, double labeling with axon-specific tubulin III � (TuJl) confirmed 

galectin-4 expression on axons in both (chronic) active and chronic inactive MS 

lesions (Fig. 3 D). Notably, previously we reported relatively low but similar levels of 

mRNA for galectin-4 in CWM and white matter MS lesions, indicating that galectin-4 

mRNA likely resides in neuronal cell bodies (Chapter 2; [267]). 

Taken together, galectin-4 is expressed in axons in demyelinated MS lesions. In 

addition, and in contrast to in vitro observations (Chapter 4), galectin-4 is expressed 

in activated microglia/macrophages. Clearly, given the role of galectin-4 in regulation 

of the timing of myelination, its presence does not necessarily imply that 

remyelination will fail. In fact, the potential involvement of other proteins, (re

)expressed upon demyelination, should also be taken into account. Fn is of particular 

interest in this regard as it accumulates in MS lesions [110, 111], and has been shown 

to interfere with myelination in vitro and in vivo (Stoffels et al., submitted; [110, 112-

115]). 
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Figure 3. Galectin-4 expression and localization in parenchyma of control white 
matter (CWM) and multiple sclerosis (MS) lesions. Serial cryosections of CWM, 
active and chronic active MS lesions were stained for MHC II (activated 
microglia/macrophages marker), PLP (myelin marker), and galectin-4. Arrows point 
to cells morphologically resembling activated microglia/macrophages; arrowheads 
point to axons. Note the increased galectin-4 immunoreactivity at the border of active 
MS lesions (A, scale bar is 200 µm) and the prominent galectin-4 staining in the center 
of active and chronic active MS lesions (B, scale bar is SO µm). C) Double 
immunostainings confirmed the presence of galectin-4 (red; arrow) in activated 
microglia/macrophages (MHC II; green; in (chronic) active MS lesions and D) axons in 
chronic inactive lesions (TuJl marker; green). 

As members of the galectin family are known to bind to integrins and Fn [281, 345], 

we next examined whether galectin-4 might modulate the inhibitory effect of Fn on 

myelination. 

Galectin-4  overcomes the inhibitory effect of plasm a and 
cellular fibronectin on myelination 

Given the disruption of the blood-brain barrier in MS, plasma Fn will leak from the 

blood circulation into the brain and accumulate in MS lesions [109, 111]. To simulate 

this condition, we investigated the effect of galectin-4 on OLGs, cultured on plasma Fn. 

As expected and consistent with previous reports [112, 113, 115], OLGs plated on 

plasma Fn are morphologically immature, i.e., staining with R-mAb, an antibody that 

recognizes the OLG typical glycolipids galactosylceramide and sulfatide, revealed only 

occasional presence of secondary processes (Fig. 4A). In addition, most MBP-positive 

oligodendrocytes do not form myelin-like membrane (Fig. 4A). Intriguingly, 

subsequent treatment of OLGs, grown on Fn, with 0.25 µM recombinant human 

galectin-4 essentially reversed the Fn-induced inhibitory effect on myelination (Fig. 

4A, galectin-4). Approximately 3 fold increase in the number of OLGs forming MBP

positive myelin-like membranes was observed as compared to cells cultured on Fn 

(Fig. 4A, B). 

Thus, in the presence of Fn, and in contrast to what we previously observed in case of 

cells grown on a inert substrate (poly-L-lysin) (Chapter 4), galectin-4 promotes rather 

than prevents OLG differentiation, which, furthermore, is reflected by similar numbers 
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of MBP-positive cells in the presence or absence of galectin-4 (Fig. 4B). Hence, 

galectin-4 might overcome the inhibitory effects of plasma Fn on myelin-like 

membrane formation. 
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Figure 4. Galectin-4 treatment promotes myelin-like membrane formation on 
fibronectin. Primary immature oligodendrocytes (3 days after initiating 
differentiation), plated on fibronectin, were treated with vehicle (PBS; control) or 0.25 
µM recombinant human galectin-4. After 4 days, oligodendrocyte morphology (R
mAb) and myelin-like membrane formation (MBP) were analyzed. A) 
Immunocytochemical analysis of vehicle (control) and galectin-4 treated 
oligodendrocytes. Scale bar is 20 µm. Note that galectin-4 treatment promotes myelin
like membrane formation on Fn. B) Quantitative analysis of OLG differentiation and 
myelin-like membrane formation in the presence of galectin-4. Differentiation was 
quantified as the percentage of MBP-positive cells, and myelin-like membrane 
formation as the % of MBP-positive cells that are bearing MBP-positive myelin sheets. 
The percentage of MBP-positive cells and myelin-like membrane forming cells in 
cultures treated with vehicle was set at 100 and each bar represents the mean ± SD of 
3 independent experiments (* p<0.05). Note that galectin-4 treatment significantly 
promoted the percentage of oligodendrocyte forming myelin sheets on fibronectin 
(384±102.3%) as compared to vehicle-treated cells. 

As reactive astrocytes are a source of cellular Fn [346, 34 7], we next examined 

whether astrocyte-derived cellular Fn could inhibit myelination. To this end, we made 

use of a recently developed in vitro myelinating culture system that relies on plating 

dissociated embryonic rat spinal cord cultures on a confluent monolayer of astrocytes 
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[319]. To verify the role of astrocyte derived Fn, expression of Fn was downregulated 

by 70-80 % (Fig. SA), compared to mock -transduced astrocytes, using lentiviral 

shRNA transduction. As shown in Figure 5, downregulation of Fn in the astrocytes that 

form the feeding monolayer increased myelination (Fig. SB, control, panels mock vs. 

shRNA Fn) by app. 3 fold (Fig. SC), suggesting that astrocyte-derived cellular Fn, like 

plasma Fn, effectively inhibited myelination. Interestingly, upon addition of 0.05 µM 

recombinant galectin-4 at day 10, i.e., at the onset of myelination, the % of myelinated 

axons increased in myelinating spinal cord cultures plated on mock-transduced 

astrocytes (Fig. SB,C; 273%), i.e., Fn producing cells. By contrast, addition of 

recombinant galectin-4 to myelinating cultures plated on astrocytes in which Fn 

expression was downregulated, hardly, if at all, modulated myelination (Fig. SB,C). 

Hence, these data indicate that in myelinating cultures with an astrocyte feeding layer, 

galectin-4 promotes myelination in the presence of Fn-containing astrocytes, and 

remarkably, does not significantly decrease myelination in the absence of astrocytic 

Fn. To determine whether this situation might also be valid in MS lesions, we next 

examined the effect of galectin-4 on myelination in myelinating spinal cord cultures 

with a feeding layer consisting of normal human astrocytes or MS-derived astrocytes. 

Galectin -4  promotes myelination in myelinating cultures plated 

on MS-derived astrocytes 

Post-mortem isolated astrocytes from patients diagnosed with MS and those isolated 

from individuals who did not show any symptoms of neurodegenerative diseases 

(normal astrocytes) were used as a feeding layer for the myelinating embryonic rat 

spinal cord cultures. As shown in Figure 6, myelination was significantly 

downregulated (by approx. 60 %) when the myelinating cultures had been plated on 

MS-derived astrocytes, as compared to cultures plated on normal astrocytes [Fig. 

6A,B; (white bars)]. To examine whether addition of galectin-4 modulated 

myelination, we treated myelinating cultures plated on normal or MS-derived 

astrocytes with vehicle or 0.05 µM recombinant galectin-4 at the onset of myelination 

(day 10). 
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Figure 5. Galectin-4 promotes myelination in spinal cord cultures only in presence 
of fibronectin. Embryonic rat myelinating spinal cord cultures were plated on a 
feeding monolayer of lentivirally transduced mock- (shRNA luciferase) or Fn-deficient 
astrocytes (shRNA Fn) and treated with vehicle (PBS; control) or 0.05 µM of 
recombinant human galectin-4 at 10 div. A) Western blot analysis of Fn expression in 
cell lysates (20 µg) of shRNA luciferase (mock) and shRNA Fn-transduced astrocytes 
(shRNA Fn). Actin served as a loading control. The relative expression of Fn to actin 
was downregulated by 70-80%. B) Spinal cord cultures at 28 div were stained for 
MBP (green, myelin marker) and NF-H (red, axonal marker). Representative images of 
vehicle- ( control) and galectin-4-treated spinal cord cultures plated on mock- or Fn
deficient astrocytes. Scale bar is 100 µm. C) Quantitative analysis of myelination in 
myelinating spinal cord cultures. The % of myelinated axons in cultures plated on 
mock-transduced astrocytes (mock) treated with vehicle (control) was set at 100 and 
each bar represents mean ± SD of 2-3 independent experiments (* p<0.05). Note that 
myelination in myelinating spinal cord cultures plated on Fn-downregulated 
astrocytes was upregulated, whereas galectin-4 treatment only promoted myelination 
on mock, i.e., Fn-containing astrocytes. 

Interestingly and consistently, as observed in case of the rat astrocytes (Fig. 5), 

addition of galectin-4 promoted myelination in cultures plated on normal human 

astrocytes, while an even higher extent of myelination was apparent in cultures plated 

on MS-derived astrocytes (Fig. 6B, i.e., 1.6 vs. 5.2 fold, respectively). 
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Figure 6. Galectin-4 promotes myelination in spinal cord cultures on MS-derived 
astrocytes. Post-mortem derived astrocytes from MS patients and control subjects 
(MS astrocytes and normal astrocytes, respectively) were used as a feeding monolayer 
for spinal cord cultures. Both co-cultures were treated with either vehicle (PBS; 
control) or 0.05 µM recombinant human galectin-4 at 10 div. A) Spinal cord cultures 
at 28 div were stained for MBP (green, myelin marker) and NF-H (red, axonal marker). 
Scale bar is 100 µm. B) Quantitative analysis of myelination in myelinating spinal cord 
cultures. The % of myelinated axons in cultures plated on normal astrocytes treated 
with vehicle ( control) was set at 100 and each bar represents mean ± SD of 2-3 
independent experiments (* p<0.05). Note that myelination in myelinating spinal cord 
cultures plated on MS-derived astrocytes was downregulated by app. 60% as 
compared to normal astrocytes, and that galectin-4 treatment increased myelination 
in cell cultures plated on normal astrocytes and to a higher extent on MS-derived 
astrocytes. C) Western blot analysis of Fn expression in cell lysates (20 µg) of normal 
and MS-derived astrocytes (MS). Actin served as a loading control. Note that Fn 
expression was slightly upregulated in MS astrocytes. 
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In line with the results presented in the previous paragraph (Fig. 5), this additional 

increase might be explained by the slightly higher cellular expression of Fn, observed 

in MS-derived astrocytes (Fig. 6C) and significant formation of extracellular Fn 

aggregates (Stoffels et al., submitted). Taken together, these data revealed that 

galectin-4 counteracts the myelin-inhibiting effect of human MS-derived astrocytes. 
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Discussion 
In the present study, we showed that upon demyelination galectin-4, a negative 

neuronal regulator of oligodendrocyte differentiation (Chapter 4), becomes expressed 

in axons. Furthermore, in inflammatory lesions activated microglia/macrophages also 

harbor galectin-4. However, most intriguingly, our data reveal that in conjunction with 

Fn, a myelin-inhibiting factor similarly present in demyelinated lesions, galectin-4 

promoted rather than inhibited OLG differentiation and subsequent myelination. 

Accordingly, the present work indicate that an improved understanding of the 

interaction mechanism between galectin-4 and Fn might be highly beneficial to 

rationalize developments that may lead to novel approaches in enhancing 

remyelination in MS. 

During CNS development, galectin-4 disappearance is coincident with the initiation of 

myelination (Chapter 4). The present study showed that galectin-4 is (re)-expressed 

in axons upon cuprizone-induced demyelination and in demyelinated MS lesions, but 

not in active demyelinating lesions at the relapse phase in cr-EAE. The absence of 

axonal staining at the first relapse in cr-EAE might be partially explained by the still 

ongoing and only sparse demyelination and relative sparing of axons as described 

earlier for cr-EAE [348]. Therefore, the observed (re)-expression of axonal galectin-4 

is likely not an immediate response upon demyelination. The expression of axonal 

galectin-4 is transient, as galectin-4 immunoreactivity detected on demyelinated 

axons after cuprizone-mediated demyelination disappeared upon remyelination. 

Galectin-4 expression is however persistent in MS lesions. Interestingly, the number of 

galectin-4 positive thick axons, known to be better preserved from degeneration than 

thin ones, was higher in MS lesions than in NAWM or CWM [349]. Notably, on the 

protein level a striking heterogeneity was detected among post-mortem human MS 

lesions (our unpublished observations), which might reflect differences in galectin-4 

secretion and/ or suggest that its expression might depend on the inflammatory stage 

of MS lesions and/or level of axonal damage [101, 349, 350]. Indeed, a prominent 

presence of galectin-4 was also observed in activated microglia/macrophages in MS 

lesions. Galectin-4 positive activated microglia/macrophages were also present at the 
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site of most inflammatory infiltrates at the relapse phase in cr-EAE. Galectin-4 

expression by activated microglia/macrophages was rather surprising, as galectin-4 

protein is hardly, if at all present in cultured (activated) microglia (Chapter 4). 

Whether, this reflects a difference between in vivo and in vitro properties, or specific 

expression of galectin-4 in blood-derived macrophages remains to be determined. 

Interestingly, our preliminary data show that galectin-4 is expressed by cultured 

bone-marrow derived macrophages. Hence, these findings indicate that in MS lesions 

galectin-4 expression is persistent, and suggest that a disturbed expression of axonal 

galectin-4, or enhanced release by activated microglia/macrophages, may contribute 

to remyelination failure in MS. 

Re-expression of an axonal protein upon CNS injury is not unique, as other negative 

neuronal regulators of developmental oligodendrocyte differentiation, e.g., LING0-1  

and PSA-NCAM, are also re-expressed upon demyelination [76, 78, 335]. Together 

with proteins derived from activated microglia and astrocytes, these proteins 

contribute to the fine-tuning of remyelination. Indeed, proper cooperation, within 

time and ( sequential) order are crucial for a remyelination permissive environment, 

and disruption of this fine tuning, such as persistent expression of one or more 

proteins, results in remyelination failure [97, 98]. In fact, similar to galectin-4, Fn is 

also transiently expressed upon CNS injury by astrocytes, and also appears into the 

brain as a result of leakage from the blood flow [111, 333]. However, Fn persists in MS 

lesions due to inflammation-mediated aggregation of fibronectin, which perturbs 

remyelination (Stoffels et al., submitted). Intriguingly, our data revealed that addition 

of galectin-4, which negatively regulates myelination on inert PLL (Chapter 4), 

promoted myelin-like membrane formation in OLGs cultured on plasma Fn. Similarly, 

whereas galectin-4 treatment was without effect on myelinating spinal cord cultures 

on Fn-deficient astrocytes, its addition to such cultures plated on Fn-containing 

astrocytes, strongly promoted myelination. Moreover, galectin-4 treatment increased 

the % of myelinating axons in cultures plated on a layer of MS-derived astrocytes and 

to a lesser extent in cultures plated on normal astrocytes. Interestingly, the 

substantially more pronounced effect of galectin-4 in cultures plated on MS-derived 

astrocytes might be explained by the enhanced amount of Fn aggregates, generated by 
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MS astrocytes (Stoffels et al., submitted). The underlying mechanism(s) of the 

interaction between galectin-4 and Fn, and the issue as to whether galectin-4 is 

secreted in MS lesions, remains to be determined. It is tempting to suggest that 

galectin-4, as an antagonist, may influence the binding of Fn to integrins, either by 

binding to Fn itself or to Fn receptors (integrins), thereby preventing Fn binding and 

myelination-perturbing Fn -induced signaling pathways. Indeed, a role for galectins in 

regulating ECM-mediated adhesion and signaling has been described. Thus, galectin-8, 

another tandem-repeat galectin, inhibits cell adhesion to Fn, by masking the Fn 

binding site of the integrin receptor present on the cell surface [216]. Also, galectin-1, 

a homodimeric proto-type galectin binds to Fn directly, thereby promoting cell 

attachment or detachment depending on the cell type and cell activation status [3 51, 

352]. In contrast, galectin-3, acting as a cross-linking lectin on cell surfaces, 

significantly inhibited attachment and spreading of retinal pigment epithelial cells on 

Fn [353]. Notably, our preliminary data suggest that galectin-4 inhibits OLG adhesion 

to Fn but not to PLL (Qin et al., unpublished observations). Alternatively, Fn might 

modulate galectin-4 mediated signaling from being restrictive to constructive to OLG 

differentiation. 

Taken together, in contrast to their individual activities as negative regulators of 

myelination, the simultaneous presence of both galectin-4 and Fn effectively promotes 

myelination. Since both compounds are persistently present in MS lesions, further 

analysis on ( co-)localization and kinetics of expression in these lesions, the nature of 

their interaction, and downstream signaling of Fn and galectin-4, should clarify the 

underlying mechanisms and may thus provide further insight as to why remyelination 

fails in MS. Evidently, such knowledge, will be imperative for development of 

remyelinating strategies in MS treatment. 
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Summary 
Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS). Local 

degradation (demyelination) in the absence of spontaneous regeneration 

(remyelination) of myelin-the insulating layer that is wrapped around axons-plays a 

substantial role in MS. Persistent demyelination results in disturbed salutatory nerve 

impulse conduction, and ultimately axonal loss, which adds to disease progression. 

Remarkably, the cells that produce myelin, the oligodendrocytes (OLGs), are still 

present in MS lesions. Likely, the microenvironment in MS lesions is deregulated in 

such a way that the cellular signaling and transport processes necessary for myelin 

repair are inhibited or improperly stimulated. 

The environment in which oligodendrocyte progenitors (OPCs) mature into 

myelinating OLGs is very dynamic and involves multiple interacting signals necessary 

for timely and spatially regulated myelination (as outlined in the introductory 

Chapter 1). Persistent expression of these signals, or their misregulation in time, is 

one of the major reasons for unsuccessful remyelination in MS lesions. Identification 

of these signals, their timely involvement in OLG progression, and a better 

understanding of the underlying mechanisms will be crucial in clarifying OLG

dependent myelination of neuronal axons, and hence may provide a basis for MS 

treatment. Mastering of such knowledge, aims also at repair, rather than just 

preventing, demyelination and axonal loss. 

Only recently, it has become apparent that galectins are intimately involved in 

regulation of the CNS. Galectins are a family of lectins that specifically bind to 15-

galactoside-containing glycoconjugates. To date, 15 galectins have been identified in 

mammals and they fulfill important physiological roles such as modulating gene 

expression, polarized membrane trafficking and cell-cell interactions. Although most 

research in the CNS thus far focused on the role of galectins in brain tumors, the 

importance of the immunomodulatory properties of galectins, such as in animal 

models of MS, has also been recognized. 

Still, data about galectin expression in MS lesions and their role in the regulation of 

(re)myelination are sparse. Therefore, we first investigated the expression profile and 

160 



Summary and perspectives 

cellular localization of different galectins in non-neurological control white matter 

(CWM), and active, chronic active and chronic inactive MS lesions (Chapter 2). Our 

data revealed an increased expression of galectins-1, -3, -8 and -9 in MS lesions as 

compared to CWM. The increased expression detected at the mRNA level did not 

always correspond with the level of expressed protein, which suggests the existence of 

an additional mechanism for the regulation of protein expression. The majority of 

these galectins were localized to activated microglia/macrophages, endothelial cells 

and astrocytes. Interestingly, the intracellular localization of galectin-9, being present 

in both the nucleus and the cytoplasm, seemed to be dependent on the state of 

activation of the microglia. We also detected increased galectin-1 release  and a 

different intracellular localization in astrocytes, isolated post-mortem from MS 

patients, when compared to control normal astrocytes, similarly obtained from 

patients without neurological diseases. 

Having established that galectin expression and release by glial cells in MS lesions 

differs from that in control white matter, we next investigated the role of galectins on 

glial cells behaviour. In vitro, primary rat astrocytes expressed galectins-1, -2, -3, -7 

and -9, but released only galectins-1 and -3 (Chapter 3). Primary microglia cells were 

expressing and releasing only galectins-2 and -3. In astrocytes, galectin-1 was 

frequently found in the nucleus, while galectin-3 showed perinuclear 

immunoreactivity in both astrocytes and microglia. Furthermore, astrocytes and 

microglia showed a systematic strong expression of surface binding sites for galectins-

1, -2 and -8, and to a lesser extent for galectins-3 and -4. However, except for opposing 

effects of galectins-1 and -3 on proliferation, astrocytes were insensitive to other 

galectins. In contrast, microglia survival and viability were highly reduced in the 

presence of galectins-2 or -8, while galectins-1 and -3 showed only moderate 

beneficial effects. Galectins-2 and -8 also had a negative effect on microglia 

proliferation. Interestingly, galectin-3 expression and galectins-2, -4 and -8 binding 

sites were dependent on the stage of OLG differentiation. Survival and viability of 

OPCs and mature OLGs were more reduced by galectins-2 and -8 than those of 

immature, not yet myelinating OLGs. This might be partially explained by the changes 
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in the expression and spatial segregation of galectin binding sites during OLG 

maturation. Galectins-2 and -8 also reduced OPC proliferation. 

Temporal expression of galectin-4 binding sites on the surface of processes of 

immature OLGs, prompted us to further investigate its role on OLG differentiation. 

OLG diffentiation is regulated by a complex network of signals, many of which are of 

neuronal origin. In Chapter 4, we have identified galectin-4 as a novel neuronal 

regulator in the timing of myelination. Our findings revealed that immature, non

myelinated neurons expressed and released galectin-4, which binds to transiently 

expressed binding sites on the cell surface of immature OLGs, thereby preventing their 

further differentiation. Moreover, in a subset of OLGs, galectin-4 induced 

dedifferentiation and proliferation (Fig. 1 ). These findings were confirmed in vivo, 

where galectin-4 was downregulated at the onset of myelination during rat brain 

development and in myelinating co-cultures where dorsal root ganglia neurons 

seemed to restrain the release of galactin-4 prior to myelination. Indeed, the 

prolonged presence of galectin-4 in these co-cultures significantly abolished OLG 

differentiation and myelination. In contrast, addition of anti-galectin-4 antibodies, 

which should be able 'to capture' and neutralize the effect of endogenously released 

galectin-4, did not affect OLG differentiation, but perturbed myelination, probably due 

to misregulation in the coordination of timing of OLG and neuron maturation. 

In Chapter 5 it is demonstrated that galectin-4 is transiently expressed on axons upon 

cuprizone induced demyelination in mice. Similarly, the majority of axons, and 

activated microglia/macrophages, were galectin-4 positive in MS lesions. In 

inflammatory lesions, present at the relapse phase in chronic relapsing-experimental 

autoimmune encephalomyelitis animals (cr-EAE), galectin-4 expression was restricted 

to activated microglia/macrophages. Apart from interacting with cell surface 

receptors, galectins also bind to extracellular matrix glycans such as laminin and 

fibronectin (Fn), modulating in this way cellular adhesion and growth. Since Fn is 

accumulating in MS lesions in the form of extracellular aggregates, it was of particular 

interest to investigate whether galectin-4 could modulate the negative, i.e., 

suppressive effect of Fn on the final steps in OLG maturation in vitro, as a result of 

which the formation of myelin-like membranes ('sheets') is impeded. Most 
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interestingly, the data revealed that galectin-4 was able to promote formation of 

myelin-like membranes when OLGs were plated on plasma Fn, in contrast to its 

common inhibitory effect on OLG differentiation when the cells were cultured in an 

'inert' environment (PLL; Fig. 1). Additional work, performed in embryonic 

myelinating spinal cord cultures plated on a feeding monolayer of astrocytes, a 

potential source of cellular Fn, confirmed these findings. Thus, in cultures where Fn 

expression in astrocytes had been downregulated, more myelinated axons were 

detected than in mock-transduced (i.e., Fn expressing and secreting) cultures. 

Consistently, addition of galectin-4 substantially increased the percentage of 

myelinated axons in mock-transduced, Fn-expressing cultures, but, remarkably, was 

without effect when added to cultures in which Fn had been downregulated in the 

feeding layer of astrocytes. Furthermore, when MS-derived astrocytes (known to 

produce more Fn aggregates than normal astrocytes) were used as a feeding 

monolayer in myelinating cultures, fewer myelinated axons were detected as 

compared to cultures, plated on normal astrocytes. The positive effect that subsequent 

addition of galectin-4 exerted on myelination was several folds higher in cultures 

plated on MS-derived astrocytes than those cultured on normal astrocytes. 

Accordingly, these data highlight a novel role of galectin-4 as a positive modulator in 

promoting OLG myelination in the presence of Fn, a potentially detrimental compound 

to (re)myelination that accumulates in MS lesions (Fig. 1). It is therefore tempting to 

suggest that a disbalance in galectin-4 timing and/or release, or the absence and/or 

masking of galectin-4 receptors in MS lesions is at least partly responsible for 

remyelination failure in MS. 
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Figure 1. Proposed model of galectin-4 function during developmental 
myelination and remyelination. (i) Immature oligodendrocytes express galectin-4 
binding sites on the cell surface of their processes. (ii) During development, neuronal
derived soluble galectin-4 will prevent differentiation of immature oligodendrocytes 
and, in a subset of cells, induce dedifferentiation and proliferation. (iii) The presence 
of fibronectin will prevent terminal differentiation of oligodendrocytes and, as a 
consequence, myelin-like membrane formation. (iv) Upon demyelination, the 
presence and concerted action of fibronectin and galectin-4, derived from 
demyelinated/ damaged axons and activated microglia/macrophages, will restore the 
capacity of oligodendrocytes to form myelin-like membranes. 
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Perspectives 
Accumulating evidence suggests that, despite being involved in inflammatory 

processes in a disease like MS, galectins also have a potent role in the regulation of glia 

cell behaviour. The described data on galectin-4, a novel neuronal regulator of 

myelination, add to the current knowledge on the mechanisms of (re)myelination and 

offers a potential for the development of galectin-4 agonist/antagonists as new drugs 

for remyelination therapies (Fig. 1). Identification of galectin-4 receptors on the OLG 

surface and investigation of the downstream signaling pathways will be necessary to 

clarify the underlying mechanism. As shown in this thesis, the consequences of 

galectin-4 signaling likely depend on the extracellular matrix micro-environment (Fig. 

1). Therefore, in order to improve remyelination, it would be necessary to investigate 

galectin-4-mediated effects in the context of an environment detected in (chronic) 

active MS lesions (including changes in extracellular matrix environment and 

presence of inflammation). Particularly useful in this case would be the application of 

an EAE animal model, as unlike in the cuprizone-induced model, inflammatory 

infiltrates are present in the EAE diseased central nervous system. The observed 

absence of galectin-4 immunoreactivity on axons in cr-EAE lesions might be due to 

ongoing demyelination, and we speculate that in later phases of the disease, tightly 

timed and transient galectin-4 immunoreactivity may well be visible on fully 

demyelinated/ damaged axons. 

Given the initial data on the effects of other galectins on OLG behaviour, mechanisms 

of their actions would also merit further investigations, especially since also their 

expression, release and/ or intracellular localization is changed in MS lesions as 

compared to CWM. The research should be focused on galectins-2 and -8 and the 

mechanisms by which they decrease proliferation and survival of OLGs which, we 

speculate, might be additional contributing reasons for unsuccessful remyelination in 

MS. 

In concludion, the studies presented in this thesis have revealed novel and important 

insight into the role of galectins in interactions between glial cells and neurons 

throughout brain development, particularly during oligodendrocyte (OLG) 
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differentiation and myelination, and in demyelinated multiple sclerosis (MS) lesions. 

The discovery of galactin-4, highlighted in this thesis as a new regulator of the timing 

of myelination, adds to an improved understanding of mechanisms of ( re )myelination. 

Therefore, since galectins are both potent regulators of inflammatory processes and 

glia cell behaviour, they are very promising targets for MS treatment. 
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N ederlandse samenvatting 
Multiple sclerose (MS) is een ziekte van hersenen en ruggenmerg, waarbij myeline, 

een vetachtige stof die een isolerend laagje om uitlopers ('axonen') van zenuwcellen 

('neuronen') vormt, wordt afgebroken. Naast afbraak ('demyelinisatie') is met name 

de afwezigheid van het opnieuw aanmaken van myeline ('remyelinisatie') een 

wezenlijke kenmerk in het ziektebeeld van MS. De werking van axonen in het centrale 

zenuwstelsel wordt door deze blijvende demyelinisatie ernstig verstoord, wat zich 

onder meer uit in uitval van beweging en gevoel, meestal volgens een chronisch

progressief beloop. Opmerkelijk is dat de cellen die verantwoordelijk zijn voor de 

aanmaak van myeline, de oligodendrocyten, wel in de aangetaste gebieden ('laesies') 

aanwezig zijn. Maar kennelijk is de omgeving in de laesies door een plaatselijke 

ontstekingsreactie dusdanig verstoord dat de cellulaire signaal- en 

transportprocessen die nodig zijn voor het opnieuw aanmaken van myeline worden 

geremd of niet (meer) op de juiste wijze gestimuleerd. 

De omgeving waarin voorlopercellen van oligodendrocyten gedurende de 

ontwikkeling van het centrale zenuwstelsel uitrijpen tot volwassen myeline

vormende oligodendrocyten is vrij sterk aan veranderingen onderhevig, maar wel 

volgens een nauwkeurig patroon, zodat de juiste processen op het juiste moment 

kunnen plaatsvinden. Deze aspecten worden beschreven in Hoofdstuk 1. Deze 

omgeving bevat meerdere, met elkaar samenwerkende, vaak tijdelijke signalen die 

ervoor zorgen dat alleen daar myelinisatie plaatsvindt waar de axonen het op dat 

moment nodig hebben. Een ontsporing in het al dan niet doorgeven van deze signalen, 

bijvoorbeeld het plaatsvinden daarvan op een verkeerd tijdstip, zijn de voornaamste 

redenen voor het uitblijven van remyelinisatie in MS laesies. Het is daarom essentieel 

om deze factoren te identificeren, om vervolgens een strategie te ontwikkelen om ze 

te be1nvloeden, en daarmee een basis te leggen voor een effectieve therapie die moet 

leiden tot het herstel van de myeline aanmaak en opbouw. 

De laatste jaren is duidelijk geworden dat galectines een belangrijke fysiologische rol 

spelen in het centrale zenuwstelsel. Galectines zijn lectines, dat wil zeggen eiwitten 

die binden aan koolhydraten, die specifiek aan �-galactosides binden. In zoogdieren 
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zijn een 15-tal galeetines ge'identifieeerd, waar ze ondermeer betrokken zijn in het 

organiseren van de produetie van genen, het transport van eiwitten en vetten in de 

eel, en de interaeties tussen eellen. Verder zijn galeetines betrokken bij versehillende 

ziekteproeessen. Zo zijn in het eentrale zenuwstelsel galeetines in verband gebraeht 

met hersentumoren. Tevens spelen galeetines een rol bij ontstekingen in de hersenen 

en het ruggemerg (neuroinflammatie), wat onder andere in diermodellen van MS is 

aangetoond. In dit proefsehrift worden studies besehreven die enerzijds de 

betrokkenheid van galeetines bij MS onderzoeken, en anderzijds ten doel hebben om 

vast te stellen in welke mate galeetines een rol (kunnen) spelen bij het opnieuw 

aanmaken van myeline. 

Alvorens begonnen werd met het werk, als besehreven in dit proefsehrift, was er nog 

vrij weinig bekend over de aanwezigheid van galeetines in MS laesies. Daarom hebben 

we eerst onderzoeht of galeetines, in vergelijking met hun aanwezigheid in 'gezond' 

hersenweefsel, verhoogd of juist verlaagd aanwezig zijn in humaan post-mortem 

hersenweefsel van MS patienten (Hoofdstuk 2). Onze resultaten laten voor het eerst 

zien dat MS laesies gekenmerkt worden door hoge eoneentraties van versehillende 

typen galeetines, te weten galeetines-1, -3, -8 en -9. De verhoogde hoeveelheid aan 

galeetine mRNA kwam niet altijd overeen met de hoeveelheid eiwit die daaruit 

gevormd werd, wat het bestaan van een additioneel meehanisme voor de regulatie 

van de aanmaak van het galeetine eiwit suggereert. De galeetines waren aanwezig in 

geaetiveerde mieroglia/maerofagen, eellen van het endotheel en astroeyten. Een 

opmerkelijke ontdekking was dat de loealisatie van galeetine-9 in de eel, dat wil 

zeggen in de kern of in het eytoplasma, afhankelijk is van de aetiviteit van naburige 

microglia. Verder hebben we een verhoogde afgifte van galeetine-1 door astroeyten, 

afkomstig van post-mortem materiaal van MS patienten, gedeteeteerd. Ook vonden we 

een versehil in de lokalisatie van galeetine-1 in de astroeyt. Oat bevindt zich namelijk 

in het eytoplasma van gezonde astroeyten, maar juist in de kern van astroeyten 

afkomstig van MS patienten. 

Na geeoncludeerd te hebben dat de aanwezigheid en afgifte van galeetines door 

gliaeellen zeer versehillend is in MS laesies in vergelijking tot eontrole hersenen, 

hebben we vervolgens in een kweeksehaal de rol van galeetines op het gedrag van glia 
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cellen onderzocht (Hoofdstuk 3). Galectines-1, -2, -3, -7 en -9 worden aangemaakt 

door gekweekte astrocyten, maar alleen galectines-1 and -3 worden uitgescheiden. 

Gekweekte microglia daarentegen bevatten alleen galectines-2 en -3, en scheiden die 

ook uit. Galectine-1 was voornamelijk aanwezig in de kern van astrocyten, terwijl 

galectine-3 een perinucleaire localisatie in zowel astrocyten als microglia laat zien. 

Voorts hebben astrocyten en microglia ook bindingsplaatsen op hun celoppervlak 

voor galectines-1, -2 en -8, en in mindere mate voor galectines-3 en -4. Echter, 

afgezien van tegenovergestelde effecten van galectines-1 en -3 op de celdeling, zijn 

astrocyten ongevoelig voor toegevoegde galectines. Daarentegen is de 

levensvatbaarheid van microglia beduidend verminderd in de aanwezigheid van 

galectines-2 en -8, terwijl galectines-1 en -3 een klein, maar positief effect op de 

overleving van microglia hebben. Galectines-2 en -8 hebben oak een nadelig effect op 

de deling van microglia. Een interessante vinding was dat de aanwezigheid van 

galectine-3, en de vaststelling van bindingsplaatsen voor galectines-2, -4 en -8 op het 

celoppervlak afhankelijk waren van het ontwikkelingsstadium waarin de 

oligodendrocyt zich bevindt. Zo verminderen galectines-2 en -8 de levensvatbaarheid 

van oligodendrocyt voorloper cellen en volwassen, myeline-vormende 

oligodendrocyten in aanzienlijk grotere mate dan die van onvolwassen, nag niet 

myeline-vormende oligodendrocyten. Aanwijzingen werden verkregen dat deze 

effecten mogelijk toegeschreven kunnen worden aan veranderingen in de galectine 

bindingplaats aan het celoppervlak en veranderingen in de moleculaire 

eigenschappen van de binding als zodanig. 

De tijdelijke aanwezigheid en het specifiek verschijnen van bindingsplaatsen 

(receptoren) aan het celoppervlak van de uitloperes van oligodendrocyten, bracht ons 

er toe om in detail het effect van galectine-4 op de uitrijping van oligodendrocyten te 

gaan bestuderen. De uitrijping van oligodendrocyten wordt gereguleerd door een 

complex netwerk aan signalen, die voornamelijk hun oorsprong vinden in 

zenuwcellen (neuronen) . In Hoofdstuk 4 hebben we kunnen vaststellen dat galectine-

4, afkomstig van neuronen, als een belangrijke proces-controlerende stof bij 

myelinisatie is betrokken. We hebben laten zien dat onvolwassen, nag niet 

gemyeliniseerde neuronen, galectine-4 produceren en afgeven dat vervolgens bindt 
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aan de tijdelijke bindingsplaatsen op het celoppervlak van onvolwassen 

oligodendrocyten, waardoor de verdere uitrijping geremd wordt. Bovendien 

veroorzaakt galectine-4 in een gedeelte van de oligodendrocyten een terugkeer naar 

het voorloperstadium wat gepaard gaat met een verhoogde celdeling, waardoor dus 

het aantal voorloper cellen toeneemt. Deze bevindingen zijn bevestigd in een levend 

organisme; tijdens de ontwikkeling van de hersenen van de rat gaat de hoeveelheid 

aan galectine-4 naar beneden als het myelinisatie proces begint. Een daling van de 

afgifte van galectine-4 aan het begin van myelinisatie werd ook gezien als zenuwcellen 

('DRG neuronen') en oligodendrocyt voorlopercellen samen in kweek worden 

gebracht. Als we in deze kweken kunstmatig de hoeveelheid galectine-4 hooghouden 

werd de uitrijping van oligodendrocyten geremd, en daarmee myelinisatie. Het 

toevoegen van anti-stoffen tegen galectine-4, welke de neuronale afgifte van galectine-

4 zouden moeten neutraliseren, had daarentegen geen effect op de uitrijping van 

oligodendrocyten. Myelinisatie werd echter wel geremd, wat waarschijnlijk te 

verklaren is door een ontregeling in de coordinatie van de uitrijping van 

oligodendrocyten en neuronen. 

In Hoofdstuk 5 laten we in een diermodel zien dat galectine-4 tijdelijk verhoogd 

aanwezig is op axonen tijdens demyelinisatie, gei'nduceerd door cuprizone, een voor 

oligodendrocyten toxische stof, en weer wordt afgebroken tijdens remyelinisatie. In 

de aangetaste gebieden bij MS zagen we ook een verhoogde aanwezigheid van 

galectine-4 in axonen, alsook in geactiveerde microglia/macrofagen. In inflammatoire 

laesies zoals die gevonden word en in een diermodel van MS [ chronische relapsing 

experimentele autoimmune encephalomyelitis (cr-EAE)] werden alleen in 

geactiveerde microglia/macrofagen galectine-4 aangetroffen, en niet in axonen. Naast 

het feit dat galectines binden aan koolhydraat, dat gekoppeld is aan eiwitten en vetten 

op het celoppervlak, binden galectines ook aan koolhydraten van eiwitten die zich 

buiten de cellen bevinden, zoals fibronectine en laminine. Door deze interactie blijken 

galectines de hechting en groei van cellen te regelen. Omdat fibronectine verhoogd 

aanwezig is in MS laesies in de vorm van klonten ( aggregaten ), was het interessant om 

te onderzoeken of galectine-4 mogelijk de remmende werking van fibronectine op 

myelinisatie zou kunnen bei'nvloeden. Een verrassende en vooral interessante 

170 



Nederlandse samenvatting 

uitkomst was dat galectine-4, dat normaliter de uitrijping van oligodendrocyten op 

een inerte bod em (PLL) remt, in staat is om myeline vorming in gekweekte 

oligodendrocyten te stimuleren als deze gekweekt word en op een fibronectine bod em. 

Deze bevinding is bevestigd in myeliniserende kweken van het ruggemerg waarbij 

gebruik wordt gemaakt van een voedingslaag van astrocyten, een natuurlijke 

cellulaire bran van fibronectine. Dus in kweken waarbij de astrocyten nauwelijks 

fibronectine bevatten, werden meer axonen van myeline voorzien dan in kweken die 

een voedingslaag bevatten van astrocyten die wel fibronectine produceren en afgeven. 

Toevoegen van galectine-4 zorgde er voor dat het percentage gemyeliniseerde axonen 

toenam in de aanwezigheid van de voedingslaag van fibronectine producerende 

astrocyten, wat geheel in overeenstemming is met de eerdere bevinding. Galectine-4 

had geen effect op myelinisatie in de kweken met een voedingslaag van fibronectine

deficiente astrocyten. Wanneer astrocyten afkomstig van MS patienten, waarvan 

bekend is dat ze aggregatie van fibronectine stimuleren, als voedingsbodem in deze 

myeliniserende kweken werden gebruikt, dan werden er minder gemyeliniseerde 

axonen waargenomen dan in kweken die normale gezonde astrocyten bevatten. Het 

positieve effect van galectine-4 op myelinisatie was ook vele malen hoger in kweken 

met MS astrocyten als voedingsbodem. Deze uitkomsten benadrukken een nieuwe rol 

voor galectine-4 als een positieve factor in het bevorderen van myelinisatie in de 

aanwezigheid van fibronectine, een eiwit dat aanwezig is in MS laesies en daar een 

potentieel schadelijke rol vervult in remyelinisatie. Oat gegeven brengt ons er toe om 

te suggereren dat een verstoring in de mate en tijdstip van afgifte van galectine-4, de 

afwezigheid of een blokkade van galectine-4 receptoren in MS laesies, misschien 

verantwoordelijk is voor het falen van remyelinisatie in MS. 

Samenvattend, de studies beschreven in dit proefschrift hebben nieuwe en belangrijke 

inzichten in de rol van galectines verschaft, met name tijdens de uitrijping van 

oligodendrocyten, en in MS laesies. De ontdekking van galectine-4 als regelaar in het 

myelinisatie proces en de verkregen inzichten omtrent de rol van galectines in het 

ziektebeeld MS, kunnen als belangrijke vindingen warden aangemerkt. Omdat 

galectines zowel krachtige regelaars zijn van de onstekingsreactie alsook ten aanzien 

van het gedrag van glia cellen, ligt het voor de hand om galectines als veelbelovende 
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doeleiwitten te betrekken bij het ontwikkelen van therapieen voor de behandeling van 

MS. 
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