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Abstract In vitro and in vivo studies on the role of

tenascins have shown that the two paradigmatic glyco-

proteins of the tenascin family, tenascin-C (TnC) and

tenascin-R (TnR) play important roles in cell proliferation

and migration, fate determination, axonal pathfinding,

myelination, and synaptic plasticity. As components of the

extracellular matrix, both molecules show distinct, but also

overlapping dual functions in inhibiting and promoting cell

interactions depending on the cell type, developmental

stage and molecular microenvironment. They are expressed

by neurons and glia as well as, for TnC, by cells of the

immune system. The functional relationship between neu-

ral and immune cells becomes relevant in acute and

chronic nervous system disorders, in particular when the

blood brain and blood peripheral nerve barriers are com-

promised. In this review, we will describe the functional

parameters of the two molecules in cell interactions during

development and, in the adult, in synaptic activity and

plasticity, as well as regeneration after injury, with TnC

being conducive for regeneration and TnR being inhibitory

for functional recovery. Although not much is known about

the role of tenascins in neuroinflammation, we will

describe emerging knowledge on the interplay between

neural and immune cells in autoimmune diseases, such as

multiple sclerosis and polyneuropathies. We will attempt to

point out the directions of experimental approaches that we

envisage would help gaining insights into the complex

interplay of TnC and TnR with the cells that express them

in pathological conditions of nervous and immune systems.
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Introduction

Tenascins belong to a family of closely related extracel-

lular matrix (ECM) glycoproteins, which consists of six

members: tenascin-C (Bourdon and Ruoslahti, 1989;

Chiquet and Fambrough, 1984), tenascin-R (Fuss et al., 1991,

1993; Pesheva et al., 1989; Rathjen et al., 1991), tenascin-

X (Bristow et al., 1993), tenascin-Y (Hagios et al., 1996)

and tenascin-W in zebrafish (Weber et al., 1998), with its

mouse homolog designated tenascin-N (Neidhardt et al.

2003). Among them, tenascin-R is expressed exclusively in

the nervous system, whereas tenascin-C, tenascin-Y, ten-

ascin-W and tenascin-N are expressed in and outside the
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nervous system. Tenascin-C and tenascin-R have been

most widely studied in nervous system functions, and it

thus deems appropriate to focus our review on these two

molecules.

Tenascin-C

Structure Tenascin-C (TnC) is a large, oligomeric molecule

of 1,900 kDa (Taylor et al., 1989), and consists of six

identical polypeptide arms that are attached to a central

globular core, thus forming a hexabrachion, as it had also

been called. The arms are linked at their amino termini via

a tenascin assembly (TA) domain (Jones and Jones, 2000),

containing cysteine residues and three to four a-helical

heptad repeats (Conway and Parry, 1991). The individual

arms consist of epidermal growth factor-like (EGFL)

repeats followed by domains similar to the type III units

found in fibronectin (FNIII). The distal parts of the poly-

peptide arms end in a terminal knob resembling the car-

boxyl terminal portion of the beta and gamma chains of

fibrinogen (Jones et al., 1988; Nies et al., 1991; Siri et al.,

1991).

Alternative RNA splicing yields various isoforms of

TnC with different numbers of domains (Nies et al., 1991;

Spring et al., 1989). Alternatively spliced domains of TnC

include FNIII A1, A2, A4, B, C and D domains, inserted

between the 5th and 6th FNIII domains (Dörries and

Schachner, 1994; Joester and Faissner, 1999, 2001). By the

multiple variations of these alternatively spliced polypep-

tides, the tenascins are predisposed to interact with dif-

ferent types of cellular receptors or components of the

ECM, thereby generating an impressive level of diversity

in the function of the tenascins (Jones and Jones, 2000).

The functions of the different domains have been exten-

sively studied over many years. The FNIII domains at the

proximal splice site influence neuronal and neural stem cell

migration and FNIII domains at the distal splice site pro-

mote neurite outgrowth (Doerries et al., 1996; Faissner

et al., 1994; Faissner and Steindler, 1995). The EGFL

repeats play a role in neuronal and neural stem cell

migration and pathfinding during development and in the

adult central nervous system (Jones and Jones, 2000; Wiese

et al., 2012). Cell surface receptors for TnC include

members of the integrin family (Prieto et al., 1990), cell

adhesion molecules (CAMs) of the immunoglobulin

superfamily, a transmembrane receptor called phosphacan/

receptor protein tyrosine phosphatase beta/zeta (RPTP z/b)

(Barnea et al., 1994; Milev et al., 1997), and annexin II

(Chung und Erickson, 1994; Chung et al., 1996). TnC is

also known to interact with other ECM components,

including fibronectin (Chiquet-Ehrismann, 1991; Chung

et al., 1995), and chondroitin sulfate proteoglycans (Chi-

quet and Fambrough, 1984; Vaughan et al., 1987).

Expression TnC is highly expressed during ontogenetic

development of almost every tissue. In the central nervous

system, TnC is widely expressed at early stages of devel-

opment in many species (Bartsch et al., 1992, 1995; Becker

et al., 1995; Crossin et al., 1989; Götz et al., 1997; Joester

and Faissner, 1999; Metzger et al., 2006; Mitrovic et al.,

1994; Tongiorgi et al., 1995; Treloar et al., 2009). TnC is

mainly synthesized by immature astrocytes, in particular

radial glial cells during neuronal differentiation and

migration in the cortex, retina and cerebellum (Crossin

et al., 1986; Prieto et al., 1990; Tucker et al., 1994; Yuasa,

1996). It is also produced by neuronal subpopulations of

the hippocampus, barrel cortex, olfactory bulb, spinal cord

and retina (Bartsch, 1996; Götz et al., 1996; Mitrovic et al.,

1994; Treloar et al., 2009).

Function The mechanisms by which TnC acts during

development relate to its ability to function as an adhesive

(Aukhil et al., 1990; Bourdon and Ruoslahti, 1989; Grumet

et al., 1985; Prieto et al., 1990) and anti-adhesive (Faissner

und Kruse, 1990; Prieto et al., 1990) molecule. These

opposing activities have been attributed to the multidomain

structure of TnC, in which the adhesive and anti-adhesive

activities are mapped, respectively, to different FNIII

domains and EGFL repeats (Doerries et al., 1996; Götz

et al., 1996; Lochter and Schachner, 1993; Lochter et al.,

1995). The duality of adhesive and repulsive properties

predisposes TnC to participate in the control of cell

migration, which is characterized by the dichotomy of bond

formation and subsequent release (Faissner, 1997). In

agreement with this assumption, the protein has been found

to modulate the motility of many cell types, including

neurons, fibroblasts and cancer cells (Jankovski and Sotelo,

1996; Paron et al., 2011; Trebaul et al., 2007). In addition,

TnC is involved in axonal growth and guidance. Both the

promotion of neurite outgrowth as well as the deflection of

growth cones resulting from anti-adhesive features of TnC,

have been documented (Crossin et al., 1989; Faissner and

Steindler, 1995; Husmann et al., 1992; Lochter and

Schachner, 1993; Taylor et al., 1993). The influence of

TnC on growth cone motility and direction depends on the

neuronal cell type and the geometry of its presentation

in vitro, i.e. if TnC is offered as a uniform substrate or as a

substrate boundary. When offered as substrate boundary

with a conducive molecule, such as laminin, growth cones

stall at the boundary, being deflected in most cases and

only when a solitary growth cone overcomes the inhibitory

boundary, it propels on the TnC substrate with a speed

higher than on the laminin substrate (Taylor et al., 1993).

Thus, when offered as a uniform substrate, TnC allows

growth cones to advance at least as swiftly as on laminin.

Again, this property depends on the neuronal cell type and

developmental stage. In addition, because TnC is strongly

expressed in the optic nerve head, it has been suggested to
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inhibit the migration of oligodendrocytes from the optic

nerve into the retina (Bartsch et al., 1994). Adhesive and

anti-adhesive properties enable TnC to modulate cell pro-

liferation. In vitro, it stimulates cell proliferation, e.g. of

smooth muscle cells (Cleek et al., 1997; Cowan et al.,

2000) or astrocytes (Ikeshima-Kataoka et al., 2007), but it

has also been found to inhibit cell proliferation (Crossin,

1991). It is documented, on the one hand, to act as a sur-

vival factor by suppressing apoptosis (Cowan et al., 2000),

while, on the other hand, studies on tenascin-C deficient

(TnC-/-) mice report that TnC deficiency leads to

reduced levels of programmed cell death, suggesting that it

is also involved in the induction of physiological apoptosis,

important for normal brain development (Garcion et al.,

2001). Of particular note, there are several lines of evi-

dence that TnC is involved in synaptic plasticity (Dityatev

and Schachner, 2003; Gurevicius et al., 2009; Šekeljić and

Andjus, 2012).

Tenascin-R

Structure Similar to TnC and other tenascin family mem-

bers, TnR has a cysteine-rich N-terminal region, followed

by EGFL domains, FNIII like repeats and a fibrinogen-

homologous C-terminus (Jones and Jones, 2000). Two

isoforms, one with molecular weight of 160 kDa, which

forms both monomers and dimers, and another of 180 kDa,

which forms trimers, are generated by alternative splicing

of the sixth FNIII domain (Bartsch et al., 1993; Pesheva

et al., 1989; Fuss et al., 1993).

Expression Tenascin-R (TnR) is expressed exclusively in

the central nervous system by oligodendrocytes and some

neuronal subpopulations (Bartsch et al., 1993; Fuss et al.,

1993; Schachner et al., 1994). During mammalian brain

development, TnR is first detectable around birth. It is

expressed by oligodendrocyte progenitors and type-2 astro-

cytes and is most abundantly synthesized during myelination,

being downregulated to low levels in the adult (Bartsch et al.,

1993; Wintergerst et al., 1993), when it is localized at nodes

of Ranvier and on the outer aspects of myelin sheaths

(Bartsch et al., 1993). In adult rodents, TnR is produced by

subpopulations of neurons and released into the extracellular

matrix around the cell bodies and proximal dendrites of

motoneurons in the spinal cord and brain stem, as well as

interneurons in the cerebellum, hippocampus and olfactory

bulb. This intriguing assembly of the extracellular matrix to

which TnR contributes has been called ‘perineuronal net’.

Function Similar to TnC, TnR has inhibitory functions

in the outgrowth and guidance of optic axons in vivo

(Becker et al., 2000, 2003). TnR can, like TnC, both inhibit

and promote neurite outgrowth depending on the cell type

and on the way it is presented to the cells, i.e. as a uniform

substrate or a substrate boundary (Becker et al., 2000;

Faissner 1997; Pesheva et al., 1994; Schachner, 1994;

Schachner et al., 1994). Furthermore, TnR can be adhesive

or anti-adhesive to different cell types, depending on the

partner cell type and developmental stage (Morganti et al.,

1990; Pesheva et al., 1993; Schachner et al., 1994). During

the first phase of interaction (shorter than 1 h), TnR is

adhesive and thereafter becomes anti-adhesive: the initial

recognition between TnR and a partner molecule TnR is

adhesive to cells, and thereafter it becomes anti-adhesive,

i.e. repellent. We therefore prefer the term ‘‘recognition’’ in

the context of cell interactions, since after a short recog-

nition phase the molecules can become adhesive or repel-

lent. TnR supports the adhesion of oligodendrocytes and

enhances oligodendrocyte process formation mediated by

its binding to sulfogalactose-containing glycosphingolipids

expressed on the oligodendrocyte surface (Pesheva et al.,

1997). Finally, a function not obviously related to recog-

nition was discovered: TnR is a functional modulator of the

beta-subunit of voltage-gated sodium channels (Srinivasan

et al., 1998; Xiao et al., 1999). Similarly, TnR is involved

in functions that are also not obviously related to recog-

nition between cells, namely synaptic functions, by being

an important modulator of plasticity at central nervous

system synapses (for reviews see Dityatev et al., 2010a,b).

TnR regulates inhibitory perisomatic inhibition via inter-

actions of its HNK-1 (human natural killer cell) carbohy-

drate epitope with GABA-B receptors and thus influences

synaptic transmission and plasticity in the hippocampus

(Brenneke et al., 2004; Bukalo et al., 2001; Dityatev and

Schachner, 2003; Morellini et al., 2010; Saghatelyan et al.,

2000, 2001). It is thus also an important ingredient in

neural homoestasis. TnR cooperates with other extracel-

lular matrix components in perineuronal nets in an

arrangement similar to that of TnC, in that it surrounds cell

bodies and proximal dendrites of some excitatory (e.g.

motoneurons) and inhibitory, mostly GABAergic neuronal

subpopulations. This assembly is achieved by TnR’s

interactions with other glycoproteins, such as TnC, chon-

droitin sulfate proteoglycans, phosphacan or lecticans, such

as brevican and versican as well as the glycan hyaluronic

acid (Angelov et al., 1998; Brückner et al., 2000; Celio and

Blümcke 1994; Celio and Chiquet-Ehrismann 1993;

Hagihara et al., 1999; Haunso et al., 2000; Weber et al.,

1999). Importantly for the relevance of TnR in the immune

system, microglial cells are influenced by TnR in migration

and secretion of cytokines and growth factors (Angelov

et al., 1998; Liao et al., 2005), and, interestingly, adhesion

of microglia is reduced by TnR (Angelov et al., 1998).

Tenascins in disorders of the nervous system

TnC plays a role in various regenerative processes, such as

peripheral nerve regeneration and focal brain injury

Tenascins and inflammation in disorders of the nervous system 1117
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(Brodkey et al. 1995; Irintchev et al. 1993; Martini 1994).

It also induces a quiescent (inactive) phenotype in cultured

astrocytes; thus, possibly regulating astrocytic scar for-

mation after spinal cord injury (Holley et al. 2005).

Upregulation of TnC after injury was described in various

experimental paradigms, including various mechanical

brain injuries, kainic acid-induced seizures, and spinal cord

and femoral nerve injuries (Deller et al., 1997; Fruttiger

et al., 1995; Laywell et al., 1992; Nakic et al., 1996; Zhang

et al., 1997), thus implicating it in, yet to be fully descri-

bed, mechanisms relevant for functional recovery. First

indications as to its functional role in injury paradigms

have been obtained by analyzing locomotor recovery after

spinal cord injury (Chen et al., 2010). Recovery after spinal

cord injury in homozygous TnC deficient (TnC-/-) mice

was found to be reduced when compared with their wild-

type (TnC ?/?) littermates, indicating an overall positive

impact of TnC on regeneration. Furthermore, treatment of

injured wild-type spinal cords with a beneficial domain of

TnC, TnC-FND, markedly improved regeneration (Chen

et al., 2010). These findings were in agreement with the

previous observations that TnC enhances neurite outgrowth

and supports neuronal survival (Lochter and Schachner,

1993; Meiners et al., 2001). In addition to its growth-pro-

moting effects, different mechanisms may be involved in

the regeneration-conducive effects of TnC. In TnC-/-

mice both the synaptic rearrangements in the lumbar spinal

cord and the H-reflex response after injury were attenuated

compared with wild-type littermates. It is thus likely that

TnC exerts its beneficial effects by modifying synaptic

response to damage in the central nervous system (Chen

et al., 2010). Because it is known that inflammation is an

important element of pathology in regeneration after ner-

vous system injuries (Ankeny and Popovich 2009; David

and Kroner, 2011; Wu et al., 2012), it is noteworthy that

blood–spinal cord barrier remains open for longer time

after spinal cord injury in TnC-/- mice than in their wild-

type littermates (Peter et al., 2012). The repair of the

blood–spinal cord barrier after injury is accomplished by

the activation of astrocytes and microglia as well as mac-

rophages infiltrating the injured tissue due to the break-

down of the blood–central nervous system barrier. In

addition, astrocytes contribute to the pathology of the

injured central nervous system through glial scar formation

(Bradbury and Carter, 2011; Devanathan et al., 2010; Ja-

kovcevski et al., 2007; Lee et al., 2012; Rolls et al., 2009).

The relationship of TnC in the nervous and immune sys-

tems and their interdependence thus needs to be studied in

different injury constellations and in the context of acute

and chronic inflammatory responses.

Similar to TnC, TnR expression is upregulated after

spinal cord injury in the lesion area (Deckner et al., 2000),

thus implicating TnR in inhibiting axonal regrowth after

injury (Pesheva and Probstmeier, 2000; Sandvig et al.,

2004). Indeed, TnR-/- mice recover better after spinal

cord than their wild-type littermates on the same genetic

background, indicating an inhibitory role of TnR in

recovery after injury by reducing axonal regrowth and

remodeling of perineuronal nets leading to increased syn-

aptic plasticity. We propose that, due to the reduction of

perineuronal nets, synaptic rearrangements around moto-

neurons are enhanced, resulting in, as compared to wild-

type mice, higher numbers of GABAergic and lower

numbers of glutamatergic synaptic terminals after injury

(Apostolova et al., 2006). As a functional correlate, the

H-reflex response after spinal cord injury in TnR-/- mice

is enhanced compared with wild-type littermates, sug-

gesting that in the absence of TnR remodeling of synapses

on spinal motoneurons is enhanced (Lee et al., 2009).

Enhanced structural plasticity may also contribute to the

better functional outcome of facial nerve repair in TnR-/-

mice (Guntinas-Lichius et al., 2005). Improved recovery

from spinal cord injury after application of chondroitinase

ABC (Bradbury et al., 2002) is possibly also attributable to

enzymatic degradation of the perineuronal nets and con-

comitant removal of growth-inhibiting chondroitin sulfate

proteoglycans (Rhodes and Fawcett, 2004).

Finally, it is worth mentioning in the context of regen-

eration that similar functions of TnC and TnR appear to be

operant in injury of the peripheral nervous system as in the

central nervous system: functional recovery was reduced in

TnC-/- mice, whereas it was enhanced in TnR-/- mice,

in comparison to their respective wild-type controls

(Guntinas-Lichius et al., 2005). Interestingly, TnC and TnR

doubly deficient mice behaved similarly to TnC-/- mice,

emphasizing a more prominent role of TnC than TnR in

regeneration in this injury paradigm (Guntinas-Lichius

et al., 2005). In conclusion, we expect that these null

mutant mice may allow first insights into the mechanisms

of tenascin functions in other pathological conditions of the

central and peripheral nervous systems.

Tenascins and inflammation

There appear to be two essential clues implying an

important role of TnC in inflammation. First, this molecule

is constitutively expressed in peripheral lymphoid organs,

i.e. lymph nodes and spleen, with preferential expression in

T cell-dependent zones of these organs (Chilosi et al.,

1993). Second, TnC expression has been observed, in

addition to the nervous system, in various tissues and

organs affected by inflammation, including stomach (Tiitta

et al., 1994), skin (Knaggs et al., 1994; Soini et al., 1997),

oral mucosa (Tiitta et al., 1995), kidney (Truong et al.,

1996), lungs (Hisatomi et al., 2009; Laitinen et al., 1996;

Zhao et al., 1998), joints (Hasegawa et al., 2007; Patel
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et al., 2011; Veje et al., 2003; Yoshida et al., 1996), eyes

(Abu El-Asrar et al., 2003; Maseruka et al., 1997), blood

vessels (Satta et al., 1997; Wallner et al., 1999), liver

(Koukoulis et al., 1999), pleura (Kaarteenaho-Wiik et al.,

2000), bowels (Riedl et al., 2011; Salas et al., 2003), and

heart (Imanaka-Yoshida et al., 2002, 2004). Interestingly,

TnC serum levels correlated with serum levels of a clas-

sical inflammation marker, C-reactive protein (Schenk

et al., 1995).

The relationship between TnC and components of the

immune system is bidirectional: TnC affects T cell acti-

vation as well as adhesive properties of T cells, B cells and

monocytes. Specifically, it was shown that TnC inhibited T

cell activation induced by a soluble antigen, alloantigens or

by the mitogen concanavalin A, furthermore it enhanced

clustering of B cells (Rüegg et al., 1989). Vice versa, TnC

expression is regulated by cytokines released by the

immune system in various cell types, as shown in numer-

ous in vitro studies. For instance, interferon (IFN)- c and

tumor necrosis factor (TNF) stimulate its expression in

bronchial epithelial cells (Härkönen et al., 1995). On the

other hand, IFN-c antagonizes fibroblast growth factor

(FGF)2-induced TnC synthesis in astrocytes (DiProspero

et al., 1997). Interleukin (IL)-4 induces and dexamethasone

reduces TnC expression in type 2 macrophages (Gratchev

et al., 2005). The combination of hypoxia and IL-1b
increases TnC protein and mRNA levels of synovial

fibroblasts (Tojyo et al., 2008). TNF stimulates TnC gene

expression in adipose tissue (Catalán et al., 2012). The

treatment of human fibroblasts with TNF and IFN-c
induces the expression of TnC (Meuronen et al., 2011).

Accordingly, it was shown that the expression of TnC is

attenuated in the respiratory epithelium of mice with

impaired Th1 immunity, i.e. of mice that are deficient for

the transcription factor STAT4 (Meuronen et al., 2011). As

a consequence, these mice show reduced secretion of TNF

and IFN-c, suggesting that these cytokines increase TnC

expression in vivo.

Toll-like receptors (TLR) are prototypical pattern rec-

ognition receptors. These receptors are specific for ligands

that are cognate conserved molecular markers of infection

and tissue damage. Typical TLR ligands are pathogen-

associated molecular patterns (PAMP), i.e. microbial

products, such as lipopolysaccharide, lipomannan or dou-

ble-stranded RNA. Importantly, PAMPs and signaling that

they induce through engagement of TLRs have been

implicated in the regulation of TnC expression (Fig. 1).

Various TLR ligands stimulate human monocyte-derived

dendritic cells to express TnC. These molecules include

lipopolysaccharide-LPS (for TLR4), 5,6-oxido-7,9,11,14-

eicosatetraenoic acid - LTA (for TLR1/2), lipopeptide

PAM3 (for TLR2/6) and flagellin (for TLR5) (Goh et al.,

2010). Moreover, LPS also increases TnC gene expression

in non-immune stromal vascular fraction cells of adipose

tissue, i.e. endothelial cells, smooth muscle cells, pericytes,

fibroblasts, mast cells, and preadipocytes, while TnC and

TLR4 expression are both induced by TNF-a in these cells

(Catalán et al., 2012). Vice versa, TnC induces synthesis of

pro-inflammatory cytokines via activation of TLR4 in

human macrophages and fibroblasts from synovia of

rheumatoid arthritis patients (Midwood et al., 2009). Fur-

thermore, TnC was also shown to induce expression of

TLR4 protein, and CCL2 mRNA in human adipocyte

cultures (Catalan et al., 2012).

Regulation of TnC activity in inflammation is achieved

through control of its production and availability in the

extracellular milieu. It was shown that TnC synthesis

induced through TLR in dendritic cells is transcriptionally

regulated and that it requires the specific activation of

AKT/PI3 K and NF-jB signaling pathways (Goh et al.,

2010). Furthermore, proteolytic degradation and, thus,

inactivation of TnC plays an important role in control of its

effect on inflammation. For example, TnC protein accu-

mulation in peribronchial areas is considered to be a

pathological feature of airway hyperreactivity to allergens

in asthma and such accumulation is typically seen in

MMP19-deficient mice, implying that MMP19 is a major

regulator of this inflammatory process (Gueders et al.,

2010). In parallel, Th2-driven airway eosinophilia and

airway hyperreactivity is exacerbated in MMP19-deficient

mice. Thus, it is suggested that by preventing TnC accu-

mulation, MMP19 controls Th2-mediated inflammatory

response in asthma (Gueders et al., 2010). However, in

some instances, proteolytic cleavage of ECM molecules

produces their fragments which are recognized by immune

receptors and act upon immune cells (reviewed in Sorokin,

2010). Fragments obtained in this way may have different

effects on immunity than their parental molecule, e.g. high-

molecular weight hyaluronan has anti-inflammatory, while

its low-molecular weight fragments have pro-inflammatory

effects (Sorokin, 2010). Interestingly, thrombin-cleaved

forms of TnC and osteopontin, another inflammation-

related ECM component, share a9b1 integrin as a common

receptor. a9b1 integrin-mediated signaling is involved in

the pathogenesis of various autoimmune diseases (Uede,

2011), implicating this integrin as a key receptor for TnC

effects in (auto)immunity. Indeed, it was shown in a col-

lagen-induced arthritis model that TnC and osteopontin

produced by dendritic cells and macrophages act through

a9b1 integrin in cooperation with TLR ligands which act

on TLR to stimulate the generation of Th17 promoting

cytokines in the same cells (Fig. 1; Kanayama et al., 2011).

In agreement with these observations is the finding that

dendritic cells from TnC-/- mice exhibit specific deficits

in differentiation of Th cells towards the Th17 cell phe-

notype in an antigen-induced arthritis model (Ruhmann
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et al., 2012). Namely, dendritic cells from TnC-/- mice

have no defects in maturation, expression of MHC class II

antigens or the co-stimulatory molecules CD40 and CD86,

but they have reduced ability to produce inflammatory

cytokines important for Th17 induction. Consequently,

IL-17 levels in the arthritic joints of TnC-/- mice are

almost annulated. Thus, it appears that through a9b1

integrin engagement TnC affects the generation of Th17

cells, which constitute a major auto-immunity inducing

population (Fig. 1). The possibility that TnC affects Th17

differentiation by acting directly through a9b1 integrin

expressed on T cells have not been explored so far. Inter-

estingly, it is known that T cells recognize tenascin and that

tenascin has a supportive role in T cell rolling (Clark et al.,

1997). In the same study, however, numerous integrins

(including b1) were discarded as candidate-binding part-

ners for TnC to promote the rolling process.

Besides affecting immune cells directly through integrin

receptors, TnC is also capable of interfering with the actions

of other ECM molecules. For instance, if T cells recognize

fibronectin through integrin a5b1 and a4b1 in vitro, ERK

signaling is activated in T cells, resulting in elevated actin

polymerization and amoeboid movement of T cells (Hau-

zenberger et al., 1999; Huang et al., 2010). However, if TnC

is secreted in the vicinity of T cell fibronectin-interacting

site, it blocks the interaction and inhibits motility of T cells.

This mechanism of inhibition of T cell is utilized by glio-

blastoma cells, which in this way prevent infiltration of T

cells into the tumor mass (Huang et al., 2010). TnC-

imposed interference of T cell binding to fibronectin might

have a broader implication for TnC-mediated regulation of

leukocyte migration in general. In support of this assump-

tion is the seminal report on TnC inhibition of monocyte

adhesion to fibronectin (Rüegg et al., 1989).

When considering the importance of Th17 cells and IL-17

for rheumatoid arthritis pathogenesis (Li et al., 2010), it is

conceivable that mice deficient in TnC would have impaired

arthritis induction and/or its severity impediment. Indeed,

TnC-/- mice showed rapid resolution of acute joint

inflammation and they were protected from erosive arthritis,

while intra-articular injection of TnC promoted joint inflam-

mation in mice (Midwood et al., 2009). Data from arthritis

studies in TnC-/- mice are corroborated by the finding that

TnC is persistently highly expressed in the inflamed synovium

of joints from rheumatoid arthritis patients (Goh et al., 2010)

and that TnC induces cytokine synthesis in explant cultures

from inflamed synovia of patients suffering from rheumatoid

arthritis (Midwood et al., 2009).

Studies on TnC-/- mice have still not provided a clear

view on the role of TnC in inflammation and autoimmu-

nity. For instance, although TnC expression is elevated in

the skin of mice suffering from contact dermatitis, in

Fig. 1 TnC is an important mediator of Th17 differentiation.

Antigen-presenting cells (macrophages and dendritic cells) produce

TnC in response to various stimuli, including ligands for TLR (TLR2

and TLR4). Vice versa, TnC stimulates expression of TLR on

antigen-presenting cells. TnC produced by dendritic cells and

macrophages acts through a9b1 integrin and cooperates with TLR

ligands (i.e. microbial products, such as lipopolysaccharide and

lipomannan) to stimulate synthesis of cytokines IL-6 and IL-23 which

direct differentiation of Th cells towards the Th17 phenotype. The

possibility that TnC directly affects Th cell differentiation through

a9b1 integrin has not yet been explored (note ‘‘?’’ in ‘‘a9 integrin’’ at

the T cell)

1120 I. Jakovcevski et al.

123



TnC-/- mice dermatitis was more severe, while infiltra-

tion of polymorphonuclear cells persisted longer than in

wild-type mice, suggesting that TnC is anti-inflammatory

in dermatitis (Koyama et al., 1998). Similar results were

obtained for unilateral stab injury in the cerebral cortex,

with the expression of the pro-inflammatory cytokines

IL-1b, TNF-a, and IL-6 being higher and levels of IL-4 and

granulocyte colony-stimulating factor being lower in

TnC-/- mice than in wild-type controls (Ikeshima-Kat-

aoka et al., 2008).

Although there are no published data on the relevance

of TnC in neuroinflammation, it is tempting to speculate

that this molecule might have an important role in the

pathogenesis of a prototypical inflammatory disease of the

central nervous system – multiple sclerosis (MS). An

obvious argument to support this claim would be that TnC

directs naive CD4? cells towards the Th17 phenotype,

since Th17 cells are among the most important and path-

ogenic populations of immune cells in MS (Jadidi-Niaragh

and Mirshafiey, 2011). These cells have been indicated to

initiate and orchestrate auto-aggressive immune responses

which lead to demyelination and axonal damage. At later

phases of the immunopathology of MS, other cell types,

mostly macrophages and cytotoxic T cells perform effector

functions directed against central nervous system tissue

(Agrawal and Yong, 2006), leading to the formation of

sclerotic plaques. These lesions may be acutely or chron-

ically active (with ongoing inflammation) or inactive

(post-inflammatory). It is noteworthy in this context that

TnC and TnR expression is reduced in acute MS lesions,

while there is no difference in TnC and TnR levels

between chronic lesions and normal white matter

(Gutowski et al., 1999). The observed downregulation of

tenascins could be explained by an overall destruction of

ECM components during inflammation, which would not

have to be associated with a role of TnC in the regulation

of inflammation. In a study on experimental autoimmune

encephalomyelitis (EAE), an animal model of MS,

upregulation of the two molecules in EAE lesions was

observed (Zhao et al., 2009). It thus appears important to

perform extensive investigation on the roles of TnC and

TnR in MS initiation and progression. Because the

immune response towards central nervous system tissue in

MS is shaped in the lymphoid organs it deems necessary to

investigate effects of TnC on the generation of the auto-

immune response not only in the central nervous system,

but also in tissues of the immune system. Much of our

knowledge about MS pathogenesis stems from studies on

EAE model (Krishnamoorthy and Wekerle, 2009). For

instance, data about the importance of IL-17-producing

Th17 cells in neuroinflammation (Hofstetter et al., 2005;

Miljkovic et al., 2006; Miljković et al., 2011), or essential

facts about transmigration of T cells across the blood–

brain barrier (Bartholomäus et al., 2009). Thus, it seems

reasonable to analyze TnC and TnR in the context of EAE

model as a basis for further research in MS.

Astrocytes play a dominant role in the interaction

between immune cells and central nervous system tissue

(reviewed in Miljković et al., 2011), since they regulate

another important feature in interactions of the central

nervous system with immune cells—they are basic con-

stituents of the blood–brain barrier and regulate its endo-

thelial–astrocytic endfeet interface. Therefore, astrocytic

processes interact with immune cells in the initial steps of

an inflammatory invasion. In addition, astrocytes in the

parenchyma produce several ECM components and ECM-

related molecules which have been implicated in MS and

EAE pathogenesis, including fibronectin, CS-1 (CS—con-

necting segment), osteopontin, MMPs and TIMPS

(reviewed in Miljković et al., 2011). It is noteworthy that

astrocytes not only generate TnC, but also respond to it

(Fig. 2) Although the expression of a9b1 integrin on

astrocytes has not yet been documented, it is known that

astrocytes upregulate expression of various integrins in

inflammatory environment, i.e. under the influence of

inflammatory cytokines (Aloisi et al., 1992) and that

astrocytomas express a9b1 integrin (Brown et al., 2008).

Production of TnC by astrocytes is regulated by cytokines

secreted by microglia and macrophages, such as trans-

forming growth factor (TGF)-b and FGF-b (Smith and

Hale, 1997). However, it is not known how pro-inflam-

matory cytokines, such as IFN-c, TNF, and IL-17 regulate

TnC synthesis in astrocytes. Interestingly, astrogliosis is

delayed after stab injury to the brain in TnC-/- compared

to wild-type mice, while the balance between production of

pro-inflammatory and anti-inflammatory cytokines is shif-

ted towards the inflammatory branch (Ikeshima-Kataoka

et al., 2008). Thus, TnC may promote astrogliosis and

inhibit generation of inflammatory cytokines by astrocytes.

Importantly, both astrogliosis and cytokines production are

involved in MS pathogenesis (Miller, 2012). Besides their

role in interaction with immune cells, astrocytes play an

important role in recovery from the inflammatory insult in

MS, including remyelination (Moore et al., 2011). An

in vitro correlate of these findings is that plating of astro-

cytes on TnC resulted in less myelinated fibers in disso-

ciated rat spinal cord myelinating cultures when compared

with plating of astrocytes on the control substrate poly-L-

lysine (Nash et al., 2011). Whether TnC has a negative

impact on remyelination in EAE will need to be studied

with the hope to gain insights into the role of this extra-

cellular matrix molecule in MS.

TnR is also able to stimulate generation of cytokines and

growth factors, including TGF-b, TNF, CXCL2, brain-

derived neurotrophic factor (BDNF) and nerve growth

factor (NGF) in microglial cells (Liao et al., 2005; Liao
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et al., 2008). When considering the importance of

microglia and its soluble products for CNS inflammation,

as well as for neural protection and repair (Ransohoff and

Brown, 2012), effects of TnR on microglia promote it as a

conceivable factor in the neuroinflammatory disorder MS

and its experimental model EAE. Again, further studies are

warranted regarding this issue.

Conclusions and outlook

TnC has been found to be beneficial for regeneration after

injury of the adult central nervous system. It also induces

the quiescent phenotype of cultured astrocytes in vitro, thus

possibly regulating astrocytic scar formation after spinal

cord injury. In addition to its neurotrophic potential TnC is

also involved in synaptic plasticity in the adult central

nervous system. TnR has been suggested to be among

the oligodendrocyte-derived molecules inhibiting axonal

regrowth after injury, a counterproductive function with

regard to regeneration. Yet, it has also been implicated in

remyelination of denuded axons and remodeling of peri-

neuronal nets. Thus, inhibiting axonal regrowth in spinal

cord injury may render the positive effect of TnR in

remyelination obsolete. On the other hand, allowing

perineuronal nets to remodel in TnR-deficient mice might

take precedence in functional recovery. Although TnC is

likely to be important for pathogenesis of neuroinflamma-

tory disorders due to its involvement in non-neural

inflammation, a role for TnR has yet to be explored in the

pathogenesis of inflammatory responses to nervous system

injury. Of special interest is the link between neuroin-

flammation and expression of TnC by astrocytes and

antigen-presenting cells, such as dendritic cells and mac-

rophages/microglia. The contribution of astrocytes to

neuroinflammatory pathogenesis has become particularly

pertinent to analyze further in view of their roles in

astrogliosis/glial scar formation, remyelination and trophic

support of neurons and in their interaction with immune

cells to shape immune responses in the central nervous

system. Considering that microglia/macrophages stimulate

TnC expression in cultured astrocytes, this could then

influence differentiation of Th cells and thus might affect

the manner and intensity of an (auto)immune response

within the central nervous system. Although such effect of

astrocytic TnC is expected, antigen-presenting cell-pro-

duced TnC should have an effect on the immune response

both in the nervous system and in the lymphoid tissue. A

role of TnR in immune responses may be important in view

of the in vitro observations that microglia/macrophages are

repelled in their adhesion by this molecule and that it

stimulates microglia to generate cytokines. Although

changes in expression of TnC and TnR in sclerotic MS

lesions have been reported, there is no clear evidence for a

role of these molecules in neuroinflammation. Studies on

EAE in TnC -/- and TnR-/- mice, as well as further

screening for TnC and TnR and their respective antibodies

in the cerebrospinal fluid of MS patients and mice with

EAE appear therefore warranted.
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Celio MR, Blümcke I (1994) Perineuronal nets—a specialized form

of extracellular matrix in the adult nervous system. Brain Res

Brain Res Rev 19:128–145

Celio MR, Chicquet-Ehrismann R (1993) ‘Perineuronal nets’ around

cortical interneurons expressing parvalbumin are rich in tenas-

cin. Neurosci Lett 162:37–40

Chen J, Joon Lee H, Jakovcevski I, Shah R, Bhagat N, Loers G, Liu

HY, Meiners S, Taschenberger G, Kügler S, Irintchev A,
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