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1.INTRODUCTION

' ,a delicate covering, mainly reticular in structure, but also in the form of tiny tiled scales
or an interrupted envelope which sorrounds the cell body of all nerve cells and continues along

their protoplasmic extension...” ojgi

B
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Since the recognition of Camilo Golgi, publishedlBO8, it is known the
the extracellular space of the nervous tissue auntdifferent macromolecules that forn
net-like compogion covering nerve cell bodies, dendrites and ardral segments. The fire
period of enthusiastic pericellular net investigativas started by Golgi and ended by Ral
y Cajal, who claimed in 1911 th“...the pericellular net is not nervous; ...this is due to
the coagulation of a substance solved in the pericellular fuild{Vitellaro-Zuccarello et al.
1998). In the early 1900s a diffuse and periceflakt was defined. During this time in Ita
a neurologist and psychiatrist, Carlo Besta deved a modified methylene blue staining
visualize the nets. He successfully mapped thecg@érlar nets of neurons in vario
mammals and human, and stresfirst that the morphology of pericellular net varies v
animal species and cell types. His experiments estgd that the net is not modified a
lesions, thermal variations or starving. Laterhe 1931 Belloni found interesting alteratic
of pericellularand diffuse nets in human cerebropathies like démediffuse gliosis an
psychiatric diseases, by that supporting the thedriXissl, or Alzheimer. First Held, the
Belloni proposed the net’s glial origi

But the authority of Cajal's claims agairthe existence of the pericellular nets |
strong impact; therefore no further interest wasdhfor the pericellular net in the next fi
years. The first scientific acknowledgement reveplthat the molecular assembly of
network is close to thatf@onnective tissues’ extracellular matrix (ECM)snva the early
1970s (Tani and Ametani 1971). Due to the lackd¥amced techniques at that age, on
few of the macromolecular components cl. chondroitin sulfate proteoglycans (CSP
hyaluronan (HA, fibronectin, collagens) were known to be preserthe nervous ECM, unt
the 1990’s (Margolis et al. 1975; Rutka et al. 1,988rbonetto 1984; Sanes 1989). Today
the new wave of perineuronal matrix research, nggolution laboratory methods, e lectin
histochemistry or immunohistochemistry, microscopiaging, or electron microscc are
available. Until today, a growing number of evidengroves that these molecules

important regulative roles in morphogenetic proessssubstance transtation, cell
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signaling, cell migration, plasticity events, ax@generation etc., in the nervous tissue, under
both physiological and pathological conditions.

One open problem of neurological medicine is tleatnent of patients suffering from
disturbances caused by unilateral deficit of thetibelar apparatus. Such conditions occur for
example in Meniere syndrome or after the schwannaahe &' cranial nerve, and
neurodegeneration. The unilateral deafferentatidhebrainstem vestibular nuclear complex
(VNC) results in various static and dynamic sympodue to the disturbance of wide
spreading connections of the VNC. After time thatistsymptoms will be restored, but the
dynamic disturbances only settle, but never getptermly normalized (Dieringer 1995;
Precht et al. 1966; Curthoys and Halmagyi 1999)s Tt the phenomenon of vestibular
compensation, the process involving the plastioftyhe nervous system adjusting neuronal
activity to the changed conditions. Plastic eveani®lve various changes in the synaptic
transmission and reorganization, axonal sproutiegirogenesis, glial reaction (Dityatev and
Schachner 2003; Dityatev and Rusakov 2011). Incrgasumber of evidence is reported on
the role of ECM macromolecules in neuronal plasticregeneration and inhibition of
regeneration after lesions (Rhodes and Fawcett; ZDi@¢atev and Schachner 2003).

The present thesis is devoted to provide betteenst@inding of the possible roles of
extracellular matrix macromolecules in the vestipuidystem during physiological state in rat
and frog, and after unilateral labyrinthectomyaist



2. SCIENTIFIC BACKGROUND

2.1 Molecules of the extracellular matrix in the cetral nervous system

In the central nervous system (CNS), the intertallapace between neurons and glial
elements is approx. 10-20% of the total brain va@u@mmermann and Dours-Zimmermann
2008). This extracellular gap contains the netwafrlextracellular molecules providing the
working environment for neurons. The ECM molecuses produced intracellularly and
secreted to form a dense network of proteins andobgdrate-like glycans. Structurally the
ECM provides neural cells with points of anchoragel may allow migration of cells to
distinct CNS regions. Chemically, it is a sourcediferse molecular signals that guide
cellular growth, differentiation, activity in patlogical conditions, and survival.

2.1.1 Overview on the function of extracellular maix molecules in the CNS

(1) In the adult nervous system the ECM moleculesirarelved intrafficking soluble
and membrane-bound molecul&éaintenance of the steady state extracellulairenment is
essential for physiological neuronal activity, egply for fast reacting neuronal circuit2) (
By accumulating around neuron cell bodies, proxiahdritic segments, axon hillock or
preterminal axons, the ECM is anportant stabilizer of synaptic connectior{Blosa et al.
2013; Frischknecht et al. 20093) ECM moleculesnfluence neuronal activitguring normal
and pathological conditions, and neuronal activiffluences ECM appearance. (Dityatev and
Fellin 2008; Dityatev and Rusakov 2011; Dityatewd é8chachner 2003; Hartig et al. 1999;
Morita et al. 2010; Sykova and Nicholson 2008)) (The different ECM molecular
components are associated to several membrane lbeceptors or synthases. Anchoring to
the cytoskeleton they aravolved in molecular cascadesntrolling synaptic trafficking, or
they can restrict mobility of neurotransmitters apostsynaptic receptors (Dityatev and
Rusakov 2011).5) In the past decade ECM molecules are considesedha fourth
component of synapsdsermed astétrapartite’ synapses (Dityatev and Rusakov 2011). They
are shown to interact with the pre- and postsyonapgmbranes and astroglia, and they are
able to regulate the activity of synaptic receptansl ion channels (Dityatev and Rusakov
2011; Dityatev and Schachner 200®). During developmentspecific ECM components are
secreted in spatial and temporal timingfdoilitate the migration and engagement of newly
born neuronsto promote steps of differentiation, or to praiduidance cues for axonal
growth and target finding (Galtrey and Fawcett 20)0Dohira et al. 2000), as well as
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regulating synaptogenesis and synaptic activity Qlinically important to note that by CNS
gliomas the perivascular or periaxonal invasion twmor cells triggers the release of
extracellular proteases which, by cleaving, willdifp the original ECM composition and
surface receptors, to facilitate their own diffepeeading(Dityatev and Fellin 2008; Dityatev
and Rusakov 2011; Dityatev and Schachner 2003;idHattal. 1999; Morita et al. 2010;
Sykova and Nicholson 2008; Mentlein et al. 2011).

2.1.2 Organization of ECM in the CNS

Molecules of the ECM are present in various exthalee compartments of the brain
tissue. 1) Basement membrane is a sheet-like plate thatulmeler endothelial cells of the
cerebrovascular system, and provides boundary lkeetwessels and CNS parenchyme. It is
also found in the subpial layer. The molecules cosimg it are collagen, entactin, fibronectin,
distroglycan and perlecan (Lau et al. 2013). The perineuronal net (PNN) that is a dense
layer of mesh-like network, built up by accumulagsoof matrix molecules around the
neuronal soma, proximal segments of dendrites tlam@xons’ initial segments. The PNN, if
labeled, demarcates the neuron somas, proxima parieuronal processes, and can be well
distinguished from the less condensed neuropilncdigyal molecular constituents are the
hyaluronan, CSPGs, tenascin-R and various linkepist(Celio et al. 1998; Zimmermann and
Dours-Zimmermann 2008; Kwok et al. 2011). Duringyglepment PNN appears at critical
times of synaptogenesis, where it is believed ftdillfecation buffering, neuroprotective,
axonal guiding, and structural roles (Soleman et28l13). PNNs are generally present
embracing GABA-ergic neurons and pyramidal cells, veell as some populations of
motoneurons in the brainstem and spinal cord, aamibws other neurons in the sensory
systems (Galtrey et al. 2007; Soleman et al. 20TBge formation of PNN is activity
dependent, it surrounds synapses of only a selewadonal subpopulation (Dityatev and
Schachner, 2003, 20068)(The neural interstitial matrix consists of ECM lemules in the
interneuronal compartment of the parenchyme thatrert tightly associated to basement
membranes or perineuronal nets, but consideredrjugte neuropil. It shows a highly area
dependent expression, which, as mentioned abovectisity dependent (Sykova and
Nicholson 2008). Molecular components are the hypalan, CSPGs, tenascins and link
proteins. 4) Recently, a new compartment, the preterminal ssgraf axons and boutons has
been distinguished to be enwrapped by ECM accuinualdermed as the axonal coat (AC). It

was first described by Briickner et al. (2008). Along white matter bundles, in nodes of



Ranvier, accumulation of mainly lecticans and lproteins are reffered as the nodal ECM
(Dours-Zimmermann et al. 2009; Bekku et al. 2010).
In the present study we focused on the followingvVERolecules in the CNS thd)(

HA, consisting of repeating non-sulfated disacaerthains, being the backbone of ECM,;
(2) the CSPGs, mainly lecticans, having various nundfesulfated GAGs on the core
protein, and by N- and C- terminal domains intessith hyaluronan and tenascins, to form
the molecular meshwork3) glycoproteins which are the link proteins, snsitled stabilizers
of lecticans to hyaluronan bond, and tenascinsatiesive molecule to interact with CSPGs,

laminin or fibronectin.

Hyaluronan

The HA is a non-sulfated polymer of repeating disneomposed of D-glucuronic acid
and N-acetylglucosamine, producing chains up tO@bdimers (see for review Fraser et al.
1997; Vigetti et al. 2014). Despite the simple basiructure, hyaluronan forms complex
secondary and tertiary structures, with differingesand conformation being the key
organizer of ECM, especially in the PNN. HA is a GAhat does not bind to other proteins
covalently, thus doesn’t build proteoglycans. luksquiter in most of the tissues in various
amounts, and its structure is conservative in beates. It carries strong negative charge that
traps cations, water, or other extracellular tckiéid molecules.

Until today there isn’t a known specific HA receptxpressed by neurons, but, their
transmembrane hyaluronan synthase (HAS) enzymegspensible for double roles (Weigel
et al. 1997). Firstly, they synthesize HA into #dracellular space, secondly, they are the
cell surface receptors for HA by anchoring the raoles. In mammals, HA is produced by
either of the three isoenzymes, the HAS1, HAS2, ldA%3. The HA content of a tissue is
adjusted by active balance, where anabolism arabobsm is regulated by neighboring cells.
The latter is controlled by hyaluronidase enzymealiated fragmentation, or by oxygen free
radicals followed by diffusion through lymph. Inetfuvenile brain HA is ubiquitous and is
present in large amount, but later in developmegradually downregulates, although it is
present throughout life. HA has permissive rol@xon growth during development or after
injuries (Margolis and Margolis 1997; Bausch et24l06).

The ability of HA to activate intracellular signadj cascades requires interactions with
cell-associated hyaluronan-binding proteins, sush GD44 or RHAMM (receptor for
hyaluronan mediated motility). These mediate HAatefent biological functions, depending

on cell and tissue type, like cell migration, pieiation and transformation, phosphorilation,
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or tumor cell invasion (Lindwall et al. 2013; Hahd Turley 1995). The CD44 binds to
hyaluronan through an extracellular linker domavhgreas an intracellular domain provides
a direct link between hyaluronan, cytoskeletal @rg and signal transduction pathways. The
RHAMM is present, as cell surface protein and remepinding hyaluronan, but also in the

cytoplasm, interacting with cytoskeleton, and nusléHamilton et al. 2007).

Chondroitin sulfate proteoglycans

CSPGs are built of a core protein of variable cositpin, covalently binding to
chondroitin sulfate glycosaminoglycans. The coretgins are assemblies of molecules
composed of multiple domains that serve their irgtégn into the ECM. There are four major
groups of CSPGs:1j lecticans, including aggrecan, versican, breviaamd neurocan;2j
phosphacan or receptor-type protein-tyrosine phatggle (3; 3) small leucine rich
proteoglycans (decorin, biglycan¥)(others (neuroglycan-C) (Galtrey and Fawcett 2D07a
Our research focuses on lectican family, as detdédow (Fig. 1).

Aggrecan Versican VO Versican V1 Versican V2 Neurocan  Brevican Versican V3

COOH Ny S G1 Region
Hgpe oK G3 Region
————  Chondroitin Sulfate

— Hyaluronan

Figure 1. Schematic structure of lecticans. In the mautre CN%ggrecan, versican V2, neurocan, and
brevican are present. They bind to HA with N-termiral G1 domain, and to tenascins by C-terminal.
Arrowhead shows cleavage site on neurocarfmodified after Zimmermann and Dours-Zimmermann,
2008)

The chondroitin sulfate GAG chains are long lineaslecules; they are formed by
repeating disaccharide units of D-glucuronic aandl &N-acetyl galactosamin, linked by [3-
glycosidic bonds. During matrix assembly GAG chaams linked to serine residues in the
core proteins via xylose, by the xylosiltransferaseyme. After xylose addition, a linkage
tetrasaccharide is generated by addition of N-&fetalactose. The disaccharides are

polymerized into long chains by the human chonareitsynthase and chondroitin
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polymerizing factor. In the next step GAGs are rfiedi by sulfation. The position of the
sulfating substituent determines the type of thendnoitin sulfate. CSs can be monosulfated
in the 4 (CS-A) or 6 (CS-B) postion of the galaetosr disulfated on 2 and 6 positions of
glucuronic acid and galactosamin (CS-D), or on d @rpositions of galactosamin (CS-E).
The enzymes chondroitin sulfotransferases are nssple for sulfation patterns. The sulfation
of the GAG chains at certain positions and pattefeermines their ability to bind other
molecules (Galtrey and Fawcett 2007a).

The number of GAG chains connected to a core praseone considerable difference

among lecticans.

Aggrecan

The structure of the articular cartilage aggrecsawell corresponding to the one found
in the nervous system (see for review MorawskileR@12; Fig. 1). The aggrecan isolated
from tissues is polydisprese due to its giant mdbecsize ranging at 1-3 MDa molecular
weight, due to variations in the number and ler@tiGAGs attached. It consists of a linear
core protein, 300 kDa in size, with glycosylatedirse residues. The core protein has 3
globular domains, the G1, G2 and G3. It is only #ygrecan that carries the G2 domain.
GAG chains are connected at the long segment bet@@eand G3 domains. Two types of
GAG chains, the chondroitin sulfate and keratarfasell can substitute. The first one
containing 40-50 GAG repeats and present up toch@ihs per core, while the latter one only
consists of 20-25 repeats, having only 30 chaitaléd, intermittent to GAGs there are 8-10
short O-linked oligosaccharides, reaching the lengt up to 90 nm. The disaccharide
building blocks of GAGs carry sulfate or carboxgl@roups, which are negatively charged at
physiological pH. Each disaccharide has two negatsharges, approx. 3000 per
“bottlebrush”, thus a polyelectrolyte.

In cartilage, as well as in the nervous extracatlutpace the aggrecan binds to
hyaluronan via loops of the G1 domain, worn onNkterminal end of the core protein. On
HA, aggrecans are in 12 nm distance forming lord) r@éhatively wide aggregates, being able
to trap water, and counter charged soluble subssati&e ions or growth factors (Chandran
and Horkay 2012; Schwartz and Domowicz 2004).

The aggrecan is produced by neurons (Matthews. &08R; Carulli et al. 2006), and
have a non-permissive effect on neural circuitryeli@oment, and on post-lesional axon
regrowth. The cleaving off of GAGs by chondroitiea8BC, the restricting effect disables
(Wang and Fawcett 2012; Galtrey and Fawcett 2007b).
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Brevican

As all lecticans, the brevican comprises of an hhteal globular G1 domain, being
able to bind HA, a C-terminal domain carrying a @&8nain, and between is the chondroitin
sulfate attachment region (see for review Frischkheand Seidenbecher 2012; Fig. 1).
Brevican is only expressed in the nervous systemd, lt|as no G2 domain. The G1 has
immunoglobulin-like loops, followed by two link-pt@in-like modules. The G3 has an
epidermal growth factor (EGF)-like module, a C-typetin-like domain, and a complement
regulatory protein (RP)-like module, having gre#findty to binding to tenascin-R. The
central part comprises a non-homologous region,reviest a small number of chondroitin
sulfates (1-5) attaches, at the molecular weightlé0 kDa. Brevican is a part time
proteoglycan, with a significant portion of the malle being in not proteoglycan state.
Brevican has been reported to be in an alterngtigpliced GPI form, as rare variant.
Brevican is localized at the outer surface of nesrat contributes to PNN formation,
particularly present at perisynaptic sites (Blosale 2013; Frischknecht and Seidenbecher
2012), and it has also been shown to surround axtiel segmentsn vivo andin vitro. It has
been found in a selected group of the Ranvier n{8lelsku et al. 2009).

Brevican is mainly expressed by glial cells, busitu hybridization says that neurons
produce it in smaller amount in the soma, and teavia axon transport to presynaptic sites,
where it empties (Carulli et al. 2006).

The consensus of papers shows that brevican psoédson-permissive environment
for regrowing axons, and its enzymatic removalasassary for enabling recovery (Beggah et
al. 2005).

Neurocan

The neurocan wears the general structure of allG3SPaving the N-terminal G1
domain with the hyaluronan binding globular modatel a double Ig-like sequence. The C-
terminal G3 domain has an EGF-like sequence, C-gigiin module, ‘sushi” module and a
terminal extension of 45 amino acid. The centrat pathe molecule carries 3 sulfated GAG
substituents, with chain sizes of 22-32 kDa. Additlly there are 40 O-linked
oligosaccharides bond to the core protein providimgcin-like appearance. The full length
neurocan (245 kDa) is present only in the develppiervous system, but during maturation
central part of the core protein is cleaved, tifigmher a 150 kDa N-terminal fragment

(recognized by antibody 1F6) and a 130 kDa C-teammiragment (recognized by antibody

12



1D1) remains in the extracellular space (Fig. lipother 90 kDa cleavage product can
remain, after cleaving the core protein at the micleavage point, also recognized by the
antibody 1F6. After cleavage, N-terminal fragmeas 12 GAGs, and C-terminal has 1 GAG
substituent (see for review Rauch et al. 2001).

The neurocan is anchored to HA via the N-terminamdin, or by the C-terminal
fragment to N-CAM, Ng-CAM (cytoskeleton), axionin-itenascin-C and tenascin-R for
linking the matrix structure.

Neurocan is believed to play role in nervous tisslevelopment and in tissue
remodeling processes parallel with other ECM mdesuand cell surface proteins
(Friedlander et al. 1994). Full length form is pe&sive and forms cues for axon guidance.
Cleavage products are rather non-permissive. litsadwveurocan is expressed by neurons and
contributes in PNN accumulations, but also accuteslan nodes of Ranvier (Bekku and
Oohashi 2010).

Versican

Versican is a lectican present in various softugss(see for review Wight 2002). The
core protein structure follows the general asserblgSPG lecticans, for it binds to HA by
its globular Gldomain found on the N-terminal, aadthe C-terminal it has two EGF
modules, a C-type lectin, and a complement regulatgion. The middle region of the core
is encoded by two large exons, in which RNA splicspecifies the chondroitin sulfate
attachment regions, determining the types of GAi@Gdibg. The region encoded by exon 7 is
calledaGAG, the region encoded by exon 8, RBGAG. The mRKg&lpct will give rise to four
variants. (1) VO carries both exon 7 and 8, hading23 GAGs of bothi- and RBGAGsS; (2) V1
possesses only exon 8, carrying 12-15 RGAGs; (3yeé2mbles only to exon 7, but not 8,
carrying 5-8aGAGSs; and (4) V3 possesses neither exon 7 or 8 mot GAG attachment
sites, thus carrying no GAG substituent. The lerajtthe molecule severely decreases from
VO until V3 isoforms.

According to versican isoform dynamics the VO/Vlithwneurocan, are the first
detected in prenatal rat brain, which are thenaega by V2, brevican and aggrecan. The V2
versican (and neurocan, brevican) is exclusivelyressed in the CNS, at about 400kDa. The
core protein adheres to CD44 receptor, facilitdtgdC-terminal and by CS-GAG chains,
triggering inflammatory progress. Also by the Cateral G3 domain it can be attached to 31-
integrin receptors of glioma cells promoting inwasi Via N-terminal domains versican

attaches to HA. As a biologically active molecuig,is involved in signaling of cell
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proliferation, including breast, nervous or prosteancers, or melanoma, suspectedly through
EGF of the G3 domain (Schmalfeldt et al. 2000).

In the adult nervous system versican V2 has a ctarstic punctuate occurrence by
immunohistochemical labeling. Specific places o€tumoulations are perisynaptic spaces,
myelinated tracts, or nodes of Ranvier, alongsidh trevican, tenascin-R and link proteins,
providing ion reservoir for saltatory action potehpropagation (Bekku et al. 2010). The V2
isoform, represented in the adult CNS, has inhipiteffect on axon outgrowth after CNS
mechanical traumas. The cellular origin is oligatlecytes and NG2 positive cells, a
precursor of oligodendrocytes and astrocytes, 8agrélG2 proteoglycan (Zimmermann and

Dours-Zimmermann 2008).

Glycoproteins

Tenascins

Tenascins are very large multimeric glycoproteieperesenting a well conserved
structure throughout vertebrates (see for revielaAand Gunel-Ozcan 2012; Fig. 1). In
mammals, the group has four members, the tenasciR.GX, -W, (and —N). The different
tenascins have similar macromolecular structure tlesy follow the same modular
arrangement. They have an N-terminal cystein ricdjpmerization region composed of 3-4
a-helical heptad repeats, EGF-like parts, fibromediype-lll repeats, and a C-terminal
fibrinogen-like globular domain. The heptad domaalisw an N-terminal association of the
individual subunits that primarily form homotrimers tenascin-C and —W an additional
cysteine dock permits these trimers to further eggre into hexameric ohéxabrachion’
structure. In tenascin-R the cysteine residue 9e gkesent, but it only allows trimers to be
formed. The number of EGF-like repeats and fibraénddtl domains vary, being subjects of
alternative splicing, so different isoforms of teaias are produced. Tenascin-R contains 4,5
EGF and 9 fibronectin-lll repeats, and has twocgpliariants with 180 kDa and 160 kDa of
molecular weights per subunit. The tenascin-C g% EGF and 17 fibronectin-Ill, 9 of
which can be spliced alternatively, providing 2ffadient transcripts, at 180-300 kDa. The
differences depend on the presence of supplemertargnectin-lll modules between
fibronectin 5 and 6. The tenascin-W and —N seemsxi@ress from the same gene, and

tenascin-X also has various splice variants, bey thon’t reach significant levels in the CNS.
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Figure 2. Schematic structure of tenascin-R, and st ternary complex. The molecule ?
contains EGF-like repeats and fibronectins(modified after Anlar and Gunel-Ozcan 2012; >
and Rauch 2007)

Tenascins in the CNS bind to a number of ECM arldsceface ligands, mediated by
the fibronectin-Ill modules. Tenascin-R and —C rhaibinds to integrins, heparin sulfate
proteoglycans (syndecan, glypican), and to celleattim molecules of the immunoglobulin
superfamily (contactin F11 F3, axonin TAG-1, neasain). Other cell surface located
binding molecules are the annexin Il and receptotgin tyrosine phosphatase. EGF-like
sequences of tenascin-C were reported to bind 6 iEeGeptors, but with unknown biological
functions. There is strong connection to other EQaviners, particularly to lecticans like the
C-terminal G3 domain of aggrecan, brevican, neurpéarming the ternary network unit
composed of HA, lecticans and tenascin-R. Versipansphacan and fibronectin may bind to

TN-R as well (Zimmermann and Dours-Zimmermann 2008)

Link proteins

Link proteins (LP) belong to the family of glycopems that establish binding between
lectican and HA in the ECM, stabilizing their aggmées. The group of LPs counts four
members: the HAPLN1 (hyaluronan and proteoglycak protein 1, CRTL1); HAPLN2
(Brall — brain derived link protein 1); HAPLN3 (jgent in smooth muscle and vessels, but
not in CNS); and HAPLN4 (Bral2) (Cicanic et al. 201Galtrey and Fawcett 2007b;
Zimmermann and Dours-Zimmermann 2008).

According to structure, HAPLN1 is a short polypdpdisharing highly conserved
amino acid sequences among vertebrate species.hEwvey3 modules: Ig like fold at the N-
terminal, and two proteoglycan tandem repeatsintesraction to large CSPG molecules is
complex, both by the Ig fold (aggrecan) and by pheteoglycan repeats (versican). The
molecular weight is 41, 44 or 48 kDa, differingtheir degrees of glycosylation (Cicanic et
al. 2012; Zimmermann and Dours-Zimmermann 2008).

LPs are essential constituents of the PNN formatoa are present in relatively larger
amounts in the nodes of Ranvier and axonal coB&PLN1 glycoprotein is expressed by
neurons (Carulli et al. 2006), at the very timeopio PNN assembly. There are growing
number of publications about the function of linlotgins in the PNN, nervous development,
and plasticity.
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Other ECM molecules

Other ECM constitutents are present in the CNSabspatially or temporally different
compartments.

The phosphacanis a non-lectican-like proteoglycan. It has twoiaats determined by
their glycosylation. The phosphacan is also comsui@s the extracellular domain of protein-
tyrosin-phosphatase (RPT/B). It binds to cell adhesion molecules, and interaluring the
development of the CNS, being either permissivenon-permissive molecule for axon
outgrowth or regeneration (Maurel et al. 1994; siaés et al. 2006).

The heparan sulfate proteoglycanfamily has two subgroups, the syndecans and
glypicans. Syndecanshave 4 isoforms discovered in various tissue tyfsidecan 1 is
mainly present in hepatocytes and white blood cesdecan 2 is in the nervous tissue
activating matrix metalloproteinases (MMP), andalsiring angiogenesis, syndecan 3 is the
most abundant in the CNS, active in developmemiagtjc plasticity, and appetite regulation
in the hypothalamus. Syndecan 4 does ECM-cell aoihes the cytoskeleton triggering cell
signaling pathways (Leonova and Galzitskaya 20@G3ypicanshave six members having
important role in the morphogenesis of tissues legng through various signaling pathways.
It is present during development of the CNS, axoowth, and dendritic spine formation
(Svensson et al. 2012).

The agrin molecule was widely described in the formatiomnetiromuscular junction
during embryogenesis. It's involved in aggregataugtylcholine receptors and is released at
the growing axon’s terminal, anchoring to skeletaliscle fiber membrane, where the
synaptic contact will be established (Hubbard andrasambandan 2013).

The glycoprotein family has the laminins, fibronectins, and reelin molesuds well.
Lamininsare found in variants differing in their, p-, andy subunits, presenting approx 10
different molecules. They are present not onlyasdh laminas of vessels forming blood brain
barrier, but are active parts of synaptic stahilghasticity, and form a sheath for peripheral
nerves and neuromuscular junctions (Colognato anctchénco 2000)Fibronectins have
around 20 splice variants, and are present at sft@stensive axon growth. They establish
nexus between neuron-ECM or ECM-ECM, regulatingnagoowth and neuronal adhesion
(Meland et al. 2010)Reelin plays crucial role in development of the nervoystem,
regulating neuronal migration in an inside-outsiw@nner. The lack of reelin produces motor
abnormalities in the so called reeler mice (Abagtnd Zamorano 2013).
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2.1.3 Assembly of the PNN

The ability to form ECM accumulations at the braixtracellular space is one of the
hallmarks of vertebrate tissue development. Thengnof the formation of these aggregates
suggests their important properties in the adwairbfunctions, influencing synaptic plasticity,
and maturation of the brain.

During the development of PNN the filamentous HAaiols bond to neuronal cell
membranes, then associate to G1 domains of didéotitans. Their connection is stabilized
by LP subtypes, and PNN assembly cannot be exebefede LP expression. The G3 domian
on lecticans’ C-terminal engage to one arm of teinas either being TN-R having three or
TN-C having six arms. This produces a HA-lecticanatscin aggregate (Fig. 3). Throughout
ontogeny the expression of lecticans changes. dlhkehgth neurocan, and versican VO/V1 is
present prenatally and early postnatlly, then V@asn takes over. On the other hand
aggrecan and brevican builds up gradually aftehbonsequently the amount of negatively
charged molecules increase, attracting water atidnsa This hydrated substance fills the
~20% total brain volume (Schwartz and Domowicz 20@mmermann and Dours-

Zimmermann 2008).

N pmmmmm——————

Figure 3. Assembly of the perineuronal net,
built by the HA-CSPG-tenascin complex.
(modified after Soleman et al. 2013)
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2.2 The vestibular system

The vestibular system is the circuit for the seogsabf motion, head position, and
spatial orientation to gravity. Over the motion s&tion, the vestibular system regulates
balance, posture, gaze, and vision stabilizatioeXtyaocular muscles, paravertebral and limb

muscles, or autonomic functions via wide spreadmmgnections in the brainstem, cerebellum,
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thalamus, and spinal cord. The peripheral partthefsystem are in the inner ear. They are
located either in the macula aftricle and saccule or in the crista ampullaris of the
semicircular canals, or tHagenaof phylogenetically lower vertebrates. Vestibulaceptor
cells, the sensory hair cells, are able to transfphysical motion of the head into electric
signals. In all hair cells, receptor potential esles glutamate to transduce signals to the
peripheral branch of the vestibular ganglion near{@carpa), and their central processes
terminate in the vestibular nuclear complex (VNE)he brainstem.

2.2.1. The vestibular nuclear complex of the rat;@ntral connections and functions

The vestibular nuclear complex (VNC) of the rat haany parallel characters to other
mammalian species, as it remained relatively coagige in vertebrates (Brodal and Brodal
1981;Voogd, J. 1998). It is located in thensandmedulla oblongatastarting rostrally at the
lateral recess of the fourth ventricle, extendiagdally until hypoglossus nucleus. The nuclei
of the VNC consisting of the superior (SVN), late(aVN), medial (MVN), and the
descending (DVN) vestibular nuclei. Some smallarae groups are also functionally related
to the VNC, the interstitial nucleus (IN), group (&F), group ‘X’ (GX), group ‘L’ (GL), and
group ‘Y’ (GY). Although the vestibular nuclei skarcommon functions, different

contributions of the individual nuclei in the véxstio-

I Eye Movements

- Cognition
I 5alance/Posture

Autonomic Control

ocular, vestibulo-spinal reflexes, spatial cogmtio
and responses has been reported (for details
McCall and Yates, 2011) (Fig. 4).

Tmm

Figure 4. Functional
regions of the vestibular
nuclear complex in cat.
(McCall and Yates, 2011)

Superior vestibular nucleus (Bechterew)
The nucleus begins rostrally at level of tf
mesencephalic trigeminal nucleus and exter

caudally until the abducens nucleus. Medium-siz

neurons provide two-third of SVN, and only a minor

group of large or giant neurons is present. Larg@raons are located centrally, medium and
small-sized ones are found mostly in the periphpaat of the nucleus (Suarez et al. 1993).
The large-sized neurons establish inhibitory syespaith the oculomotor and trochlear

neurons (Ito et al. 1970; McCrea et al. 1987b; Mits et al. 1983a). In contrast, the small-
sized neurons project to the cerebellum and reticidrmation and establish commissural
connections with the contralateral vestibular nu@ledpli and Brodal 1968; Mitsacos et al.

1983b).
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Lateral vestibular nucleus (Deiters)

The LVN lies ventrocaudal to the SVN. It begingred facial genu and extends caudally
until its replacement by the DVN. LVN accumulatés targest perikarya within the VNC,
nearly half of neurons being large or giant size@ only a minor portion is small-sized. The
neurons with different sizes are evenly distributadughout the nucleus (Suarez et al. 1993).

The rostral part of LVN receives afferents from tingicle and cristae ampullares,
project to the oculomotor nuclei, and establishiprecal connection to cerebellum. The
caudal part of the LVN receives spinal originatafterents relayed in the inferior olive or the
reticular formation. The entire nucleus sends sotopically organized projecting fibers
towards the spinal cord, dominantly to its cerviegion (Brodal and Brodal 1981; Epema et
al. 1988; Donevan et al. 1992; Matesz et al. 18a¢skai et al. 2002).

Medial vestibular nucleus (Schwalbe)

The MVN begins slightly caudal and medial to SV, iostrocaudal extension is the
longest in the VNC. The large and medium sized oreuiform the magnocellular part (MVN
MC), located ventrolaterally in the MVN, wherea® tharvocellular part is located in the
dorsomedial position of the nucleus. The neuronthefparvocellular region (MVN PC) are
GABAergic having regular firing rate, receiving utpfrom the otolith organs, sending
projections to the inferior olive, and have recgabconnection with the cerebellum and
spinal cord (Suarez et al. 1993). The neurons efntlagnocellular division have irregular
firing rate, and they are glutamate-, or glyciner@@agnall et al. 2007; Eugene et al. 2011,
Kodama et al. 2012). The primary input of the MV&from the semicircular canals and
cerebellum. lts efferents contribute to VOR by poting to oculomotor neurons, and
caudally give rise to the vestibulo-spinal pathwéyslstege 1988; Mitsacos et al. 1983b, a;
McCrea et al. 1987b; McCrea et al. 1987a; McCall aates 2011). These pathways are
involved in spatial recognition by projecting toetimammillary body (Brown et al. 2005;
Shinder and Taube 2010).

Descending vestibular nucleus (Roller)
The DVN is the second longest vestibular nucleysprax. two-thirds of neurons are medium
sized, and only a minority belongs to large-or gisizes (Suarez et al. 1993). Between the
rostral and caudal parts there is great differenceeuron morphology and function. The

rostrally located large and giant cells projecttie eye movement nuclei, and to the spinal
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cord (Peterson and Coulter 1977). The small neurotise caudal part receive inputs from a
number of areas like spinal grey matter connectdith wmbs and Gl tract sensation,

pontomedullary reticular formation, inferior olivenedullary raphe, spinal and principal
sensory trigeminal nucleus, and nucleus of soliteagt, prepositus hypoglossi nucleus and
are in connection with solitary tract, the dorsadton nucleus of vagus, rostral and caudal
ventrolateral medulla (Balaban and Beryozkin 19dggiero et al. 1996; Matesz et al. 1997,
Jian et al. 2005). Extensive connection with thetaareas suggests the involvement of DVN
in cardiovascular, respiratory, and digestive ratjoh by vestibular stimulus (Suarez et al.
1993; McCall and Yates 2011). The characteristigeapance of DVN is the longitudinally

running axon bundles between islets of neurons.

2.2.2 Vestibular nuclear complex of the frog
Although the frog’s VNC is not entirely charactexz until today, but still the
afferentation from the sensory end organs and #wral projections show considerable

overlap with mammalian species (Opdam et al. 18¥%psz 1979; Birinyi et al. 2001).

The structural organization of frog VNC correspomdth the mammals, composed of
four nuclei, the superior, lateral, medial, and cgesling vestibular nuclei. Functional
divisions are also close to mammals. The laterdl @aSVN, rostral part of both LVN and
MVN project to the oculomotor nuclei, the mediatidateral vestibulo-spinal tracts originate
in the caudal part of LVN, MVN and DVN (Montgomer}088; Matesz et al. 2002;
Fanardjian et al. 1999). Extensive cerebellar cotioe is also established (Racz et al. 2006;
Precht and Llinas 1969; Matesz 1979), most probabgulating in vestibulo-spinal and
vestibulo-ocular circuits. Indirect experimentalid®ance suggests the conserved functional
properties of frog VNC, being comparable to mamn(@isringer 1995).

Lesion in the inner ear or in the central apparaaither by mechanic or vascular
trauma, will severely affect the above mentioneacfions, triggers a series of plastic events

compensating the imbalance of the vestibular dircui

2.3 Plasticity of the nervous system

2.3.1 Plasticity in the normal brain, and relationsto extracellular matrix

It has long been stated that functional circuitshaf brain change throughout life with
experience (Chklovskii et al. 2004), which is cdllas plasticity of the brain. It has been
shown that ECM molecules are involved in the reaof synaptic plasticity, therefore
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being essential components of learning and men®egides the homeostatic roles of the
ECM molecules, the activity-dependent modificatminthe ECM affects the formation of

dendritic filopodia and the growth of dendritic s@s. Thus, turnover of ECM, as a
degradable stabilizer of neural microcircuits, isp@moter of structural and functional

plasticity (Dityatev et al. 2010).

Another important property of the ECM in the matlmein is the non-permissive
environment provided by its molecular componentalif®y and Fawcett 2007b; Dityatev et
al. 2010), the CSPGs. Although ECM molecules listitictural plasticity, they do promote
different forms of functional plasticity, includiigng term potentiation (LTP) and long term
depression (LTD), homeostatic plasti¢jtpr metaplasticity ECM regulates activity of N-
methyl-D-aspartate (NMDA) receptors and L-type*Cehannels, perisomatic GABAergic
inhibition, and a number of the properties of asftes (Dityatev and Schachner 2006;
Dityatev and Fellin 2008). Many of the studies @agize the non-permissive role of ECM
molecules on structural plasticity, although sorhésocomponents are promoting for growth
and regeneration. Therefore, the balance betwgmtieat and growth-promoting constituents
determines the overall effect of ECM on structynaksticity (Dityatev et al. 2010; Pizzorusso
et al. 2002).

In the extracellular space, there are proteolytizyees responsible for the cleavage of
ECM core proteins and their membrane bound recgg§tnaturvedi and Kaczmarek 2014).
These molecules are the MMPs, a family of*Zdependent endopeptidases capable of
degrading ECM, considered to be the major exesutbtissue remodeling in all tissues of
the body, both in physiological and pathologicahditions (Szepesi et al. 2013; Michaluk et
al. 2011; Chaturvedi and Kaczmarek 2014). Theipression and activity are tightly
regulated in accordance with the cell activity. Yloan be inhibited by tissue inhibitors of
metalloproteinases, as well as their activity igutated by glycosylation and internalization
(Yong 2005). In the family of MMPs, the MMP9 is mived in physiological plastic
processes of the brain (Nagy et al. 2006). Inhippocampus the MMP9 expression is
regulated during development and later during raaigation induced by experience. MMP9,
by cleaving perisynaptic ECM molecules and releasignaling molecules, has effect on

dendritic turnover and dendritic spine morphololglyjchaluk et al. 2011; Nagy et al. 2006).

' homeostatic plasticitythe scaling of synaptic efficacy counterbalanciegtebilizing influences, like changes
in synapse number and strength during learningdavelopment, and to adjust balance between exuitaind
inhibition network wide (Turrigiano 2012).

? metaplasticitythe higher understanding of synaptic plasticityptesticity of synaptic plasticity’, meaning the
modifications of those ways, how synaptic efficagn transform (Abraham and Bear 1996; Dityatevlet a
2010).

21



Taking the results above mentioned into deeperideraion, the MMP9 and ECM
molecules possible have crucial role in the molkacohset of psychiatric disorders like drug
and alcohol addiction, major depression, bipolawodier or schizophrenia (Knapska et al.
2013). In physiological conditions MMP9 enzyme ithanced after appetitive training in the
amygdala, around the excitatory synapses. But dgpedfect was seen by introducing
externaltissue inhibitor of MMP YTIMP1), or in aversively motivated trained anigyaand
in MMP9 -/- KO mice (Knapska et al. 2013).

2.3.2 Plasticity in the lesioned brain, and relatios to extracellular matrix

Recently a number plasticity experiments wereatetl in different areas of the CNS,
which suggested the important role of ECM moleculefie success and time lapse of plastic
events and functional recovery. Results demonstrdkeat either anatomical repair or
compensation of lost function by neighboring aredsng over, both influenced the intact
state ECM assembly, temporarily or permanently.

After experimental deafferentation of the rat’s gafic nucleus by C2-hemisection, the
lesion site becomes invaded by immune cells, meaihgells, reactive astrocytes, that get
upregulated for the secretion of CSPGs; all forntimg glial scar tissue (Seil and Webster
2010). This milieu provides a physical barrier amwlecular inhibition for the newly
sprouting axons across the section site. Introduchrondroitinase ABC into the lesion site
could, without other intervention, promotes the@gag of a limited activity to the paralysed
diaphragm (Alilain et al. 2011). Similar effect gtial scar formation was made by the
treatment of the lesion site with HA gel, on ratten. After 12 weeks of treatment, the
thickness of the scar and GFAP immunopositivity wagificantly less in HA gel treated
groups (Lin et al. 2009). HA enrichment at the dessite reduces CSPG production at acute
time points, and also in cultures of astrocytesaiidp et al. 2011). Opposite effect was
experienced when hyaluronan was experimentallyvelgaat the site of nigrostriatal tract
injury. By degrading HA the inhibiting CSPGs becomet¢eased from the ECM providing
non-permissive effect on axon growth through thar ¢Moon et al. 2003). Degradation of
CSPGs by extrinsic chondroitinase ABC treatmentdrdsancing effect on neural plasticity.
An induced focal ischemic stroke in rat’s forelimmotor cortex appears in the loss of skilled
movements. A series of local chondroitinase ABCedtipn into the perilesional area
degraded the CSPG molecules in the ECM, thus thkal Iplastic modification of the
excitatory cortical circuitry is less limited, pratng earlier recovery. By degrading CSPGs

in the penumbra and applying skilled reaching trgjron the forelimb, rehabilitation was
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more sufficient, enhancing motor functional recgvdGherardini et al. 2013), which

indicated close functional characteristics with E@Mhe rat VNC.

2.3.3 Vestibular compensation

Lesion in the inner ear, or in the centvastibular networks, either by mechanic
injury, vascular disorder, virus infection, or as aside effect of some antibiotics, results
impaired balance. The symptoms may include postural deficit, nystagnand may be
accompanied by dizziness, vertigo, vision problenagisea, as well as changes in heart rate
and blood pressure. The collection of these symgtisncalled as vestibular disorder
classified by static and dynamic symptoms. Many, ot all of these symptoms regain
spontaneously in a process of behavioral recovergwk as vestibular compensation
(Darlington and Smith 2000; Curthoys and Halma@®84, 1999; Dieringer 1995; Vidal et al.
1998). Since the lesioned primary vestibular ax@msot regenerate in mammalian species,
vestibular compensation is attributed to the ptétgtiof vestibular nuclei and related neuronal
circuits. On the other hand, successful morphokdgémd functional regeneration has long
been demonstrated in lower vertebrates following #urgically sectioned and reunited
vestibular nerve (Newman et al. 1986; Sperry 1Z&kon and Capranica 1981).

The term compensation collects a number of simatiaa processes setting on soon
after an injury of a CNS pathway. Neuronal circingsre the ability to take over the function
of a lesioned area, involving a series of synapltstic events, which will eventually change
the prelesional functional map of the area. Comgims processes are crucial elements of
neurological rehabilitation.

In the background of vestibular compensatmany possible neural mechanisare
suggestedPresynaptictheories have suggested axonal sprouting to teebwéar nuclei and
changes in the efficacy of synaptic inputs from élxesting non-labyrinthine pathways to the
deafferented second order vestibular neurons (ieri 1995; Ris et al. 1995; Ris and
Godaux 1998; Vidal et al. 1998Postsynapticfactors include either change in the
postsynaptic receptors or in the intrinsic progsriof VNC neurons (Dieringer 1995; Straka
et al. 2005; Vibert et al. 1995; Dutheil et al. 3D1As a result of glial reaction, the secreted
growth factors and cytokines could promote the isafvof deafferented vestibular neurons
and contribute to their resting discharge recoviiyet al. 1999). Recent studies have
demonstrated reactive neurogenesis in the vestibuldei as one of the possible mechanisms
of vestibular compensation (Dutheil et al. 2013uribg these presumably interrelated

mechanisms the intrinsic properties of neuronsveoeking in concert with a variety of
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different macromolecules in the extracellular maf{iECM) produced by the neurons and glia
cells. Since the vestibular compensation does doctaise of the permanent loss of vestibular
input, it is an excellent model for studying theafierentation-induced plasticity of CNS.
According to theories in the relation of synaptiagpicity and ECM alteration, we may expect
changes in the ECM composition following UL in ti®&lC, especially in the structure and

molecular composition of PNNSs.
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3. AIMS

It has long been confirmed experimentally, that @¥S of phylogenetically lower
vertebrates has much higher ability to regeneratke raorganize, than mammalian species.
Injured cranial nerves of frogs, or fish, e.g. opterve or vestibulocochlear nerve, can regrow
into the CNS and reestablish anatomical contactd,rastore function. Our purpose was to
get deeper understanding whether there is any iaisocbetween, phylogenetic levels, and
ECM, especially the PNN construction, and the Ibettgenerative capacity of the vestibular

system.

The VNC is rather conservative throughout evolutiegarding its nuclei, hodological

and functional organization. On the basis of tvs,stated the following aims:

1, In intact rat VNC:

* Provide a comprehensive mapping of ECM molecglamposition in each nucleus
and subnucleus of the rat VNC, by using histochamand immunohistochemical
methods. ECM molecules to be labeled are: hyalumpr@SPGs generally, and

specifically aggrecan, versican, neurocan, breyitamascin-R; HAPLNL1.

*Evaluate the intensities of PNN staining for eatidied molecule by semiquantitative

scoring, in each nucleus and subnucleus of théNat.

* |llustrate the distribution of PNN-bearing neusom nuclei and subnuclei of the rat

VNC by Neurolucida reconstruction.

2, In rat VNC following UL:

* Deafferentation of the VNC by UL, and follow thehanges in staining
pattern/intensity of HA and CSPGs iff, B¢, and #' postoperational days in the LVN
of rat.

* Observe whether repair of UL caused symptoms sh@mporal correspondence with

reestablishment of PNN around neurons of LVN.

3, In intact frog VNC:

* To make a comprehensive mapping of ECM molecuiethe VNC of the frog, by
labeling HA, TN-R, CSPGs generally, and aggrecanm, domparative and future
application/experimental CNS regeneration purposes.
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4. MATERIALS and METHODS

The applied experimental protocols, relating livenaals or their fixed tissues, were
revised and licensed by the Animal Care Committedbe University of Debrecen, Debrecen,
Hungary, considering national laws and Europearobneégulations [European Communities
Council Directive of 24 November 1986 (86/609/EE@d was properly conducted under
the control of the University’s Guidelines for AramExperimentation (license number:
11/2011/DEMAB).

4.1 Animal and tissue processing for histochemistrgnd immunohistochemistry

For purposes of ECM mapping in the VNC, we usedalenadult Wistar rats (12-14-
week old; 250-300 g; n=6), from Charles River Laory (Strain Crl: WI); and adult water
frogs (n=12) Rana esculentd..), taken from natural fishpond environment. Weedi male
adult Wistar rats (n= 9) for unilateral labyrinth@my, to investigate alterations of ECM
expression during compensation in subnuclei oMRE,.

The normal rats used for ECM mapping were termynatiesthetized by intraperitoneal
injection of 10% urethane (1,3 ml/100 g body weidReanal, Budapest, Hungary). Frogs,
used for the same purpose, were terminally aneéstiteby 0.1% ethyl 3-aminobenzoate
methanesulfonate salt (MS 222, Sigma-Aldrich, Stuik, MO, USA). Animals were
transcardially perfused with physiological sali®9 m/v % NacCl for rat, 0,65 m/v % for
frog. Approach to the brainstem was by opening @tvaf the skull in rat, or by sagittally
opening the palatine mucosa and cranial base & ahfog. Brainstems were immediately
removed, and immersed into Sainte Marie’s fixat{98% absolute ethanol and 1% glacial
acetic acid) for 24 h at 4 °C, a non cross-linkiingative ideal for connective tissue
preservation, according to earlier experiencedofug fixation, specimens were dehydrated
by ascending series of ethanol and embedded im&dfipa Transverse sections of 8 um were
made and collected on silane coated slides, andblefry at 37 °C, overnight. Histochemical
and immunohistochemical protocols were carriedoouthe sections as follows.

In case of all reactions, deparaffination and reatydn was followed by rinsing in 3 %
H.O, in distilled water for 10 min at room temperatuf®T), for blocking endogen

peroxidase. Then, specimens were washed in phaspb#ered saline (PBS), pH 7.4.
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4.1.1 Histochemistry

Sections gained from intact rats, frogs and lallggotomized rats were incubated
applying the same histochemical protocol, see léetaielow.

Before histochemical reactions, specimens werekblibcagainst aspecific lectin or
probe binding for 30 min at RT in 1% bovine serdbuain (BSA), diluted in PBS (Sigma-
Aldrich).

The biotinylated Hyaluronan Binding Protein (bHABkndly provided by R. Tammi
and M. Tammi, Dept. of Anatomy, University of KuopKuopio, Finland) is the isolated HA
binding N-terminal G1 domain from bovine nasal kage aggrecan, that specifically
recognizes HA. The biotinylated/isteria floribundaagglutinin (WFA) lectin (b0WFA, Sigma-
Aldrich) is a general marker of most of the CSPGgecifically binding to N-
acetylgalactosamine residues of chondroitin sul@#¢€>s (Hartig et al, 1992) (see Table 1).
Sections were overnight incubated with bHABP andHA\Wmarkers at dilutions of 1:50
(bHABP) or 1:500 (bWFA) in PBS, containing 1 % BS# 4 °C.

4.1.2 Immunohistochemistry

For specifically detecting the local expressiorE@M molecules we used the following
primary antibodies and immunohistochemical protcatgi-aggrecan (rabbit, polyclonal 1gG,
Merck Millipore, AB1031, Billerica, MA, USA), antiersican (mouse, monoclonal 1gG1,
Developmental Studies Hybridoma Bank, DSHB, clo2€3, lowa City, 1A, USA), anti-
neurocan (mouse, monoclonal IgG1l, DSHB, 1F6), lamxcan (mouse, monoclonal IgG1,
BD Biosciences, 610894, San Jose, CA, USA), anagein-R (TN-R, goat, polyclonal IgG,
R&D Systems, AF3865, Minneapolis, MN, USA), andid&yaluronan and Link Protein
Binding Protein 1 (HAPLN1, goat, polyclonal IgG, R&ystems, AF2608) (see Table 1).
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Table 1. Summarizing Table of Primary Probe, Lectinand Antibodies Used in Rat and Frog

Supplier, Species of Immunogen Dilution  Characterization Controls
cat. No. origin, type HC, IHCWB'
Rat — VNC?
bHABP? Provided by R.  HA-binding region - 1:50 By HC (Midura etal., HC on rat sternal
Tammi and M. of aggrecan (0,2 pg/ml) 2003) cartilage
Tammi; isolated from
Kuopio, Finland  bovine articular
cartilage;
biotinylated
bWEA°® Sigma-Aldrich,  Lectin isolated - 1:500 By HC (Hartig etal.,, HC on rat sternal
L1516 from Wisteria 1992) cartilage; HC
floribunda; pattern on
biotinylated cerebellum
identical to Carulli
et al., 2006
Anti-aggrecan ~ Merck Millipore, rabbit, polyclonal, GST fusion protein  1:5001:400 By WB (Afshari et al., WB in our
AB1031 IgG containing amino 2010): single band of laboratory on rat
acids 1177-1326 60 kDa brain, band of
of mouse approx. 60kDa (nc
aggrecan shown)
Anti- versican DSHB, mouse, Hyaluronate- 1:100 By WB (Asher et al., IHC pattern on rat
12C5 monoclonal, binding region of 2002): single band of cerebellum
IgG1 human versican approx. 400 kDa identical to Carulli
et al., 2006
Anti-neurocan DSHB, mouse, PBS-soluble 1:100 By WB (Asher et al., IHC pattern on rat
1F6 monoclonal, CSPGs fronrat 2000): one band for cerebellum
IgG1 brain core protein (270 identical to Carulli
kDa), other band for et al., 2006
neurocan-N (130 kDa)
Anti-brevican BD Biosciences, mouse, Rat Brevican aa. 1:200 By WB (factory IHC on rat
610894 monoclonal, 232-394 datasheet): single band cerebellum pattern
IgG1 of 140 kDa identical to
Yamada et al.,
1997
Anti-tenascin-R  R&D Systems,  goat, polyclonal,  Mouse myloma cell 1:3001:500 By WB: in our WB in our
AF3865 IgG line NSO-derived laboratory, single band laboratory, on rat
recombinant of 180 kDa (not brain and articular
human Tenascin- shown) cartilage, band of
R isoform 1, approx. 180 kDa
Glu34-Phel358 (not shown)
HAPLN1¢ R&D Systems,  goat, polyclonal, = Mouse myeloma 1:300 Used successfully for IHC pattern on rat
AF2608 IgG cell line NSO- IHC by Carulliet al.,  cerebellum
derived 2007 identical to Carulli
recombinant et al., 2007
human HAPLN1,
Aspl16-Asn354
Rat — UL?
bHABP Provided by R. see above - 1:10 By HC (Midura etal., HC on rat sternal
Tammi and M. (1 pg/ml) 2003) cartilage
Tammi; Kuopio,
Finland
bWFA Sigma,L1516 see above - 1:500 By HC (Hartig et al., see above
1992)
Frog - VNC
bHABP Provided by R. see above - 1:10 By HC (Szigeti ZM et HC (see text)
Tammi and M. (1 pg/ml) al., 2006)
Tammi; Kuopio,
Finland
bWFA Sigma,L1516 see above - 1:500 By HC (see text) HC (se® te
Anti-tenascin-R ~ R&D Systems, see above see above 14600 By WB: 180 kDa WB (see text)
AF3865
Anti-CSPG Chemicon mouse, Feline spinal cord  1:1004:250 By WB: 500kDa WB (see text)
clone Cat-301 (Millipore), monoclonal, IgG1 fixed gray matter
MAB5284

a, vestibular nuclear complex; b, biotinylated Hiyahan Binding Protein; c, biotinylat&tlisteria floribundaagglutinin; d, Hyaluronan and
Proteoglycan Link Protein 1; e, histochemistry, iamohistochemistry; f, Western blot; g, unilateedyrinthectomy.
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Antibodies against aggrecan, versican, and brewcene raised to recognize segments
of the core protein, therefore to better exposeatmeody binding sites sections were pre-
incubated with chondroitinase ABC (0,02 U/ml; SigAldrich; C2905). Chondroitinase
ABC is an enzyme that acts on chondroitin-4-sulfateondroitin-6-sulfate, and dermatan
sulfate at pH 8.0, and acts slowly on hyaluronawel§ at pH 6,8, by eliminative degradation
of polysaccharides containing 14b-hexosaminyl and 1,B-D-glucuronosyl or 1,3xL-
iduronosyl linkages to disaccharides containingedxy3-D-gluc-4-enuronosyl groups of
GAG chains anchored on core proteins of CSPGs,ithmakes the core protein exposed for
antibodies to recognize. Using manufacturer’'s utions, we incubated in specific TRIS-
sodium-acetate buffer, pH 8 for 1 hour at 37 °C.

For the blocking of aspecific binding sites we agbll % BSA and 10 % normal goat
serum (NGS) for aggrecan; 2 % BSA (versican and BEMB; 3 % normal horse serum
(NHS), (neurocan); 1 % BSA and 10 % NHS (brevicamg 1 % BSA and 10 % normal
rabbit serum (NRS) (TN-R). All blocking serums weliuted in PBS, and incubated for 30
min at RT. After blocking serum, sections weremised in PBS.

Primary antibodies utilized on rat were dissolvedhwl % BSA and 3 % NGS
(aggrecan, 1:500), 2 % BSA (versican, 1:100), 1 PiSNneurocan, 1:100), 1 % BSA and 3
% NHS (brevican, 1:200), 1 % BSA and 3 % NRS (TN1E300), or 1 %BSA (HAPLNL1,
1:300), all diluted in PBS, incubated overnight &C.

Primary antibodies used on frog were the anti-CStdhe Cat-301 (recognizing
aggrecan core protein, mouse, monoclonal IgG1l, Méddlipore, MAB5284) and anti-
tenascin-R (R&D Systems, AF3865).

4.1.3 Visualization

For ECM mapping on rat, we chose the avidin-bictimplex (ABC) reaction for
visualizing. Following bHABP and bWFA primary marke sections were incubated with
ExtrAvidin Peroxidase (1:500; Sigma-Aldrich; E28&B3solved in PBS, for 1 h at RT, which
was followed by specific staining with 3, 3’-diamirenzidine-tetrahyrdochloride (DAB,
Sigma-Aldrich), diluted in TRIS-HCI buffer, pH 7v@ith H,O,. Sections were dehydrated and
coverslipped with DPX mounting medium (Sigma-AldicAgainst primary antibodies used
for IHC, secondary antibodies were the biotinylatggat-anti-rabbit IgG (Vector
Laboratories, Burlingame, CA, USA; BA-1000) (aggme) biotinylated horse-anti-mouse
IgG (Vector Labortatories; BA-2000)(versican, naxao, brevican), or biotinylated rabbit-
anti-goat IgG (Vector Laboratories; BA-5000)(TN4RAPLN1), all diluted in 1: 200, in PBS,
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incubated for 1 h at RT (Table 2). After incubatisith the biotinylated secondary antibodies,
sections were incubated with ExtrAvidin PeroxidgdSégma-Aldrich, 1:500) dissolved in
PBS, for 1 h at RT, and finally were stained witAB)(Sigma-Aldrich), in TRIS-HCI buffer,
pH 7.6 with HO,. After dehydration, sections were coverslippedhwidPX mounting
medium.

On rat tissues taken from labyrinthectomized arsmaé used bHABP and bWFA
labeling. Both reactions were visualized by DAB atgan, as described above, and by
Streptavidin Alexa 555 (Invitrogen Life TechnologjeGrand Island, NY, USA, S32355,
1:1000) diluted in PBS and dark incubated for 1hRat Sections were coverslipped by
Vectashield mounting medium for fluorescens, withHD (Vector Laboratories).

For the ECM mapping on frog we used the secondzagents Streptavidin Alexa 488
(bHABP; Invitrogen, S323541:1000), Sterptavidin Alexa 555 (WFA, 1:1000, Inogen),
Alexa Fluor 647 anti-goat IgG (TN-R, 1:500) (madechicken, Invitrogen), and Fluorescein
anti-mouse IgG (Cat-301, 1:500) (made in horse tMdcaboratories, FI-2000)(Table 2). All
diluted in PBS and incubated for 1h at RT. Sectisrese coverslipped by Vectashield

mounting medium for fluorescens, with DAPI (Vect@boratories).

Table 2. Summarizing Table of Secondary Reagents &g in Rat and Frog

Rat - VNC Species of origin, type Supplier, cat. No Dilution
ExtrAvidin Peroxidase - Sigma-Aldrich; E2886 1:500
biotinylated anti-rabbit IgG goat Vector Laboratories, BA-1000 1:200
(aggrecan)

biotinylated anti-mouse IgG horse Vector Laboratories, BA-2000 1:200
(versican, neurocan, brevican)

biotinylated anti-goat IgG rabbit Vector Laboratories, BA-5000 1:200
(TN-R, HAPLN1)

Rat - UL

ExtrAvidin Peroxidase Sigma-Aldrich; E2886 1:500
Streptavidin Alexa 48¢ (bHABP) Invitrogen, S32354 1:1000
Streptavidin Alexa 555 (WFA) Invitrogen, S32355 1:1000
Frog - VNC

Streptavidin Alexa 488 (bHABP) Invitrogen, S32354 1:1000
Streptavidin Alexa 555 (WFA) Invitrogen, S32355 1:1000
Alexa Fluor 647 anti-goat (TN-R) chicken, IgG Invitrogen, A21469 1:500
FITC anti-mouse (Cat-301) horse, IgG Vector Laboratories, FI-2000 1:500
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4.1.4 Specificity of reactions

Special care was taken on the specificity of reasti Therefore we choose antibodies
applied and cited by referred laboratories, expeed in ECM research.

Most of the markers and antibodies were alreadyliepmn rat brain, so testing of
specificity was either by HC and IHC reactions,dmynparing staining pattern with the ones
published on rat cerebellum by Carulli et al., @00HABP, bWFA, anti-versican, anti-
neurocan, anti-brevican, and anti-HAPLN1), or bystéen Blot (WB) analysis for those not
yet tested on rat nervous tissue (anti-aggrecamgiMdillipore) and anti-tenascin-R (R&D)).
Staining pattern was identical to rat cerebellumnfib by Carulli et al., (2006), and for WB,
bands appeared at appropriate molecular weights€T3.

On frog tissues the specificity of bHABP was testgdSzigeti et al., (2006), in our
laboratory. The bWFA, anti-aggrecan Cat-301, anti-tanascin-R were not yet used on
amphibian nervous tissue, therefore specificity wested. Frog specimens were parallel
incubated with rat cerebellum sections, for comgmariwith the pattern found by Carulli et al.,
(2006), as detailed above. We made positive comeattions as well for the bWFA, by
incubating frog sternum sections with nervous omeghe sternum the CSPG rich hyaline
cartilage showed positivity in the matrix. The Gatt and TN-R antibodies were checked for
positivity by WB on frog sternal cartilage and lraiat knee joint cartilage and brain tissues.

For the WB reactions samples were collected framgsi(n=4) and rats (n=3), right after
anesthesia. The brain and sternal cartilage franfritgs, or brains and knee joint cartilages
from the rats were freshly taken from the anim&8lamples were homogenized in 100 pl of
buffer containing 50 mM Tris—HCI buffer (pH 7.0)0 f1g/ml Gordox, 10 pg/ml leupeptine, 1
mM phenylmethylsulphonylfluoride (PMSF), 5 mM benzdine, 10 pg/ml trypsin inhibitor
as protease inhibitors. The tissue samples wene itnechanically homogenized and were
collected in 100 pl PBS, pH 7.4. For exposure digam, extract was incubated in 10%
chondroitinase AC (Sigma Aldrich) and suspensioasevsonicated by pulsing burst for 30 s,
at 40 A (Cole-Parmer, lllinois, USA), then centgéd for 10 min on12,000 rpm, at 4 °C. The
supernatant was removed, aliquoted. The 20 pgbémextract was separated in 7.5% SDS
polyacrylamide gel, then electrophoretically tramséd (Trans-Blot Turlfbtransfer system,
Bio-Rad Laboratories, Hercules, CA, USA) onto aradéllulose membrane (Bio-Rad
Laboratories). After blocking with 5% non-fat dryilknin PBS with 0.1% Tween 20,
membranes were incubated with primary antibodiesraght at 4 °C (for dilutions see Table
1). Later membranes were incubated with anti-raldg®, anti-mouse IgG (Bio-Rad
Laboratories), in 1:1500, and anti-goat 1gG, 1@2@@dution (DAKO, Glostrup, Denmark).
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Finally, membranes were developed using enhancethitiminescence (Merck Millipore)
according to the protocol provided by the manufestuBands were visible at 180 kDa for
TN-R, and at 500 kDa for Cat-301 antibodies, cqoesling to the previously published data
(Table 1, Figure 14). Based on these control reastithe used markers showed to be specific

in amphibians.

4.1.5 Semiquantitative analysis of results

During ECM mapping in rat the presence and intgnsitreactions was an important
detail of our results, especially in the perinealamets, therefore a semiquantitative analysis
was made scoring by non-instrumental observatiaonriGgs of PNN are as follows: -: no
staining; +: weak staining; ++: moderate stainiAg;+strong staining; ++++: very strong
staining. The characteristic punctuate appearariceesican staining suggested separate

symbolizing with crosses (Table 3). Analysis wasa& according to Carulli et al., (2006).

4.2 Neurolucida reconstruction

In rat, to further describe and compare the digtrdm differences of PNN-bearing
neurons between the nuclei of the VNC and diffeEBdM molecule labelings, a Neurolucida
reconstruction was made on all nuclei and subnuifidhe VNC. Representative sections
were chosen for reconstruction, being characterfsti each subnucleus. The reconstruction
was drawn on Neurolucida 8.0 program (MBF Biosogehle., Williston, VT, USA). Nuclear
boundaries were reconstructed using 4-10x objexti®r identification of PNN bearing
neurons the same 4-10x objectives were used, ot0R0enes, if recognition of PNNs
demanded. PNN bearing neurons were illustrated wiliths in the LVN, SVN, and
magnocellular part of MVN, or rings in MVN parvolgar part. The specific punctuate

appearance of versican labeling was separateljeldy solid or empty triangles.

The position, boundaries and rostrocaudal extensioithe vestibular nuclei were
identified on native sections using the stereotaatlas of The Rat Brain by Paxinos and
Watson, (1998). Measurement of neuronal somas was dt the widest diameters using the
cellSense Entry 1.5 software (Olympus), followihg tescriptions on VNC by Suarez et al.
(1993). In the frog the appropriate brainstem sastiwere chosen according to the Atlas of
the Frog’s Brain, by Kemali and Braintenberg, (1989atesz, (1979), and Birinyi et al.
(2001).
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Images were recorded using Nikon Eclipse E800 autimeal light microscope, or by
Olympus FV1000 confocal laser scanning microsc@mmtrast and background color was
minimally adjusted with Photoshop CS4 v11.0 (Ad8ystems Inc., San Jose, CA, USA).

4.3 Unilateral labyrinthectomy

We used 9 adult male Wistar rats for unilateralytatthectomy (UL) according to
Hitier et al, (2010). The animals were anesthdtwzéh intraperitoneal injection of urethane,
with dosages described above.

For the ventrolateral approach of the middle eaitgahe incision of the skin was made
just behind the left auricle, slightly ventrallyul&utaneously the parotid gland was exposed
and prepared to the rostral direction, preserviagpgd duct. Unlike in human, the facial
nerve doesn’t penetrate the parotid gland, but dorsally to it. During the procedure the
facial nerve was spared. Following the anterior deor and retracting caudally the
sternomastoid muscle, preparation reaches the rposteelly of digastric muscle, which
attaches on the paramastoid process. Anterioretpdinamastoid process the tympanic bulla is
found which is analogue of the middle ear cavityan be palpated with blunt probe between
the mentioned muscles, and provides orientationtpdhe other guide for orientation is the
external auditory meatus, through which a woodeb@rcould be driven until the tympanic
membrane. After separating the muscles by fascd ratracting with blepharostat, the
tympanic bulla can be opened dorsolaterally. Tmepgnic membrane is also removed. We
use small malleotome to open the bulla. Insidectiaee the auditory ossicles, stapedial artery,
tensor tympani muscle, and the promontory is aisible. Special care was taken to keep the
stapedial artery intact, to avoid causing fatakbtleg. Themalleusandincuswere removed
and through the promontory the inner ear was aedelsg breaking bone with sword shaped
scalpel. A surgical hook was used to mechanicalipage the membraneous labyrinth. After
ensuring that no bleeding was left, the area wased with saline, and the skin was sutured.
Animals were left to survive for 1, 3, and 7 posigiive days.

After the lesioned animals returned to awake stifey produced static (ocular and
postural) and dynamic vestibular symptoms, duehtowide spreading connections of the
VNC; symptoms are best described by Hitier et 2010). The ocular signs were the skew
deviation (eye on lesion side goes ventrally, ogposse dorsally — Hertwig-Magendie
phenomenon, caused by otolithic deafferentationyl maystagmus (rapid phase rostral and
dorsal on lesioned side, caudal and ventral onralaéral). The postural signs were present

in resting animals as well. The head tilted to weraped side, with the operated ear closer to
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ground, neck also bent with snout closer to lesioside shoulder. The body spirally twisted
around longitudinal axis, and limb asymmetry ocedrrOn lesioned side limbs were in

flexion and adduction (losing antigravity musclengé® while limbs were extended and

abducted on the intact side. The tail rotated aenefdackwise. Dynamic signs occurred as the
imbalance or uncoordination during motion of theévaal. Animals rolled toward the operated

side starting with head torsion, followed by furthetation in the vertebral axis (Fig. 5a, b).

Animals also have autonomic imbalances, causingrajatestinal, or cardiovascular and

respiratory malfunctions.

After UL operation the animals were let to surviee 1, 3, or 7 days, while this time
static signs mostly, and dynamic disturbances gtadually settle. Postural signs were still
recognized at all survival days, as reported byriDger et al., (1995). At the proper days of
survival animals were sacrificed, then in theietat vestibular nucleus alteration of HA and
CSPGs expression in the PNNs were visualized lmydkcent microscopy.

Figure 5. Rat showing limb asymmetry and postural
deficits as a result of UL.
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5. RESULTS

Considering the localization of ECM molecules weuldo distinguish four
compartments. ECM molecules accumulated surroundingistinct group of neurons,
identified as PNN, or they were present in a défosticular form in the neuropil. In addition,
within the stained neuropil, darker ovoid or rowtthped structures of 2 in diameter
were observed with all ECM reactions studied. Thssactures were first described by
Bruckner et al. (2008), as axonal coats. Finallyal dot-like accumulation was seen in the
neuropil perisomatically and in the white matter.

Below, results on the distribution pattern and nstyy of histochemical and
immunohistochemical staining in normal rat and rarfnog is detailed in each nucleus of
VNC evaluating PNNs and neuropil, and results an¢hér illustrated with Neurolucida
reconstruction. A semiquantitative assessment wadenby scoring PNN staining intensities
and summarized for each subnucleus of the rat VNG iTable 3. Alterations of ECM
staining patterns after unilateral labyrinthectomyhe LVN of rat are presented. Last, results

of ECM mapping in the frog VNC is presented.

5.1 Distribution of matrix molecules in the vestiblar nuclear complex of the rat

To associate certain neuron types of the VNC to BNNs observed in the
immunohistological sections, we categorized neuamt®rding to their sizes. Measurements
were made by Suarez et al, (1993) were taken aserefe, thus making the categories of:
small neurons having maximal diameter below 20 pmadium size neurons of 21-35 um;

large neurons of 36-49 um; and giant neurons d®Qm.

SVYN LVN MVN* DVN rostral DVN caudal Table 3. Semiquantative scoring of PNN

Hyaluronan +++  +++ T+ T+ - staining intensities as -: no staining, +:
WEFA T+ ++ T+ et . weak staining, ++: moderate staining,
Aggrecan  ++++  HHE+ 4t FH++ - +++: strong staining, ++++: very strong
Versican -+ # # + + staining. *: MVN MC. #: versican
Neurocan -+ + + + - reaction revealed only heavily stained
Brevican  ++++ 4+++ 4+ R . dots, so the presence of PNNs is not
Tenascin-R  +++ 4+ 44+ 44+ + Clearly recognizable.
HAPLN1 ++ + + ++ -
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5.1.1 Superior vestibular nucleus

Location and position of SVN is indicated schenaljcon Fig. 6a. Cells of SVN have
24.01 um diameter in average, ranging between 127928 um. Two thirds of the neurons
are medium sized, only a minority is large or gisimed. The neurons are scattered unequally,
the larger neurons are located in the central gfattie nucleus, whereas the smaller ones are
peripheral. The intensity and staining pattern led teactions showed regional differences
within the cross section of SVN, although in thetrocaudal extension no difference was
seen. In the central part of the nucleus PNN wasgnt around the large- and giant sized
neurons, with all studied reactions. Staining wassinintensive with the anti-aggrecan and
anti-brevican reactions, but wasn’t as strong with, TN-R, WFA, versican, and was the
weakest with neurocan, and HAPLN1 reactions (Higi) 6With aggrecan antibody patch-like
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Figure 6. (a) Schematic image shows the position 8N, MVN MC, MVN PC, and LVN. (b-i) PNN in
the superior vestibular nucleus. IV: fourth ventricle. G: genu of facial nerve. Arrows show dot-like
condenstaions of versican in the neuropil. *: smakized neurons. Scale bar 2(m.

Immunoreactive spots were seen in perisomatic ilmeawVith the anti-versican reaction, in
addition to continuous PNN, we also observed hgastihined dots in the pericellular area
(Fig. 6e). The majority of small and medium sizedimons were surrounded by PNNs with

variable staining intensity for each reaction, whwas experienced both in the central and
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peripheral parts of the nucleus, but a minority tbése neurons weren’'t covered by
perineuronal ECM condensation (Fig. 6b, c).

In the neuropil, both in the central and periphg@@itions of the SVN, a diffuse ECM
staining appeared presenting reticular patterriig §b-i). In case of neurocan and HAPLN1
a weaker staining appeared than at the other ogactiVith the versican reaction, similarly to
perisomatic areas, heavily stained dots appeareitheanneuropil together with reticularly
organized pattern (Fig. 6e).

A Neurolucida reconstruction was made to demorestra distribution of PNN-bearing
neurons (Fig. 9), which indicates that large ar@htgineurons, positioned centrally in the
SVN, bear PNNs. The semiquantitative analysis, detnating the staining intensity of PNNs

in case of each reaction in the SVN, is shown ibld 3.

5.1.2 Lateral vestibular nucleus

Location and position of LVN is indicated schemallig on Fig. 6a. The size of neurons
ranges between 12,65-74,88 um, 34,2 um average)dh&¥10 in small range, and 41% in
large or giant sizes. In the rat there is no défifiee in cell sizes and morphology along the

rostrocaudal or cross sectional extent.
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Figure 7. (a-h) PNNs in the lateral vestibular nu@us. (d)Arrows show dot-like condenstaions of
versican in the neuropil. Scale bar 2@m.

Opposite to the regional differences experience8ViN, in the LVN there wasn’t any
regional distinction seen in the staining pattémoaghout the nucleus. The nucleus is rich in
giant and large neurons, which were characterltisarrounded by PNNs (Fig. 7a-h, Table
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3). The strongest staining intensity was seen aggrecan and brevican reactions, as they
were the most intense in PNNs from the CSPG fandihe hyaluronan, TN-R, WFA and
neurocan staining appeared particularly fainted, e weakest was the HAPLNL1, regarding
the PNNs. Comparing versican reaction with the seen in SVN, in LVN a different pattern
was seen, in which no continuous perisomatic ringwed, just few heavily stained dots
surrounding the soma (Fig. 7d). As seen in SVH,miedium and small sized neurons varied
in having or lacking perineuronal nets around tls@mas, with some of them wearing no

PNN (not shown), others showing different stainiadtern for the reactions.

Neurolucida reconstruction demonstrates the digioh of PNN-bearing neurons in the
LVN (Fig. 9). Reconstructions show the differengeshe number of stained PNNs for each
of the reaction.

The neuropil also showed net-like reticular appeega The strongest intensity of
reaction was seen with HA, WFA, neurocan, brevicand TN-R. Fainter staining was
observed by using the aggrecan reaction, whereage#st staining intensity occurred with
HAPLN1 reaction. By semiquantitative observatiom tstaining intensity showed similar
strength in the reactions, except for HAPLN1, whiedis much fainter (Table 3). There was
intense immunoreaction in case of versican showiegharacteristic punctuated appearance,
being present around the soma and in the neuropit probably perisynaptically or in the

nodes of Ranvier (Fig. 8d).

5.1.3 Medial vestibular nucleus
MVN is divided into two well distinguishable subpdations of neurons, forming the
dorsomedial parvocellular, and magnocellular vdateval parts of the nucleus (Bagnall et

al., 2007). The average diameter of cellﬁyalwonan WEA Aggrecan Versican
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. ' ) ¥ e "’“‘
44,06 um, nearly half being small, and* p - y ( j dz\ i
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only few percent of large cells, the rest === gt A . "'L =y
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is medium sized. The parvocellular part,e f \":{i C i 4c b
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composed of predominantly small o s o e
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Figure 8. (a-h) PNN in the magnocellular part of medial vesbular nucleus. (c, d) Arrows
show dot- or patch-like condenstaions of aggrecarepicellularly, and versican in the neuropil.
Scale bar 20um.

neurons, is found in the dorsomedial subventricptaition, laterally to the facial geniculum
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and prepositus hypoglossi nucleus, and the maguntarepart, formed by large and medium
sized neurons, lies ventrolaterally to the pardotal, between the facial geniculum and
LVN. Position of the subnuclei is schematicallypwsim on Fig. 6a.

The magnocellular part mostly contains medium- @nde-sized neurons, which were
surrounded by PNN (Fig. 8a-h), stained strongestHa, aggrecan, brevican, and TN-R.
Slightly weaker staining appeared for WFA and neam the faintest staining occurred with
HAPLNL1 reaction. As described in LVN, the aggrecaaction produced some occasionally
seen heavily immunoreacive patch like patterns.(Bim), also described earlier. Versican
reaction, similarly to the previously describedsuléed in dense dot-like staining, localized
around cell bodies (Fig. 8d). In the parvocellyart, where mostly small sized neurons are
present, cell bodies are rarely covered by PNNsthbbee few cases, where PNN was
identifiable, HA and TN-R appeared to be posit®aly a few PNN ensheathed neurons were
there for aggrecan, brevican and WFA staining,\aitiol neurocan and HAPLN1 no PNN was
recognizable.

The Neurolucida reconstructions show the number @isttibution of PNN-bearing
neurons in the magnocellular- and parvocellulatgpdor each reaction. The reconstruction
clearly shows the difference in the number of PNddwing cells among the MVN MC and
MVN PC. To the caudal direction in the magnocellyart, the number of PNNs gradually
decrease parallel with the disappearance of largaealium-sized neurons (Fig. 9). Table 3
provides semiquantitative analysis on stainingrisity of PNNs in divisions of MVN.

The neuropil staining was also positive for bothiand in all of the reactions with the
exception of aggrecan, neurocan and HAPLN1, whigtwed fainter staining. All reactions
were strong in the neuropil, but aggrecan, WFA,roean, and HAPLN1 reactions were
much fainter in the neuropil of the parvocellulartpin all other reactions the intensity was
similar in the two subdivisions. The versican pwesitdots were present throughout the
neuropil of both subdivisions, presenting the isteely stained dot-like structures distant
from cell bodies.
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Hyaluronan WFA Aggrecan Versican

-10,80 mm

Neurocan

Figure 9. Neurolucida reconstruction showing the ditribution of neurons bearing PNN in SVN (dots),
LVN (dots), MVN MC (dots), and MVN PC (circles). The dot-like versican labeling is illustrated in
LVN and MVN MC with (solid triangles), and in MVN P C (empty triangles). g: genu of facial nerve.
IV: fourth ventricle. Scale bar 500 pm.
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5.1.4 Descending vestibular nucleus
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Figure 10: (a, b) Schematic images show the postti@f rostral and caudal parts DVN. (c-f) lllustrating
ECM staining patterns in the rostral and caudal divsions of DVN. Arrowheads show characteristic
PNN-bearing neurons. *; label neurons in the inseg: PNN bearing neurons in the rostral-, and non-

PNN bearing neurons in the caudal partslV: fourth ventricle. NST: nucleus of solitary tract. Scale bar
200 pum (low magnification), 20 um (insert).
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In rostrocaudal extension the DVN can be subdivideéd a rostral part containing
numerous giant-, large-, and medium-sized neurand,a caudal part where longitudinally
running parallel fiber bundle cross sections occtimy visual field, characteristically, with
fewer number of intermitting small- or middle-sizadurons. The neuron sizes are ranging

between 10,88-62,77 um, 25,24 um in average, assdrab2/3 medium sized neurons, and

Aggrecan a Aggrecan b
- -—-‘——- ‘-..-‘.-" .
4 ~ E—
,I ‘ s‘\ - '\‘
/ . o e 1
’ ~ ”,
~ \
/ [ B Pa
4 ’ \ P X
’I - . 1 Ao \
y ¢ v 1 / S
! ¥ 5 1 7 N
I 5 : 1 ! N
! > o ! S
I | H i A
: 4 L | \
™ 1 1 \
1 [} 1 1
[} 1 \ /4 \
\ 7 \ H
\ + g ¥ \ ® 1
\ . \ I
’ \ ]
A Y "
\ / [Y 7
. 4 o /
1 1 \\ ya
LY I
] s\-- p
'/‘\ / Pt o
LY
. _ ' o
*
=r™ ¥
Nl % *
- NST
[™ = o
Versican.-===="7"= S C \Versican d
i T )
e I e e I g g,
I’ ""—— \.,‘\ 5
- &
! i M
; ¢
1 I N
I 1 \
I 1 \
1 \ \
1 \ \ 1
I \ \ i
' . X L I
o \ \ \ g
M o3 X 8 5
/
T ' ; \ . ‘ -~
R v \ el O =
\ o .
e 1
1 (14
i A
; I
g v T
/ Sy F %
b NST -~
/ ¥ F ‘/
f . % ,
‘ ..""-.—_;--‘- B st
e

Figure 11: (a-d) lllustrating ECM staining patterns in the rostral and caudal divisions of DVN.
Arrowheads show PNN-bearing neurons. *: label neurons in thénserts: PNN-bearing neurons in the
rostral-, and non-PNN bearing neurons in the caudaparts. (b) Dots label longitudinal fascicles. (c-d)
Arrows show dot-like condensations of versican pericellatly and in the neuropil. NST: nucleus of
solitary tract. Scale bar 200 um (low magnificatiof, 20 um (insert).
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1 per ten of large or giant cells. Along the rosttadal extension there is great difference in
the neuronal morphology, function, and hodology.

The position and dimensions of DVN are schemaiticgtiown on Fig. 10a (rostral) and
b (caudal). Our results revealed obvious differenoetween the rostral and caudal parts of

DVN in expression of molecules, and concerningritiber of PNN-bearing neurons.
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Figure 12: (a-d) lllustrating ECM staining patterns in the rostral and caudal divisions of DVN.
Arrowheads show PNN-bearing neurons. *: label neurons in thénserts: PNN-bearing neurons in the

rostral-, and non-PNN bearing neurons in the caudaparts. (a, c)Dots label longitudinal fascicles.NST:
nucleus of solitary tract. Scale bar 200 um (low ngification), 20 pm (insert).
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Figure 13: (a-d) lllustrating ECM staining patterns in the rostral and caudal divisions of DVN.
Arrowheads show PNN-bearing neurons. *: label neurons in thénserts: PNN-bearing neurons in the
rostral-, and non-PNN bearing neurons in the caudaparts. (c) Dots label longitudinal fascicles.NST:

nucleus of solitary tract. Scale bar 200 um (low ngmification), 20 um (insert).

PNNs were widely observed in the rostral part @& tlucleus around giant, large, and
medium size neurons (Figs. 10-13). The aggrecanvdiRA staining produced the strongest
staining intensity, then TN-R followed, and the west was by HA, neurocan and HAPLNL1.
Compared to the other nuclei the versican produwadh fainter immunostaining, but still
with the characteristic dot appearance. The brevitemunoreactions appeared weakest, with
no or very faint reaction. The small-sized neurawvase mostly not covered by PNN, only the

WFA, aggrecan and the TN-R reaction was positimeghé caudal part of the nucleus a very
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different ECM distribution and PNN construction wabserved. Staining was generally
fainter showing the strongest reactions for HA, WRA&rsican, and TN-R. PNNs were
sporadically visible, exclusively with versican ahl-R reactions, in weak staining intensity.
In case of the other reactions, no PNN was obsédrnvte caudal part (Figs. 10-13).

Staining intensity of PNNs in the rostral and cdugerts of DVN were
semiquantitatively evaluated in Table 3. A detaidelurolucida reconstruction was made to
visualize the distribution and number of PNN-begnreurons both in the rostral and caudal

part of the nucleus in each reaction (Fig 14).

Hyaluronan Hyaluronan WFA WFA
a DVNr b c d
DVNc
icp
/'—NST\ tspV (—\ /—\
-11,96 mm
Aggrecan Aggrecan Versican Versican
| ' ; | ﬁ |
Neurocan Neurocan Brevican Brevican
i j K |
Tenascin-R Tenascin-R HAPLN1 HAPLN1

m n o o]
Figure 14. Neurolucida reconstruction showing the idtribution of PNN-bearing neurons, in the

rostral- and caudal parts of DVN (dots).
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In the neuropil the staining pattern was determitgdthe longitudinally running
parallel fiber fascicles that are only present MNDwithin the VNC (Suarez et al, 1993). The
previously described rostral and caudal regiondinces in staining pattern of PNNs were
identifiable in the neuropil as well. In the ro$toart staining inside the fascicles as well as in
the interfascicular areas presented strong pdsitofi reaction for WFA, aggrecan, versican,
and TN-R, and slightly fainter for HA. With theseactions fiber bundles can be just hardly
distinguished in the neuropil (Fig. 10c, e; Figalt, Fig. 13a). On the other hand, neurocan,
brevican, and HAPLN1 didn't make staining at temiggs of fascicles, but did stain the
interfascicular areas (Figs. 12a, c; Fig. 13c). mbaeropil of the caudal region was generally
weaker stained than that of the rostral part. Bseitles and interfascicular areas can only be
seen clearly with aggrecan, TN-R and fainter withFHLN1 reactions. In case of the versican
reaction boundaries of fascicular and interfaseiclidreas were clear, and a punctuated

appearance of reaction was present in both places.

5.2 Alterations of perineuronal net staining afterunilateral labyrinthectomy in rat

On the first postoperative day HA staining in tHéNPalmost entirely disappeared on
the operated side, but there wasn’t severe chagein the intact side LVN. There was also
a decrease in the neuropil staining intensity @ndperated side compared to the unoperated
one (Fig. 15a, b). On thédajay the HA staining in the LVN of the operatedesidrther

faded, PNN wasn’t recognizable, whereas in the araipd side the staining intensity was

1st 3rd 7th
bHABP+DAPI bHABP+DAPI bHABP+DAPI

unoperated

bHABP+DAPI bHABP+DAPI bHABP+DAPI

operated

Figure 15. Hyaluronan labeling on unoperated and ograted sides of rat LVN following UL, on 1st, 3rd, 5ed
and 7th survival days.Arrows show PNNs. Scale bar 25 pm.
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bilaterally compared to the first stage (Fig. 18k, After seven days of survival intensity of
HA staining in the PNN increased on the operated,dPNNs were recognizable and were
rebuilt to appearance close to controls. The nelusipining still showed increased HA

expression on thé™day, as it was seen in thé Bostoperative day (Fig. 15e, f).

The staining of CSPGs in the PNN by WFA lectin @ed severe fading of PNN
labeling on the operated side, suggesting gradeatedse of CSPG levels in the PNN,
whereas on the intact side PNNs were still prefagt 16a-f). Intensity of staining was much
fainter in the neuropil as well on the operated sioh the T postoperative day in the LVN.
On the third day after operation the overall stagnpattern did not differ from the one seen on
first day, regarding both the PNN and neuropil (Hi§b, e). By the postoperative day the
CSPGs reaccumulated in the PNN and weak stainingwfopil also appeared (Fig. 16f).

1st 3rd Tth
WFA+DAPI WFEFA+DAPI WFA+DAPI

unoperated

WFA+DAPI WFA+DAPI WFA+DAPI

operated

Figure 16.WFA labeling on unoperated and operated sides of rat\¥N following UL, on 1st, 3rd, and
7th survival days.Arrows show PNNs. Scale bar 25 um.

5.3 Distribution of ECM molecules in the vestibulamuclear complex of the frog
The TN-R and aggrecan molecules were not investighéfore on frog nervous tissue

with the chosen antibodies, therefore WB analysis made to test specificity (Fig. 17).

g E § s
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Figure 17. Western blot control on
CAT-301 (e gy ' | 500 kD2
—— — frog and rat brain, and sternal
TN-R [ 180 kDa cartilages.
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5.3.1 Superior vestibular nucleus

The HA reaction was only moderate or weak arourid o SVN. PNN accumulation
forming complete rings over neurons was not obskrvpist discontinuous focal
accumulations over perikaryons (Fig. 18A). The wdsthe pericellular area was negative to
HA reaction. In the neuropil HA labeling producedeticular staining pattern with moderate
intensity. The TN-R staining was negative, it didmark any PNNs in the SVN, even didn’t
show immunoreactions in the neuropil as well (Ri8B). The WFA, as a general marker of
CSPGs, revealed no PNN at all in the SVN (Fig. 1&@y even no pericellular labeling was
seen. In the neuropil there was a reticular-likeegoaing throughout the nucleus. With the
WFA some ring like structures were observed saattén the neuropil, with sizes of 1,5-17
pm, which are suspected to be the accumulatiorSSHGs in the nodes of Ranvier (Fig.

Aggrecan + DAPI

Figure 18. ECM labeling in SVN of the frog. (C, D)Arrows show nodal accumulations of aggrecan
(CSPGs). Scale bar 20 um.

18D). To specify the CSPG staining we applied (Ht-8lone aggrecan antibody. It didn’t
label any PNNs around perikarya of SVN, but in tioplasms of neurons several heavily
immunoreactive granules showed (Fig. 18D). Simikaction was recently reported in the
cytoplasm of human basal ganglia cells, suggedtiegneuronal production of aggrecan
(Bruckner et al., 2008, Giamanco and Matthews, 20h2he neuropil Cat-301 showed more
intense staining than WFA, with a similar reticuidarangement. Even more clearly visible dot

or ring like forms were identified suspected asrtbdal accumulations, mentioned earlier.

5.3.2 Lateral vestibular nucleus
Within nuclei of the frog VNC, HA histochemical @®on was the most intense in the
LVN (Fig. 19A). Complete ring shape PNNs were opigsent around neurons of the LVN

within the VNC, drawing strong continuous pericdlulabeling around somas. In the
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neuropil of LVN the HABP had the strongest reactwithin the VNC, having the typical
reticular organization in which neuronal procesaas contacts run.

Compared to HA, TN-R immunoreactions had a fairsted not completely circular
PNN condensation labeled around neurons of LVN.(ERB). In the neuropil it showed
expression, and among the other nuclei of VNCnstgi was the strongest in LVN. The
reaction with WFA lectin was generally not veryense, although the strongest was still in
the LVN with this labeling (Fig. 19C). No PNN wadserved, and in the neuropil the
reticular appearance also wasn't visible. Likehia 8VN, we could see the dot or ring shape

condensations of CSPGs, most probably representdgl ECM of thick myelinated axons.

Agarecan +DAPI

Figure 19. ECM labeling in LVN of the frog. (C, D) Arrows show nodal accumulations of aggrecan
(CSPGs). * shows PNN-bearing neurons. Scale bar pin.

The aggrecan Cat-301 labeling was similar to the experienced in SVN (Fig. 19D). Thus
the pericellular accumulation was not seen athalt, in the cytoplasm the immunoreactive
granular dots presented. Theoretical basis ofghenomenon were detailed above for SVN.
The neuropil staining was moderate, containinguédr diffuse staining pattern with dots or

ring shaped condensations identified, as descabege.

5.3.3 Medial vestibular nucleus

Following the LVN, the MVN showed the strongestdhihg for HA (Fig. 20A), as far
the pericellular area is concerned. In the pentailarea a discrete condensation was seen,
forming PNN well separating from the surroundingumopil. The PNN was less strongly
stained as in case of LVN, even though most ot#ils were PNN sheathed. The intensity of
the neuropil staining was similar to the one saemhe LVN, but was seemingly stronger
compared to SVN or DVN. With TN-R there wasn’t gogricellular or characteristic neuropil
staining in the MVN (Fig. 20B), and lacked nodabdéing. The neuropil had a diffuse
patterning with low immunoreactivity. Labeling ofSBGs by WFA exclusively stained
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structures in the neuropil (Fig. 20C). No pericalitsignal was detected, and the neuropil had
no reticular appearance at all. Just the dotsngisrivere seen, presumably representing nodal
accumulations. In case of aggrecan Cat-301 reaal®mno PNN was seen (Fig. 20D). The

Aggrecan + DAPI

Figure 20. ECM labeling in MVN of the frog. (C, D) Arrows show nodal accumulations of aggrecan
(CSPGs). * shows PNN-bearing neurons. Scale bar pin.

previously mentioned immunoreactive granules weegol in the cytoplasm of MVN
neurons, although in the neuropil staining for @ggn was the most intense here among the

VNC. The rings and dots, suspectedly being nodé&oivier, are numerously represented.

5.3.4 Descending vestibular nucleus

Stained by the HABP there were no PNNs found inDR@& (Fig 21A), and the overall
intensity of the reaction revealed lower HA expi@ssn the nucleus. In the neuropil the HA
reaction was diffusely distributed, at slightly heg intensity than found in SVN. The TN-R
reaction reveled very low or no expression of theletule either in the pericellular

compartment or diffusely in the neuropil (Fig. 21BYith the WFA we could not detect any

HA + DAPI

Figure 21. ECM labeling in DVN of the frog. (C, D)Arrows show nodal accumulations of aggrecan
(CSPGs). Scale bar 20 pum.
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signs of pericellular condensation of ECM moleculles the neuropil we could only see
signals of the mentioned dot or ring like structuoerresponding to nodes of Ranvier (Fig
21C), confirmed by measuring of the diameters awdparing with axonal diameters. Other
than the ring structures no other diffuse or rédc&ECM expression was observed. As far as
the aggrecan Cat-301 reaction is concerned, no RSl labeled (Fig. 21D), but a faint
cytoplasmic signal can be seen, showing just fewt fgranules. Heavily immunoreactive
spots weren’t characteristic in the cytoplasm. éensfor WFA as in all the other nuclei of the

VNC, there were the intensively stained rings bemagt probably the nodal condensations.
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6. DISCUSSION

6.1 Introductory words to the Discussion

In the rat brainstem the distribution of extracelfumatrix macromolecules were
mapped in the individual nuclei of VNC. By usingtuichemical and immunohistochemical
methods we intended to reveal whether there is amelacell type dependent distribution of
ECM in the VNC of rat. The widely differing hodoliegl properties of VNC nuclei have long
been described, which may also be in relation viattbM composition. Results were
summarized in Figures of IHC images, in a Neuraladgieconstruction of the PNN covered
neurons, and a Table of semiquantitative assesssaering of PNN intensities. Explanation
of results is presented firstly considering eacltlews of VNC, then later taking each
molecule of ECM in count (Chaptér2).

Unilateral labyrinthectomy is the mechanic damagihghe balance sensory organs in
the inner ear, resulting in unilateral deafferaotatof the VNC. This is expected to trigger
various related processes, including alterationsEGM molecular composition. The
previously mapped ECM in the intact VNC will progiccomprehensive information for
further comparison and other associations explgiriive plastic events in the CNS after
injuries. During subsequent days of UL alteratiohlA and CSPGs were investigated in the
lateral vestibular nucleus. Proposed explanatiohgesults is delivered in Chaptd.3;
considering differing roles of CSPGs and HA, andoagtions of ECM turnover and
improvement of symptoms.

Amphibian species are good model animals becausieeofrelatively simple nervous
system, which still reflects the conservativitysystems through evolution. The available data
on ECM in the CNS of frog is very poor. Amphibias® evolutionary lower animals, and
have the special ability to anatomically and fumcélly repair their cranial nerves and central
pathways after disintegrating injuries. Explanasigoropose, among many other possible
explanations, the very different ECM molecular adsly compared to higher mammalian
species. Based on earlier results from our laboratbe purpose of the present survey on
ECM was to provide experimental evidences for latemparative investigations between
lesioned mammalian and amphibian species. Restdtexplained below for each of the
detected ECM molecules, in Chapéed. A comparison is made regarding the detected ECM
molecules, hodological properties, and embryonigims of the corresponding vestibular

nuclear areas of rat and frog.
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6.2 Distribution of extracellular matrix in the vestibular nuclear complex of the rat

6.2.1 Superior vestibular nucleus

In the SVN the centrally located giant and largernas were surrounded with PNN,
but the medium and small neurons, positioned inpéepheral part of the nucleus, were
mostly devoid of PNN coverag@/e concluded that the presence of PNN around neursn
in the SVN correlated with neuronal size, consequdly experienced throughout the
entire SVN. This also may indicate that neurons faud in functionally different regions
of SVN are associated with different PNN staining atterns. The large-sized neurons
establish inhibitory connections with the oculomiciad trochlear nuclei neurons through the
ipsilateral medial longitudinal fasciculus contaigiglycine (horizontal) or GABA (vertical)
inhibitory neurotransmitters (Buttner and ButtnemEver 2006). They are critical
components forming the vestibulo-ocular reflex, aliéed earlier in cat, rabbit, squirrel
monkey, and other mammalian species (Ito et al018%Crea et al. 1987a; McCrea et al.
1987b; Mitsacos et al. 1983a). Small and mediunts,calso called non-ocular neurons,
project to the cerebellum and reticular formatiam, they are establishing commissural
connections with contralateral vestibular nucleiit@dcos et al. 1983a; Ladpli and Brodal
1968).

In the neuropil of SVN no regional difference was in the rostrocaudal or central to

peripheral extension.

6.2.2 Lateral vestibular nucleus

In the rat no regional difference was found regagdhe distribution of neuronal sizes
throughout any extensions of the nucleus. The LNtains mostlylarge- and giant-sized
neurons, which were all ensheathed by thick peringonal nets, and there was no
variability experienced in the PNN staining patterrs throughout the nucleus The result
is rather contradictory, since despite the homogsroellular arrangement in the nucleus, the
rostral and caudal parts have different afferent efferent connections, which would suggest
different molecular assembly of PNN in the two paithe rostral parts receives afferents
mainly from the utricle andristae ampullaresand these neurons project to the oculomotor
nuclei, via mono- di-, or even polysynaptic condacand most probably are similar
physiologically to magnocellular elements of MVNgdause of identical projection target
areas. These cells also have reciprocal connegtitbncerebellum. Contrary, the caudal part

of LVN doesn’t receive any vestibular afferentsstjisome spinal and inferior olivary
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afferents were reported. The whole nucleus hagpnacal projections to the spinal cord in
somatotopical manner: the rostral portion projéats cervical-, and the caudal portion into
the lumbosacral segments of the spinal cord (Suatred. 1993; Brodal and Brodal 1981,
Gacek 1969; McCrea et al. 1987b; McCrea et al. 498bogd et al. 1991; Bacskai et al.
2002; Pompeiano and Brodal 1957). Interestingly, gtudy shows that the LVN owns a
special character among the vestibular nuclei, e/tie® regionally differing projections of the
nucleus don’t result differing molecular assembfiyttee PNN. The possible explanation is
still not complete, but it is tempting to assumattthe homogenous PNN patterning is due to
homogenous membrane properties, firing rates, andotransmitter content of the large LVN
neurons in rats (Uno et al. 2003; Eugene et allp01

The neuropil showed to be also homogenous throughewnucleus, possibly a result of

the homogenous neuronal distribution.

6.2.3 Medial vestibular nucleus

We found that thestaining patterns of PNNs appeared regionally diffeent in the
subdivisions of the MVN. Results also suggest thahe differences are due to the
cytoarchitectonical and hodological properties of ie neurons composing the nucleus
We found thaPNN ensheathed the large- and medium-sized neuroisthe ventrolateral
magnocellular portion of the nucleus, with all eigh reactions studied, although in
various intensities, whereas in the parvocellular art, located periventricularly, no or
just few PNNs were labeled.

Since there are morphologically, hodologically, atmis physiologically different
neuron populations composing the MVN, interpretiegults demands the identification of
neurons according to these parameters. From tleradenategorizations of MVN neurons we
found two relevant for our results, giving oppoityrior two possible approaches.

Neurons of MVN were earlier categorized in mousani@ et al. 2006; Sekirnjak and
du Lac 2006), rat (Johnston et al. 1994, Saitd.€2Q08; Takazawa et al. 2004), and guinea
pig (Babalian et al. 1997; Babalian and Vidal 2086rafin et al. 1991) into two major types.
Accordingly the ‘type A’ neurons found in the pacetiular division, producing GABA, have
a regular firing rate. These receive input from thelith receptors and project to inferior
olive. They also have reciprocal connections wipmnal cord and cerebellum. The other
dominant neurons are the ‘type B’, located in tregnocellular division of MVN. They have
an irregular firing rate, and their neurotransnnittare either glutamate or glycin. Their major

inputs are from thecristae ampullaresand cerebellar efferents, and provide efferents of
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vestibulo-ocular and vestibulo-spinal pathways @Eheget al. 2011; Kodama et al. 2012).
‘Type B’ neurons are also involved in spatial reaitign by being connected to mammillary
body (Brown et al. 2005; Shinder and Taube 201@nslering the localization of distinct
neuron groups in MVN, it is likely that ‘type B’ oeons are surrounded by PNN. On the
other hand the ‘type A’ subpopulation, having rareno PNN, represent the parvocellular
division of MVN, involved in cerebellar, spinal, dperhaps autonomic regulations.

Recently, six distinct groups of neurons were idieat in the MVN by Kodama et al.
(2012), considering single-cell neurotransmittegn i channel, and neuronal marker
expressions. Thus, three excitatory neuron types wientified (E1-3), expressing glutamate
transporter VGIuT2. The E1 class comprises of lacgs that project to contralateral
abducens and oculomotor nuclei, and these provielgopinant excitation to motoneurons of
extraocular muscles. The E2 profile group contganscerebellar neurons projecting to
flocculus through the mossy fibers. These neuraesl@cated periventricularly, in rather
caudal position, thus we may consider these beirigd MVN PC subdivision. The E3 group
isn’t believed to operate in VOR, rather suggestelde present in the vestibulo-sympathetic
autonomic reflex circuits of spinal cord (Kodamakt2012), suggested of being small-sized
neurons. There are also three inhibitory neuroegyidentified (11-3) by coexpressing genes
encoding GABA synthetic enzymes, the GAD65 and &7d glycine transporter GlyT2
proteins. The glycinergic 11 group was reportedgtther premotor interneurons to the
ipsilateral oculomotor neurons, innervated by fldas. They are most probably located in the
MVN MC, presumably surrounded by PNN. The 12 negrare gylcin- and GABAergic and
project to the contralateral oculomotor and abdscenoclei, receiving sparse inhibitory
synapses on soma from floccular Purkinje cells.yTheesumably have weak or no PNN.
Neurons in 13 group are GABA-ergic neurons, havimigibitory commissural connections
between the bilateral MVNs (McElvain et al. 2018nd are located in the middle third of the
nucleus. They receive none or weak floccular irlghi and by feedforward inhibition
balances excitability of bilateral MVN neurons oOR (Shin et al. 2012; Kodama et al.
2012). Although associating PNN-bearing and nomNRi¢aring neurons to the single-cell
expression profiles extends far beyond our chos®s,abut still most of the neuron groups
can be linked by morphology and localization.

Intensities in the subdivisions were different ase of aggrecan, WFA, neurocan, and
HAPLNL1 reactions, being lower in the MVN PC. Extattysiological reasons are not well

understood.
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6.2.4 Descending vestibular nucleus

We found in the DVN that there is considerable diftrence in the staining of ECM
pattern between the rostral and caudal parts of thenucleus indicating the different
contribution of the rostral and caudal segment®¥WN to vestibular integral functions. In the
rostral part the most numerous cells are the mediaed neurons, large and giant cells
provide approx. 15 %, and small sized cells aredoun low number (Suarez et al. 1993).
PNN was experienced covering the medium-, large-nd giant-sized neurons with all
reactions studied, except for brevicanSmall neurons having PNN were sporadically found,
being positive only for WFA, aggrecan and TN-RtHe caudal part only 6 % of neurons are
large-sized, and the majority are medium or snRPlINs were rarely seen, consideably with
TN-R and as forms of versican accumulations.

Interpretation of results requires the consideratibthe differing connections of rostral
and caudal DVN. The above listed properties of N were reported to be common in
rabbit, cat, and rat (Porter and Balaban 1997).

In the rostral part of the nucleus the numerougelaand giant-sized neurons have
parallel function with the LVN neurons, participadi in the balance, posture, and head
movements by extended vestibulo-spinal connectiamd,also by being part of the vestibulo-
ocular circuit (Balaban 1996; Kerman et al. 200@]lgtein et al. 2011; McCall and Yates
2011). The vestibulo-oculo-collic reflex circuiturens are widely spread over DVN, as well
as MVN, and provide bifurcating axons projectinghie oculomotor nuclei and to the spinal
cord, which are glutamatergic excitatory (Minoradt 1990). These neurons don't receive
floccular inhibition, but instead, DVN neurons regeexcitatory vestibular input from the
utricule and saccule, together with LVN, caudal SWNd nodulus. In the lack of information
we may suspect the axons from thiese sources tatenion soma and proximal dendrite
segments, thus contributing to PNN formation.

One unexpected phenomenon was the faint brevianirgg both in the rostral and
caudal parts of DVN. There were regional differenagentified in brevican expression in
mouse and rat cortical areas and were suspectesl telated to differing plastic properties of
certain areas (Ajmo et al. 2008). In case of thatilbalar nuclei similar conclusion shouldn’t
be stated, since the contribution of the individuedtibular nuclei to postlesional recovery is
undescribed. In fact, there was strong brevicamistg in the SVN, LVN, and MVN, being
very strong component of PNNs, thus the absencére¥ican could indicate some yet
unknown function of brevican in the physiologicah€tion of the vestibular system during

autonomic adaptation or in postlesional compensatio
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The neuropil staining was moderate or weak, butware intense in the rostral portion
then caudally. The characteristic longitudinal fidlmindles were easier to recognize with
WFA, aggrecan, versican, and TN-R reactions, becatishe ECM molecules accumulating
in nodes of Ranvier (Dours-Zimmermann et al. 2009hers originate in the cerebellar

vermis, or DVN, or are descending primary vestibeléerents.

6.2.5 Comparison of staining patterns in the raV®\C - Possible functions of
extracellular macromolecules in the rat VNC andtier associations

Our work was the first one to provide a cohererscdption of ECM staining patterns
in the VNC of rat. Besides recognizing a numbercommon regularities characterizing
expression patterns of individual ECM building campnts,we could find differences
within subdivisions of SVN, MVN and DVN, making comparison possible with rat,
monkey, or human (Zimmermann and Dours-Zimmerma@@82 Morawski et al. 2012;
Hartig et al. 1999; Carulli et al. 2006; Brucknéraé 2008).According to our findings the
presence or absence of PNNs correlates with the menal sizes.

Hyaluronanis the backbone of ECM, especially in the PNN fation. It is present
from the initial steps of neural development asamssive guidance molecule for migrating
neurons and climbing axon growth cones. HA is aeiesal component of PNN, without HA
PNN assemblies are not reported (Bignami et al318%vok et al. 2010). In case of absent
hyaluronan synthase enzymes (HAS1-3), the integfittf CM structure is impaired or even
animals are not viable (Kwok et al. 2010; Zimmermand Dours-Zimmermann 2008).
Throughout the VNC strong or moderate presence of A was seen in forms of
pericellular condensations, diffuse signals in thaeuropil.

Chondroitin sulfate proteoglycansare essential polyanionic macromolecules of
mammalian PNNs (Koppe et al. 1997; Zimmermann aodr®Zimmermann 2008). The
general marker of CSPGs is théA lectin (Hartig et al. 1992)Although it recognizes the
majority of CSPGs, having GAG side chaingjcluding lecticans it provides no further
insight to what molecules are specifically preserdt the area, but only provides additive
overview of CSPGs.Aggrecanis belived to have the largest number of chonoiratlfate
and keratan sulfate GAGs on the protein cores,i@tlte most abundant molecule of PNNs,
thus we may expect its considerable influence orAWtaining (Hartig et al. 1992, Matthews
et al. 2002).

In the mammalian mature CNi&evicanis the most common CSPG after aggrecan,

being a prominent constituent of the PNN, and shages dependent dynamics (Frischknecht
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and Seidenbecher 2012; Zimmermann and Dours-Zimaram008; Yamaguchi 1996). We
found strong brevican staining in the PNNs of ilNg\WVN, and magnocellular part of MVN
large neurons, which demonstrates the findingsadiez reports on brevicathnterestingly
WEFA staining wasn’t similar to brevican reaction intensity. WFA is able to label approx.
80 % of CSPGs (Giamanco et al. 2010). by N-acetidgjosamin residues, but brevican has
very few or even none CS substituents. Recentstitretural studies (Frischknecht and
Seidenbecher 2012; Blosa et al. 2013) suggest dasespatially different locations for
aggrecan and brevican were described in giant ibatgt synaptic terminals of Held, in the
trapezoid body. Aggrecan was located in the periploé the synapse, surrounding it, and
presumably preventing neurostransmitter spillovemf synaptic cleft, whereas brevican was
found inside the cleft separating active zonesctida microscope studies reported plenty of
calyx synapses in the SVN, LVN, and MVN (Matesz 89Beusner et al. 1988; Sotelo and
Palay 1970), in frog, chicken, and rat, which maggest the similar function of brevican, as
well as aggrecan, perisynaptically. This confirmatmay provide physiological explanation
for the dynamics or time lapse of neurotransmiézase, reuptake, synaptic stability, etc.

The pericellular area was positive foeurocan although it appeared fainter in all
studied areas, compared to other lecticans’ stgifihe weak staining could be explained by
the gradual decrease of full length neurocan ptatga(Zimmermann and Dours-
Zimmermann 2008). According to other speculatido8i, length neurocan is cleaved after
birth, forming C-terminal and N-terminal fragmeni&he applied DSHB 1F6 monoclonal
antibody only recognizes the N-terminal fragmeratt timay explain the seen results. We also
observed strongly immunolabelled patches spordditatated on the neuronal membrane,
and in the neuropil. The earlier could be somespeniatic localized forms, and the latter can
be the nodal neurocan (Bekku and Oohashi 2010mifgy diffusion barrier and ion trap.
Neurocanis a nervous tissue specific CSHiglieved being inhibitory on axon regrowth
during tissue remodeling.

In the adult only theversicanV2 isoform is present. We detected V2 with the BSH
monoclonal antibody 12C5 clone, which recognizes lilyaluronan binding region of the
molecule. Immunostaining has the characteristiccuate appearance, regerdless of which
part of the CNS is studied (Oohashi et al. 200&rdermann and Dours-Zimmermann 2008;
Bekku et al. 2009). It is primarily located in tin@des of Ranvier, together with TN-R,
HAPLN2, brevican, and phosphacan (Zimmermann andr®dimmermann 2008; Bekku et
al. 2009). Electronmicrographic explanations shibwieat nodal regions of axons in the

vestibular nuclei are not only located in the neilrobut are in close contact with the
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neuronal soma (Sotelo and Palay 1970; Matesz 1988)so, then the sporadic
immunopositive dots, embracing the soma, could itlteereaxonal coats around calyciform
terminals (Lendvai et al. 2012; Bruckner et al. 0Morawski et al. 2012), or could be a
versican-relative brevican anchorage of PNN cogetime axon initial segment of certain
neurons (Dours-Zimmermann et al. 2009). Versicdnbits axon growth/regrowth, plastic
reorganizations in the adult CNS, and its expressascends in the postnatal period
(Zimmermann and Dours-Zimmermann 20085 moderate expression in the VNC,
especially in the DVN may be one explanation for #hsystem’s high level of plasticity.

The tenascin-Ris a homotrimeric glycoprotein of the ECM in maniana species, and
iIs a major contributor of the PNN integrity, andlstization (Bruckner et al. 2000; Carulli et
al. 2006; Deepa et al. 2006; Koppe et al. 1997; Kebal. 2010; Wang and Fawcett 2012;
Pesheva and Probstmeier 2000). It has specialitgfio bind lecticans by its fibronectin
domains, especially to brevican. TN-R accumulatdarge polymer structures at the nodes of
Ranvier (Dours-Zimmermann et al. 2009; Kwok et2él11). The biological role of TN-R is
divers, sometimes controversial, depending on dgweéntal state, physical form, or
molecules collaborating. TN-R’s effect on plastiait repair is not direct, but is mediated by
cytokines, or neurotrophic factors. Neverthel@$¢;R has repellent effect on axon growth,
there is still lack of data on the function of TNiRthe vestibular system.

The role ofhyaluronan and proteoglycan link proteinislto fasten anchorage between
HA and the G1 domain of CSPGs. Mice lacking linlotpms have increased plasticity,
resulting the prolonged flexibility of ocular donaimce establishment (Carulli et al. 2010). In
link protein knock-out mice there was no brevicegrsican, hyaluronan labeled in the nodal
space, and weak TN-R, suggesting the putativeofdiek proteins in matrix integrity (Bekku
and Oohashi 2010). In the vestibular nuclei thectimm of HAPLN1 is not completely
revealed. We may suspeugher plasticity in the VNC explained by the weakstaining
pattern of HAPLN1 throughout each nucleus.

According to oulgeneral experiencahere was striking difference experienced between
subnuclei of MVN and DVN, suggesting thiiese areas may have higher flexibility for

adaptations in the circulatory and respiratory reguation.

6.3 Unilateral labyrinthectomy in rat results tempaary alterations of HA and
CSPG staining in the postoperative period
During the histological examinations, PNN wasn’tcagnizable on the first

postoperative day around neurons of LVN, on theratpd side of the sections, by using
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bHABP and bWFA histochemical reactions. The posjtiof both HA and WFA staining
returned by ¥ postoperative daysOur experiment revealed that amelioration of
symptoms corresponds to the reestablishment of PNNssuggesting the possible
involvement of HA and CSPGs in vestibular compensain. Earlier and recent studies
emphasized the specific presence of lecticans enréit's CNS, particularly in the VNC
(Hagihara et al. 1999). WFA labeling provides omglirect evidence on the impairment of
CSPGs during compensation process, which reasatisefuspecifications on molecular
components. Our, yet unpublished, data suggests alhdecticans, aggrecan, brevican,
neurocan, and versican, are deeply involved inrttage seen with WFA.

In the lack of experimental data on the role of E@Mhe vestibular compensation and
deafferentation induced plasticity of vestibulaciei, we propose, some explanations how the
ECM molecules may contribute to the various medrarf vestibular compensation. In the
acute phase of vestibular compensation axonal spgoand elongation (de Waele et al.
2000), or establishment of new synaptic connectismgiestionable, although HA and CSPG
decrease could be in favor, because it is the sgmmggan and the peripheral process of the
vestibular ganglion cells which has been damagadipa central pathway was cut.

Even though there is, most probably, no axonal negiin the VNC during the
postoperative period, severe alterations can beat#g in synaptic transmission efficacy,
triggered by the imbalance of bilateral VNCs. Amangacellular events, changes in the
ECM is triggered as well, experienced as the desereAHA and WFA staining intensities in
the PNN. Plastic synaptic modifications for the oglwling of resting membrane potentials
demands structural “loosening” of synaptic elemetds change physiologically and
morphologically to adapt to new circumstances, aaduby deafferentation. Studies on spinal
cord and cortical injuries suggest similar plastiechanisms in the background of functions
repair. Plastic changes of synapses involve battiskof alterations, (i) the synaptic plasticity,
which is the activity-dependent changes in thecafly of synaptic transmission accross
existing synapses, but these require simultanedusar(atomical plasticity, or structural
plasticity, during which a new anatomical arrangeta connections develop either by new
synapse formation or modification of existing oriEawcett 2002). In this sense experience
based learning (Butz et al. 2009), or injuriessactilar. The process of natural compensation
is also presents in the cerebral cortex or in gheas cord after strokes or mechanic injuries,
during which the perilesional intact nervous citsiare able to take over functions of the lost
area. Other experiments on stroke suffered aginigreens also suggest that even in the aging

brain a window of plasticity can be kept open biydducing chondroitinase ABC, by which
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prospects of recovery become better (Doidge: Thelihat changes itself 2007, Soleman et
al. 2012).

HA is synthesized by the membrane bound hyalurosyathase (HAS) enzymes,
having three variation, HAS1, HAS2, and HAS3. Pblmxjical studies suggest that changes
of membrane properties of"2 order vestibular neurons simultaneously alters ECM
composition (Shao et al. 2009). If so, we may saggigat changing membrane properties
cause change in HAS activity/presence, explainiagrease of HA staining in*land &
postoperative days. ECM is believed to be actigépendent.

The rapid decrease of CSPG expression, on 1-3 pparstive days, seems more
difficult to explain. In the mouse barrel cortexetlsensory deprivation didn’'t alter the
aggrecan staining pattern and intensities of PNMsch stands opposite our results. The
possible reason of this obvious difference canha¢ the vestibular system shows higher
plastic characteristics compared to other sens@tess (McCrea 2007).

The turnover of intercellular space macromolecigdesso in synchrony with the found
results. The turnover of sulfated GAGs is approxetya24 h in the brain, by the rapid
facilitation of extracellular MMPs, and rapid de&se of synthetic enzyme activities (Rauch
2007). Similarly, the half life of HA in the inteztiular space ranges between less than 1 to
several days, which is in accordance with the agpeed results after UL (Fraser et al. 1997).
In the background of improvement of postlesionahgioms we mainly suspect those plastic
events which progress intracellularly by alterifge tphysiology of neurons to a new
equilibrium state that influences the ECM molecwdasembly by means of temporary HA
and CSPG decrease.

In the past decade, a surprising neurogenesis wationed in the VNC, after unilateral
vestibular neurectomy in cat. Results show a péaleorogenesis at 3 days post UL, which
gradually decreases until 30 days. Among microgiie astroglia cells, GABAergic neurons
develop in medium and small sizes (Tighilet eR807). In our experimetdA was found to
increase its expression in the neuropil after UL, Wich may provide a permissive

environment for axonal pathfinding, or synaptogenes.

6.4 Function of extracellular matrix molecules in he vestibular nuclei of the frog

The common waterfrog, classified below mammals ba phylogenetic tree, is
suspected to show a different assembly of matrixeoubes in the same vestibular system,
especially regarding PNNs. In many of the mammaliwaarsupial, avian, or lower species the

composition of ECM was described in various CN&su@ertolotto et al. 1996; Becker et al.
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2000; Becker et al. 1999; Becker et al. 2004; Maitdavet al. 2009; Gati et al. 2010a, b).
There is some data available on ECM compositiotha vestibular nuclei of rat, mouse,
Madagascan tenrecs (Afroteria). Their common featsithat CSPGs are found in the PNNs
of vestibular neurons (Bertolotto et al. 1996; Deeepal. 2006; Hagihara et al. 1999; Costa et
al. 2007; Morawski et al. 2010), but those cladespylogenetically higher.

Our work showed great contrast to reports on plateor marsupial mammalian
species, or avian, and could be compared to oentestudy on rat vestibular nuclei. In frog,
PNNs were seen around large neurons of LVN and Mshbowing positivity only for HA,
and less considerably TN-R labeling, whereas, e@@DWVN and SVN none of the examined
ECM components had pericellular accumulation. Baeadadditionally performed IHC
investigations, we may suggest that PNN assembiliyarvestibular nuclei of the frog, are
devoid of CSPGs

ECM deposits accumulate in the nodes of Ranviethatk myelinated axons. The
molecular assembly of mammalian nodal ECM conte@rsican, brevican, phosphacan of the
CSPGs, TN-R, link proteins, and HA (Dours-Zimmermaat al. 2009; Cicanic et al. 2012;
Bekku et al. 2009; Bekku and Oohashi 2010). In fiteey we found similar ring-like
structures in the neuropil of vestibular nuclei,itwfdiameters up to 1dm, or smaller, most
probably representing the nodal ECM accumulatiothimk vestibular axons (Reichenberger
and Dieringer 1994; Birinyi et al. 2001; Honrubiaa¢ 1981), which are primary vestibular
afferent fibers. The possible function of those aloBCM deposits are same as those

described in higher vertebrates.

6.4.1 Vestibular nuclei with different hodologicgiroperties exhibit different
extracellular matrix assembly

Since there was varying molecular composition ofMEGeen in the individual
vestibular nuclei of the frog, we may suspect thdiflerences being in correlation with the
differing functional connections of each nucleugaldation of results is not easy, as there has
not been a selective fiber tracing performed onmammalian frogs, except for the LVN in
our laboratory (Matesz et al. 2002). Neverthelegs,can refer to earlier data collected in
mammalian species, reasoned simply by the evolatignconserved morphofunctional
organization of the vestibular system. As descriipeithe rat, SVN projects predominantly to
motoneurons of eye movement nuclei, and is involnetthe VOR (GABAergic) (Straka and
Dieringer 2004; Buttmer and Buttner-Ennever 20@yN and MVN are involved in the
control of head and eye movement during body digptent (gylcinergic), but their caudal
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part establishes widespread vestibulo-autonomioections with autonomic brainstem- and
spinal areas. The LVN is the main source of meldiagitudinal fasciculus fibers, both in
mammals and frogs, and control head and eye movsmpon vestibular stimulus. Although
similar segregation of neuron subpopulations witséth nucleus wasn’t seen in the frog’'s
VNC, that regional differences in the differing o@ctions of the individual vestibular nuclei
also can be reasons of PNN presence or absence.

The HA rich PNNs were only experienced in the LVidabccasionally in the MVN,
which is tempting to underline earlier remarks ttiese two nuclei are primarily involved
areas in restoration of damaged vestibular funcftéalasi et al. 2007). In amphibians not
only functional compensation happens after vestibdamage, but the HA rich milieu can
promote anatomical repair as well, by axonal spnguand neurogenesis, that will newly
establish synaptic contacts (Halasi et al. 2007)mhmmalian species similar considerable
neurogenetic progress wasn’t reported so far. B ¢bmpensation process, the role of
commissural connections is especially important. oAg the nuclei, SVN and DVN
establishes majority of the bilateral connectiailoived by the MVN and LVN, reported in
cat and frog (Ito et al. 1985; Malinvaud et al. @D1

Funtions and connections, thus physiological agtief neurons is determined by their
embryonic origin, in the case of VNC the rhombomenrigins. In the frog brainstem the
SVN develops from rhombomere 1/2, LVN develops frdrambomere 3/4, the majority of
MVN and DVN from rhombomere 5/8, and the effereestibular neurons develop from
rhombomere 4, which is common in vertebrates (Sirapd Lumsden 1993; Fritsch et al.
1997, Straka et al. 2001). The description of rhomeére specific ECM expression pattern is
still an unexploited field.

6.5 Composition and suspected function of ECM in t# frog and rat vestibular
system

Important recognition of our results is that in tt@mmon water frog’s ECM, with
special regard on the PNNs seen in MVN and LW, could only detect HA, with lesser
expression of TN-R, but no considerable appearancef CSPGs were experiencedin
strong contrast to mammals, neurogenesis in angoislpossibly exists in the adult vestibular
nuclei, taken over from recent studies experiensinglar progresses in amphibian midbrain
and medullary auditory centers (Simmons et al. 2006e HA rich, but CSPG poor milieu
provides permitting environment for new neuronaligions, cell migration and connection

into existing circuits.
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After vestibular neurectomy of the common wategftblalasi et al. 2007), it was found
that HA deposits in the perineuronal spaces deedeas the operated side, then were rebuild
from the third postlesional week, and the newlyoegng axons from the vestibular ganglion
established functional connections with the deaffeed vestibular neurons in the brainstem,
supported by HA deposits. Supporting this resuit,the neural stem cell niche a HA
enrichment was found (Preston and Sherman, 20jéndaet al. 2013), which is permitting
axonal through-growth. Experimental removal of mammissive CSPGs from glial scar has
similar effect on axon growth.

The largest contrast of ECM molecular compositioousred in case of CSPGs in frogs,
in relation to mammalian species. Our results euly support the inhibitory effect of
CSPGs in LVN of rat after UL. The structural stafesynapses is highly supported by the
anchoring CSPG structural elements, so changeséansynaptic transmission demands
breakdown of ECM meshwork in order to change maligahoat the same time. The possible
reasons why only low expression of CSPGs couldeas $n the forg vestibular nuclei may
be: 1) Plasticity of the system is required to accomned® seasonal, thus hormonal-
temperature-metabolic changes, terrain and praghiities, being continuously prepared for
environmental impacts2) Evolutionary steps under mammalians suggesttiieaé has to be
a certain evolution of different CNS systems, alsfbecting in ECM composition3) Yet
unidentified molecular composition of ECM is presewhich may not be grabbed by
antibodies presently available. Although WFA ledaimd a number of antibodies were tested
during investigation to recognize any possible atel or unsulfated GAGs of CSPGS.
Other, yet unknown factors.

Parallel with findings on CSPGs there was a lacHNfR in the PNNs of vestibular
neurons in the frog, but some immunoreactive patdoeurred in the neuropil. TN-R is an
inhibitory molecule, and the same restricting dff@as described in zebrafish (Becker et al.
2004), salamander (Becker et al. 1999), and mieeK&r et al. 2000), which means a range
in phylogenetical levels below and above frogs. $guently, the TN-R free PNNs of frog
vestibular neurons could be providing a permissiaekground for growing axons during

anatomical recovery and functional repair, follogvinjuries.
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/. FINAL CONCLUSIONS
and FUTURE PERSPECTIVES

The presented scientific findings seem to supp@tareviously proposed functions and
properties of the ECM. Our work provides a morplgatal basis of the expressed ECM
molecules in the intact vestibular nuclei of theaad frog, as well as of changes of HA and
CSPGs after deafferentation by UL. Consequencesutnice perspectives of these studies are

summarized below.

By using morphological methods in the intact rat,Na detailed description on the
molecular organization and regional distribution BEM was given in all nuclei and
subnuclei. We have recognized that besides HA, lesydramework of ECM, the different
lecticans are expressed in considerable, but vexy dependent amounts. In our study both
condensed and diffuse forms of ECM were presetitenVNC of rat, confirming reports on
other parts of CNS. Our other important recogniti®nhat presence of perineuronal nets is
associated with the neuronal size, meaning that giad large cells are ensheathed by strong
PNN condensation, but around medium and small msuRNN is mostly missing. Further
striking finding is that considerable differencdsowed in ECM staining patterns between
areas of VNC having different afferent and efferemrinections. Thus, we may conclude that
regional differences shown in staining patterngetates with cytoarchitecture, hodological
and functional characters of each vestibular nicleocluding their subnuclei. Although
belonging to basic research, these data can smidatew approach for the classification of
vestibular neurons. ECM, more specifically PNNaiproduct of neurons and glia, highly
influenced by functional properties of the neurcersd vice-versa. Based on our findings so
far, a consequent mapping on co-localization of rixamolecules with ion channels,
neurotransmitter receptors, presynaptic terminalstnbe made. Thus a closer aspect on
function may be obtained on each ECM molecule, anchore precise classification of

vestibular neurons.

Results of UL in rat have shown a number of coneeqges. It was the first study
performed in the vestibular system, showing thengka of HA and CSPGs staining patterns
in LVN. This suggests the possible involvement &fME molecules in plastic events of the

vestibular system. In firm connection, the tempralgress of postural deficits and repair of
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close-to-normal balance function follows the reabithment of perineuronal nets in the
LVN. Although further ultrastructural confirmatiols needed to localize different CSPGs
perisynaptically or in the synaptic cleft, we maysgect the involvement of aggrecan and
brevican, the two most abundant contributors of W&tAining, to be involved in synaptic
activity alterations and re-establishment of a regmwaptic discharge balance, around large
calyciform axon terminals. This is in harmony wearlier findings on the role of ECM
functional repair after lesions of CNS, or eveneargnce-based learning. These data is still
not detailed enough to substract appropriate fanati conclusions for individual ECM
molecules, and for what happens in the other numieVNC. The results of an already
ongoing project will soon provide deeper insighbithe time course and role of lecticans,
TN-R, and link proteins during vestibular compeimsat The theoretical background
knowledge, we can obtain from these experimentslatar cooperate in developing new
therapeutic methods for vestibular disorders, ywtuiable. The further very important
message of this study is that the adult brain cehaaonsidered “hardwired”, as thought in
past times. What's more, neural circuits have gréat hidden potentials in changing
themselves, to compensate and restore functioesafiumber of neurological or psychiatric
disorders (Doidge: The brain that changes its€®,7).

In the common water frogR@na esculen)a our work was the first to describe the
molecular composition of ECM in the VNC. This eregbkvolutionary comparison of taxons,
still considering the relatively conserved orgatia of the vestibular system. The most
important result is that PNNs, exclusively foundthe frog’s LVN and MVN, demonstrated
only HA positivity. Despite the extended case o€lkeactions against various CSPGs, TN-R,
and link proteins, we couldn’t detect consideratitmals in the PNNs. This result is in strong
contrast to findings in rat VNC, where CSPGS, TNaRd HAPLN1 was present. However,
similarly to observations in rat, a strict regiosabregation was seen between nuclei of VNC,
which also corresponded with functional and conpactspecificities, or even with
embryological origin of nuclei. It is also knownaththe amphibian CNS has better
regenerative and plastic capability than mammals the theoretical background of it is not
well explored, so far. The HA dominant, low CSP@ diN-R containing matrix could be one
explanation. To provide wider explanations on whiydHA builds PNNs, the knowledge on
detailed afferent and efferent connections of VN@Il@&i is required, and perhaps lesion

experiments, and biochemical confirmation.
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8. SUMMARY

We described for the first time the molecular cosipon and distribution of
extracellular matrix (ECM) in the vestibular nualemmplex. Observations were carried out
on intact and unilaterally labyrinthectomized raiisgd on intact common water frogs.

Our main findings:
In the vestibular nuclei of the rat, ECM molecubee expressed in an area dependent
manner. All forms of ECM are present in rat’s Viestar nuclei; diffusely in the neuropil,
or in condensed forms as perineuronal net (PNNaxanal coats, and accumulation in
nodes of Ranvier.
Formation of perineuronal nets is in associatiothvihe neuronal size, suggesting that
giant and large neurons are ensheated, while medinonsmall neurons are mostly not
covered by perineuronal accumulation of ECM.
Considerable staining differences were seen, imegutdoth neuropil and perineuronal net
patterns, between parts of the vestibular nucleingadifferent afferent and efferent
connections. Thus, regional differences correlaith wytoarchitecture, hodological, and
functional characters of each vestibular nuclend,their subnuclei.
In the rat severe alterations in staining patteshdiyaluronan and chondroitin sulfate
proteoglycans occur around neurons of lateral ekt nucleus following unilateral
labyrinthectomy. This finding proves the possil&erof ECM molecules in the induction
of postlesional disorders.
The temporal onset of functional and behavioragpees after unilateral labyrinthectomy
corresponds with the time course of perineuronalr@establishment, which suggests the
role of matrix turnover in plastic changes of newaiccircuits and compensatory processes.
In the frog vestibular nuclear complex perineutomets are only accumulated around
neurons of lateral and medial vestibular nucledseyTare built only by hyaluronan, and
devoid of chondroitin sulfate proteoglycans andcgfyroteins, enabling better plastic and
regenerative properties.
Parallel with findings in rat, regional differencdaracterizes the expression of matrix
molecules in frog’s vestibular nuclei, associatimgth functional and connection

properties.
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9. OSSZEFOGLALAS

Jelen munka az éanorfologiai 6sszefoglalas, amely az extracellglaniatrix (ECM)

molekuléris 0Osszetételének vizsgélatat és elosmdsHeltérképezéstiizte ki célul a

vestibularis magkomplexumban. Vizsgalatainkat ép lasyrinthus irtott patkanyokon,

valamint ép kecskebékakoRgna esculenjarégeztik.

Eredményeink alapjan a legfontosabb kdvetkeztetksei

Patkany vestibularis magkomplexumaban az ECM mddkuegionalis megoszlast
mutatnak. Az ECM valamennyi ismert megjelenési faitrfeirtuk a patkany vestibularis
magjaiban: diffizan a neuropilben, és kondenzaitnfian, mint 'perineuronalis net’
(PNN) és un. 'axonal coat, ill. nodalis ECM a Ranféle befizédések kortil.

A PNN kialakuldsa neuron mérdttfliggs, az orias- és nagyméiieheuronokat éis
PNN veszi koéril, mig a kdzepes- és kismémturonok korul nagyrészt nem alakul ki
PNN.

Jelents kiulonbségek mutatkoztak a neuropil és PNN-eklddési mintazataban a
vestibularis magkomplexum kulonkoafferens és efferens kapcsolatokkal rendélkez
régidi kdzott. Megallapitottuk, hogy a regionaligldnbségek korreladlnak az adott mag
cytoarchitektonikai, hodoldgiai, és funkcionaliigenzoivel.

Patkanyban féloldali labyrinthusirtast kodeh a hyaluronsav és chondroitin sulfat
proteoglycanok jel@désének jelets csokkenését tapasztaltuk a sérllt oldaicl.
vestibularis lateralisneuronjait borit6 PNN-ben. A medfigyeltek alapj@ttdtelezzik az
ECM jelents valtozasat a vestibularis 1éziét kdvéinetek kialakulasa soran.
Labyrinthus irtasat kovét tinetek renddwésének idbeli lefolyasa megfelel a
perineuronalis halék ajbdli kiépllésének idejévamibsl kovetkeztethetiink az ECM
turnover szerepére az idegrendszer plasztikus 2&d&ban, és a tlnetek
kompenzaldédasaban.

Béka vestibularis magkomplexumaban kizarélag ardéte és medialis magokban
jellemz a PNN. Felépitésukben csak a hyaluronsav vest, készont chondroitin sulfat
proteoglycanok nincsenek jelen. Ezen ECM 0Osszetdéddmasztja a béka vestibularis
rendszer nagyfoku plaszticitasi és regeneraciéedsggeit/lehéségeit.

Béka vestibularis magkomplexumaban, patkanyhozriidan, karakterisztikus regionalis
kilonbségek lathatok az ECM molekularis 6sszetéésé@ jeldddés mintazatat tekintve,

amely dsszefliggésbe hozhat6 az tertletek funkdso@sikapcsolati jellenéavel.
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