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Abstract

:

The dense neuropil of the central nervous system leaves only limited space for extracellular substances free. The advent of immunohistochemistry, soon followed by advanced diagnostic tools, enabled us to explore the biochemical heterogeneity and compartmentalization of the brain extracellular matrix in exploratory and clinical research alike. The composition of the extracellular matrix is critical to shape neuronal function; changes in its assembly trigger or reflect brain/spinal cord malfunction. In this study, we focus on extracellular matrix changes in neurodegenerative disorders. We summarize its phenotypic appearance and biochemical characteristics, as well as the major enzymes which regulate and remodel matrix establishment in disease. The specifically built basement membrane of the central nervous system, perineuronal nets and perisynaptic axonal coats can protect neurons from toxic agents, and biochemical analysis revealed how the individual glycosaminoglycan and proteoglycan components interact with these molecules. Depending on the site, type and progress of the disease, select matrix components can either proactively trigger the formation of disease-specific harmful products, or reactively accumulate, likely to reduce tissue breakdown and neuronal loss. We review the diagnostic use and the increasing importance of medical screening of extracellular matrix components, especially enzymes, which informs us about disease status and, better yet, allows us to forecast illness.
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1. Introduction


The expression “extracellular matrix” refers to a network of proteins and complex sugar molecules built up around the cellular components of every tissue. Throughout the past decades, our concept of the role of the extracellular matrix has dramatically changed. It became clear that the extracellular matrix dynamically shapes parenchymal function instead of passively supporting the cells. The extracellular matrix tightly regulates the micromilieu around cells and influences signal transduction, thereby contributing to virtually every aspect of cell life, both in physiological and pathological circumstances, such as development, migration, inflammation, healing processes, fibrosis or tumorigenesis.



We soon recognized that—similarly to any other organs—the extracellular matrix is an integral part of the brain nervous tissue as well, which vastly improved our understanding about synaptic structure and function, the locus of inter-neuronal connections. Whilst neurons and surrounding glial cells are mandatory cellular components of the synapse, previously referred to as the tripartite synapse paradigm [1], it has become increasingly evident that non-cellular perisynaptic components critically contribute to synaptic development and function, which sets up the model of the tetrapartite synapse [2,3,4]. Indeed, brain extracellular matrix establishes morphologically and biochemically specialized forms of extracellular matrix around the somatodendritic or synaptic compartments of neurons, called perineuronal nets or axonal/perisynaptic coats, respectively [5,6,7,8]. Of note, extracellular matrix components also appear in the neurovascular unit and the immune system of the central nervous system, which shape neuronal function from further perspectives [9,10]. In sum, the versatility of matrix components in diverse perineuronal domains unveiled new perspectives to understand brain chemical ultrastructure and morphology, which also turned our attention towards their role in health and disease.



This review provides insight into the change of the brain extracellular matrix in disease. We first give a short overview about the major components, location/compartmentalization and phenotypic appearance of this specific extracellular substance and subsequently spotlight their role and typical changes in disease. We address the intriguing question of whether reassembly of the extracellular matrix is a cause or consequence of neuronal degeneration and subsequent malfunction in major neurodegenerative diseases, identify their triggers and present the diagnostic and therapeutic use of monitorable extracellular matrix-related changes in patients.




2. Structure, Composition and Metabolism of the Extracellular Matrix in the Central Nervous System


When classifying the brain extracellular matrix, two major viewpoints emerge. Phenotypical characterization goes back to Camillo Golgi and Ramón y Cajal, who were first to recognize perineuronal nets over 100 years ago [11]. Further, specifically shaped and oriented matrix domains were identified around distinct neuronal compartments, such as perisynaptically or around the nodes of Ranvier. On the other hand, the advent of high-resolution imaging of tiny pericellular domains visualized by their immunochemical make-up allowed us to identify not only shape and location, but also the biochemical compounds of these structures. Based on previous extensive descriptions [12,13,14], we first give a short overview about how matrix composites blueprint brain perineuronal matrix phenotype.



In general, extracellular matrix is built up by fibrous proteins (such as elastins or collagen) embedded in an amorphous gel formed by nonfibrous components [15,16]. These fibrous components form a highly organized scaffold that connects to the cells’ surface by adhesive molecules, called extracellular matrix receptors. In contrast to most organs, extracellular matrix of the central nervous system is best characterized by the predominance of nonfibrous components [17,18]. Most of these nonfibrous components, typically glycoproteins, are formed by a core protein (typically aggrecan, brevican and versican), to which carbohydrate side chains attach. Based on their biochemical qualities (i.e., whether N- or O-glycosylation takes places during synthesis or a different domain sequence [19,20]) and on the protein/carbohydrate ratio of the carbohydrate side chains, glycoproteins fall into subcategories. Proteoglycans form a major subcategory, characterized by high carbohydrate content and amino sugar-containing polysaccharide side chains [21,22,23]. These amino sugar-containing polysaccharide side chains are commonly referred to as glucosaminoglycans (GAGs), which are long unbranched molecules with repeating disaccharide units composed of uronic acid and an amino sugar. Hyaluronic acid—also called hyaluronan, often referred to as the “simplest” GAG because of its lack of sulfation—is a large polymer (100–10,000 kD) formed by repeats of β-1,3-N-acetyl-glucosamine and β-1, 4-glucuronic acid disaccharide units. Due to its interaction with proteins [24,25,26,27] which link core proteins to this very long GAG (like hyaluronan and proteoglycan link protein (HAPLN1) links aggrecan to hyaluronan), we consider hyaluronic acid as the backbone of extracellular matrix. This stands also for the nervous tissue, where chondroitin sulfate proteoglycans represent the group of sulfated proteoglycans which attach to hyaluronic acid through link proteins. Basic components of the non-fibrous “ground-substance” of the extracellular matrix in the central nervous system fall into distinct categories. Typical substances [28,29,30,31] are summarized in Figure 1.



Schematic representations of molecules were redrawn based on previous publications [32,33,34,35,36,37,38,39,40,41,42,43,44,45].



Most prominent proteoglycan representatives belong to the lectican family, which include aggrecan, versican, neurocan and brevican [13], the last two of which occur only in the central nervous system.



Brain extracellular matrix is not permanent, its structure and composition undergoes major changes during pre- and postnatal development [8,46,47], which allows neurons to adapt in health and disease. Matrix remodeling is achieved by the tight regulation of production and degradation of its components; whilst this metabolism is normally slow, select challenges like growth [48], cell division [49] and migration [50,51], inflammation [52,53] or injury [54,55,56] enhance matrix transformation. Many enzymes contribute to this process, most notably members of the matrix metalloprotease family (MMPs) and their regulators: tissue inhibitors of metalloproteinases (TIMPs), tissue plasminogen activator (tPA), plasminogen activator inhibitor, ADAMTS family, the hyaluronidase/chondroitinase family [57,58] and their various subtypes [59,60,61,62,63,64,65,66]. MMPs are endopeptidases which have a dominant role in extracellular matrix degradation in vivo. Irrespective of subtypes, MMPs have zinc content of their active site which is the principal target of their specific inhibitors; TIMPs bind here to chelate their zinc content [67,68] without subtype selectivity [69,70,71]. Of note, TIMP-3 emerges as a more potent inhibitor of some of the ADAMTS proteins [72,73], another subtype of metalloproteases, which typically catalyze the degradation of proteoglycans belonging to the lectican family [59]. The serine protease tPA—besides its role in hemostasis—catalyzes the plasminogen-plasmin conversion in the central nervous system, thereby shaping laminin degradation and activation of trophic factors such as chemoattractant protein-1, nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF). Moreover, tPA itself interacts with NMDA receptors to influence signal transduction, microglia activity [74] and blood–brain barrier permeability [75,76,77]. In addition to their inhibitory and activating enzymes, enzymes involved in extracellular matrix degradation are tightly regulated by various other mechanisms, such as: (i) degraded matrix proteins activate previously bound tissue growth factors [78] that stimulate the restoration of ECM and tissue growth; (ii) secreted inactive precursors can be later activated by limited proteolysis (like proMMP to MMP and plasminogen to plasmin; or (iii) the local limiting of proteinase effect by binding them to membrane receptors (eg. MMPs) [79,80,81].



Compared to MMPs, enzymes showing chondroitinase activity have minor significance in vivo, although they are present in humans and other higher organisms and contribute to extracellular matrix turnover [82,83]. Of note, enzymes of the chondroitinase family are widely used both in in vitro experiments and in animal studies to demonstrate the effect of elimination of extracellular matix components. One of the most frequently used matrix demolishing enzymes is chondroitinase ABC, a bacterial protein, which acts by degrading the glycosaminoglycan side chains of chondroitin sulfate proteoglycans (CSPGs) [84,85]. Importantly, chondroitinases emerge as promising therapeutic agents in various pathological conditions of the central nervous system, such as formation of scar tissue in the spinal cord [86,87,88,89].




3. The Phenotypic Appearance of the Brain Extracellular Matrix


The architectural, physical and functional differences of mesenchymal tissues rely on the vast diversity of components which accumulate in the abundant extracellular space. The advent of electronmicroscopical analysis of the nervous tissue suggested that the dense neuropil—i.e., the network of neurites, dendritic and glial cell processes and the microvasculature—leaves hardly any space for extracellular components free [11]. Nevertheless, in addition to the perivascular basement membrane—a critical component of the blood–brain barrier [19,90,91]—condensed forms of extracellular matrix assemblies were identified around select neuronal compartments based on their phenotypical appearance and chemical assembly.



As a first step, perineuronal nets were described by Camillo Golgi, but fell into oblivion for decades after Golgi lost his famous debate with Camón y Rajal over the basic concept of the nervous system and the cellular theory became widely accepted [11]. Rediscovery of perineuronal nets happened during the 1960s when a PAS+ material was described around the soma and dendrites of some neurons [92]. Of note, long before Golgi and Cajal’s time, a similar debate took place. For centuries, scientists had believed that the basis of life were “fibers” (later described as “connective tissue”), and life spontaneously arose from those fibers under certain conditions. During the first decades of the 19th century, it became evident that life could arise only from something already alive and that cells contributed largely to tissue structure. Eventually, Virchow stated in the late 1850s that cells only arise from cells, and non-cellular components of tissues are the products of cells [92]. Our view on the central nervous system—and actually on the whole body today—is based on Cajal’s and Virchow’s revolutionary ideas, including disease development.



Perineuronal nets are indeed distinct phenotypic matrix assemblies which enwrap the somatodendritic compartments of neurons, depending on neuronal type and brain area. Thus, perineuronal nets typically surround parvalbumin-containing, fast-firing interneurons [47,93,94]). Their distribution throughout the cortex, for example, varies: they occur in the neo- but not in the entorhinal cortex [95,96]); furthermore, their density in the different neocortical areas is typical and differs [95]. Irrespective of location and surrounded cell type, the backbone of perineuronal nets is aggrecan [6,97], associated with hyaluronic acid and tenascins [7,98,99,100,101]. A row of classification studies investigated and attributed diverse functions to the presence of perineuronal nets which, notably, forecasted their role in disease development. Thus, maintenance of the ideal micromilieu [101,102,103], which protects neurons against stress [104], against degeneration [101] and even against mechanical shock [105]. The role of perineuronal nets in synaptogenesis, control of plasticity or stabilizing long-term memory was also addressed.



In addition to perineuronal nets which surround the bulk neuronal compartment, tiny, isolated ring-like structures were identified later around synapses which were not embedded in perineuronal nets. These structures, termed axonal coats [99,106], ensheath preterminal fibers and synaptic boutons [107] to ensure a local scaffold for individual synapses, and are based mainly on brevican in contrast to the aggrecan-based perineuronal net [106,108]. Finally, typical extracellular matrix assemblies appear around the axon initial segment and at the nodes of Ranvier [47,109,110]. These structures ensure a chemically specified microenvironment at non-synaptic neuronal loci, to help conduction [109].



We may have the misleading impression that the exploration of extracellular matrix phenotype in the central nervous system has reached its zenith in the last decade. Albeit, while the major chemical and morphological characteristics of perineuronal matrix assemblies are known, several intriguing questions emerge including, but not limited to: (i) if functional change of the synapse triggers transitional, short-term matrix re-assembly and its significance; (ii) if perineuronal/perisynaptic matrix assemblies go undetected presently due its unknown composition or limited amount/thickness; (iii) left–right brain asymmetries remained largely unaddressed; (iv) whilst major immunohistochemical and morphological characteristics of brain perineuronal matrix are actually identical in human and nonhuman vertebrates, does any specific composition or difference in relative content appear in the human brain?




4. Extracellular Matrix Components and Neurodegenerative Diseases


Shortly after the first description of the perineuronal nets by Golgi, their possible contribution to neurodegenerative diseases was suggested by Nissl and Alzheimer, and later by Besta, Belloni and Donaggio. Besta argued that perineuronal nets were distinct anatomical structures, not part of the neuron itself, and likely produced by glia [11]. Belloni and Donaggio examined various cases of dementia, diffuse gliosis and psychiatric cases in the 1930s and reported changes both in perineuronal nets and the neuropil (“diffuse net”) structure [92].



Here we attempt to describe extracellular matrix-related brain pathology from two perspectives: based on their phenotype and biochemical assembly.



4.1. Phenotypic Perspective


4.1.1. Perineuronal Nets and Neurodegeneration


During the past years, a series of observations led us to hypothesize that perineuronal nets protect cells from degeneration [101,111]. Among human cortical areas, the motor cortices (Brodmann 4, 6) and the primary auditory cortex (Brodmann 41) contain the highest number of perineuronal nets. Areas 21, 22, 38, prefrontal areas (Brodman 10, 11, 12) and cingulate areas (Brodman 23, 24) contain less, whilst the entorhinal cortex (Brodman 28) contains no perineuronal nets. Hyperphosphorylated tau—a characteristic hallmark of Alzheimer’s disease—did not accumulate in areas abundant in perineuronal nets [101]. When examining individual cells, it became evident that neurons—pyramidal cells and interneurons alike—surrounded by perineuronal nets remained relatively intact, even in brain with robust neurofibrillary tangle deposition. Actually, perineuronal matrix restricts distribution and internalization of aggregated tau protein, at least in organotypic slice cultures [112]. The low vulnerability of neurons enwrapped by perineuronal nets is a general phenomenon: subcortical brain regions in human subjects equally show complementary distribution of neurofibrillary tangles and perineuronal nets, and subcortical cells with aggrecan-containing pericellular matrix remain devoid of tau pathology [113]. Chondroitin sulfate proteoglycans also protect against soluble β-amyloid: cortical neurons with perineuronal nets resist amyloid protein neurotoxicity in dissociated cultures [103,113,114]. This evokes interneuron-specific changes in the brain circuit: parvalbumin-containing interneurons selectively resisted β-amyloid-induced cell damage in an Alzheimer’s disease transgenic mouse model [115]. The proposed mechanism behind perineuronal nets’ ability to protect neurons is their capacity to bind metal ions which react with free radicals [104] to trigger and maintain oxidative stress. Its degradation, as that of increased enzymatic (MMP-9) activity, can therefore exacerbate cell loss in Alzheimer’s disease [116].



The role of perineuronal nets in disease development was implicated in other clinical aspects, too. The protective role of perineuronal nets was identified and a similar mechanism and cell-type specificity suggested in Parkinson’s disease, based on rodent models [117,118,119]. Further, transcriptomics insight into spinal muscular atrophy, a recessive genetic disorder, suggests that triggering molecules of perineuronal nets, including HAPLN1, are downregulated, which likely affects ventral horn motoneuron function in the spinal cord [120].




4.1.2. Axonal Coats and Neurodegeneration


Symptoms of neurodegenerative diseases are typically associated with synaptic loss [121,122]. Whilst perineuronal nets offer protection for synapses from the postsynaptic side, the role of presynaptic neurons in establishing single perisynaptic matrix assemblies [123] remained largely unaddressed. Synaptic loss in Alzheimer’s disease, however, was soon associated to loss of brevican activity, including in humans [106], with brevican being the main component of axonal coats. The selective loss of brevican in these individual perisynaptic matrices of presynaptic origin was soon reconfirmed in the human hippocampus and in relevant transgenic mouse models [100]. Ever since, extracellular matrix reassembly in neurodegenerative disorders around individual synapses and driven from the presynaptic side has received little attention. However, the identification of new perisynaptic matrix components, such as chondroitin sulfate proteoglycan-5 (CSPG-5, also referred to as neuroglycan C), of presynaptic neuronal, but not glial, origin, has given new momentum to the desire to gain insight into synapse pathology [8]. Of note, microglia, a hitherto uninvestigated cellular player of the field, has emerged recently to sculpt extracellular matrix to modify the synapses within, in both health and disease [124,125]. These findings fuel the hypothesis that neurons shelter their synapses by establishing selective matrix domains around them, and a failure in this function can lead to neurodegenerative disorders [100].




4.1.3. Basement Membrane and Neurodegeneration


The nervous tissue benefits from a tight vascular barrier to protect its neurons which are most sensitive to agents that are relatively harmless to most other cell/tissue types. This blood–brain barrier consists of endothelium, pericytes, astrocytic endfeet, neuronal processes, microglia and the basement membrane, which is a specialized form of the extracellular matrix [126,127]. In contrast to peripheral basement membranes, the basal lamina of the central nervous system includes an additional, astrocyte-derived component [128], which empowers the membrane with distinct functions [129]. Blood–brain barrier failure/leakage is a diagnostic sign in neurodegenerative diseases, such as Parkinson’s disease, which can be visualized by positron emission tomography (PET) [130].



It is unclear if changes in major extracellular matrix components of the basement membrane-like collagen IV, laminin, nidogen, or the heparin sulfate proteoglycans agrin and perlecan-are cause or consequence of neurodegeneration. Actually, basal lamina thickens also during normal aging, which is caused by altered expression levels of the different matrix components [129]. In neurodegenerative diseases, however, select pathomechanisms in matrix metabolism were identified which trigger/aggravate tissue damage. The evoked vascular damage leads to hypoperfusion which compromises the clearance of neurotoxins, including β-amyloid in rodent models of Alzheimer’s disease [131,132]. Electronmicroscopic analysis showed that basement lamina thickening occurs in its parenchymal (glial) but less so in the endothelial domain in human brain tissue samples affected by AD [133], which precedes vascular amyloid deposition [134] and is due to the failure of receptor-mediated transvascular clearance [135] as both proven in corresponding transgenic mouse model. Similarly, human truncated tau increases vascular permeability through activating glial cells [136]; actually, taupathy can cause blood–brain barrier damage without amyloid pathology [137]. At the molecular level, enhanced collagen IV expression was shown to bind amyloid precursor protein [138] and to prevent β-amyloid aggregation, at least in vitro [139]. Similarly, select laminin isoforms act protectively when inhibiting β-amyloid fibril formation in vitro [140]. In contrast, heparin sulfate proteoglycans accelerate β-amyloid fibrillation through binding β-amyloid on their heparin sulfate chains in vitro [141] and inhibit β-amyloid degradation [142]. Furthermore, β-amyloid inhibits heparanase in vitro, leading to a vicious cycle in the aggravation of tissue damage [143]. We know considerably less about mechanisms which evoke basal lamina changes in Parkinson’s disease: the thickened and collapsed basal membrane is probably due to defunct α-synuclein transport/clearance, which attenuates tissue pathology [129]. Similarly, the thickening of the basal lamina is an early sign in amyotrophic lateral sclerosis (observed in a transgenic mouse model of the disease, likely serving as a defense mechanism [144]).



A further aspect of blood–brain barrier disruption is that it allows inflammatory cells to enter the brain tissue [30]. Typically, both human and animal model studies show that immune cell trafficking across the blood–brain barrier is enhanced in multiple sclerosis [145,146]. Several mechanisms were identified at the molecular level: expression of the heparan sulfate-degrading enzyme heparanase is induced in infiltrating CD4+ T cells [147], and accumulation of versican and the 4-sulfated glycosaminoglycan side chains of chondroitin sulfate proteoglycans in the perivascular cuff boost the activity and migration of leucocytes across the blood–brain barrier, which worsens the clinical severity of multiple sclerosis [148].



In addition to the challenge posed by perineuronal and especially perisynaptic matrix assemblies that are presently undetectable immunohistochemically—due to their low amount or unknown composition—which could significantly improve our knowledge on disease detection and mechanism, several questions have remained largely unaddressed until now. Neuron-glia and neuron-microglia talk can be a critical trigger in matrix re-assembly, and the identification of specific inter- and intracellular downstream mechanisms can offer druggable targets in the future. It has remained unknown if the pre- or the postsynaptic neuron “cares” for its own safety and survival in neurodegenerative diseases, and whether it reflects or results in extracellular matrix rearrangements. Finally, despite our accumulating knowledge, we still know little about the dynamic composition change of perineuronal nets in disease, especially around the synapse.





4.2. At the Biochemical Level: Component Changes behind the Phenotypic Signs during Neurodegeneration


4.2.1. Hyaluronic Acid


Hyaluronic acid concentration typically increases in neurodegenerative diseases. In multiple sclerosis, two different types of hyaluronic acid accumulate in demyelinated lesions. Acute lesions are characterized by a smaller molecular weight form, which is thought to further elicit inflammation. On the other hand, chronic lesions are enriched in high molecular weight hyaluronan in both human and mouse tissues. This latter form plays a role in the inhibition of oligodendrocyte precursor cell maturation which ultimately leads to impaired remyelinization [149]. The focality of white matter damage is also reflected in the corresponding focal expression pattern of KIAA1199, a protein which degrades hyaluronan and is released by activated astrocytes, at least in mice [150]. Further, hyaluronan accumulation at chronic inflammation foci creates a permissive environment for autoimmunity, characterized by CD44-mediated inhibition of regulatory T-cell expansion [151,152,153]. As such, increased hyaluronic acid level in the cerebrospinal fluid of human patients emerges as a useful diagnostic marker in multiple sclerosis [154].



In Alzheimer’s disease, hyaluronic acid accumulates at the perimeter, but less so towards the center of plaques. Excess hyaluronan might be produced by reactive CD44+ astrocytes [153,155], which are in turn activated via their hyaluronic acid receptors [156,157], thereby creating a positive feedback loop. This vicious cycle, which leads to hyaluronan overload, affects both the perivascular and the perineuronal domains: (i) it disrupts the blood–brain barrier, decreases blood flow with consequent loss of glucose and oxygen-supply, but (ii) also affects the composition of perineuronal nets, which become less effective in terms of protecting neurons from ischemia. Abnormal production can also be the consequence of altered hyaluronan synthase pattern: hyperphosphorylated tau remodels the activity and compartmentalization of different hyaluronic acid synthase types, which finally leads to defunct perineuronal net formation [158]. Of note, the production of abnormally short hyaluronan molecules and hyaluronan degradation products trigger inflammation which mimics the mechanism described in active plaques in multiple sclerosis, and exacerbates tissue damage in the human brain affected by Alzheimer’s disease [159,160]. Enrichment of higher molecular weight hyaluronic acid in β-amyloid plaques and in chronic MS lesions, however, reflects consolidation: they bind anti-inflammatory factors (as in TSG-6 mice) to moderate inflammatory response and indicate the formation of glial scars [161,162].




4.2.2. Proteoglycans and Neurodegeneration


The expression of proteoglycans typically increases in neurodegenerative diseases. Despite previous progress, why these essential extracellular matrix components undergo remodeling in brain pathology remains ambiguous. Instead of being byproducts during the development or restorative processes of neurodegenerative diseases, they likely accumulate to either protect/maintain function or, conversely, to trigger tissue breakdown. In fact, separating protective and causative actions of proteoglycans brain pathology is challenging: different proteoglycans act at different loci and at different stages of disease development, which can reflect an independent, complementary, synergistic or antagonistic role/effect. Much of the future research in the field must aim to understand the functional importance of these time- and locus-specific changes.



In multiple sclerosis, lecticans, (namely aggrecan, versican and neurocan) and dermatan sulfate-proteoglycans (DSPGs) are upregulated around the edges of acute lesions alongside astrogliosis. This pathological, likely reactive change is responsible for inhibition of axonal growth and remyelination. Towards the center of the lesion, lecticans and DSPGs were found to be phagocytosed by macrophages together with damaged myelin components. Increased CSPG concentration directly activates inflammatory cells and enhances their ability to migrate into the brain parenchyma in active lesions. In mice, a specific mechanism was unveiled when versican was shown to promote T helper 17 cytotoxic inflammation and to impede oligodendrocyte precursor cell remyelination [163]. Thus, reactive astrogliosis likely leads to depletion of CSPGs and other proteoglycans, which in turn contribute to neuroinflammation. Proteoglycan binding agents, such as surfen [164], fluorinated glucosamines [165] or heparin antagonists [166], can therefore effectively reduce inflammation and inhibit remyelination. Furthermore, ligands, such as the endocannabinoid 2-arachidonoylglycerol, which enhance glia differentiation, can neutralize CSPG accumulation, which offers a druggable target in multiple sclerosis therapy as seen in human and rat astrocyte culture studies [167].



A series of studies investigated proteoglycans in Alzheimer’s disease. Similarly to spinal cord lesions [168], CSPG accumulation might physically contribute to neurite degeneration and also has a negative impact on cell adhesion and growth factor distribution. CSPGs are present in neurofibrillary tangles and senile plaques with different sulfation states in both humans and rats, and quantitative analysis of these can forecast onset and progression of the disease [169]. In combination with the inhibitory receptor protein tyrosine phosphatase σ (PTPσ), CSPGs inhibit neuronal plasticity [170], which can be reversed by the application of chondroitinase ABC (ChABC) [171]. Although CSPGs restrict plasticity by forming perineuronal nets [172,173], these select matrix assemblies protect neurons from degeneration, which makes CSPGs likely protective with this specific location in Alzheimer’s disease. Keratan sulfate proteoglycans (KSPGs), primarily located at synapses and dystrophic neurites within neuritic plaques [142], lack high sulfation in Alzheimer’s disease, which weakens interneuronal communication and impairs learning and memory in patients [174].



High and low molecular weight heparin promote or inhibit β-amyloid aggregation/structure stabilization, respectively [175]. HSPGs also accumulate in the brain of Alzheimer’s disease patients, with agrin effectively enhancing β-amyloid fibril formation and inhibiting its proteolysis via its nine protease-inhibiting regions [121,176]. Sulfation-specificity emerges as a regulatory factor: highly N-sulfated and O-sulfated HSPGs can trigger fibril initiation [177] and promote stabilization [178]. Similarly to CSPGs, HSPGs not only appear in the close neighborhood of β-amyloid plaques, but also co-localize with hyperphosphorilated tau. Actually, HSPGs regulate cellular immune responses to tau protein monomers, which creates a neuroinflammatory environment for tangle formation [179]. The early accumulation of HSPGs, as well as the related molecular mechanisms in disease development, made HSPGs primary and key players in the unifying hypothesis of Alzheimer’s disease [180,181]. On the other hand, there is supporting evidence that HSPGs take part in the pathway responsible for β-amyloid uptake, likely as a clearance mechanism.



Agrin appears as critical proteoglycan in Parkinson’s disease as well: it enhances the insolubility of alpha-synuclein (at least in vitro) and co-localizes with it in Lewy bodies in the human tissue [182]. Both Lewy body and amyloid plaque formation is accelerated in the presence of a “central core” with high concentrations of HSPGs [183,184].



Glucosaminoglycans (side chains of proteoglycans) are especially critical molecules in alpha-synuclein formation; their high concentration, long polymer isoforms, high protein:glycosaminoglycan ratio, charge density and select orientation of sulfate groups trigger and promote pathology. Different types of glucosaminoglycans lead to changes in fibril structure and cytotoxicity and influence the cellular uptake of alpha-synuclein [183]. However, glucosaminoglycans’ action is not limited to promoting deposition. Depending upon their sulfation status—which is compromised in Alzheimer’s disease—they can bind and potentiate activities of growth factors including FGF-2, VEGF and BDNF in human hippocampus samples [185].




4.2.3. Glycoproteins and Neurodegeneration


The glycoprotein composition of the extracellular matrix reflects both phase/status and the type of neurodegeneration. Expression of different glycoproteins may change oppositely, likely reflecting their different roles or fate in the disease mechanism. In multiple sclerosis, tenascin concentrations decrease in the active lesions, while fibronectin and vitronectin are upregulated [30]. Loss of tenascins in active lesions is indicative of enzymatic breakdown of the matrix, whereas increased production likely reflects a protective mechanism. Excess glycoprotein production, however, can lead to disorganized matrix depletion and inhibition of restorative processes like remyelination in multiple sclerosis [186]: pathological fibronectin aggregates impair remyelination by inducing pro-inflammatory features in macrophages [187]. Compounds, such as gallic and vanillic acid, reduce tenascin expression and block neuroinflammation [188]. Whilst active demyelinating lesions drive glycoprotein shift, chronic lesions show near-normal or moderately increased glycoprotein levels, due to reactive matrix production of astrocytes.



Glycoprotein shifts are also typical in Alzheimer’s disease. In corresponding animal models, tenascin-C deficiency reduces pro- but enhances anti-inflammatory activation, associated with a reduced cerebral β-amyloid load and higher levels of the postsynaptic density protein 95 (PSD-95) [189]. Tenascin-C is likely involved in β-amyloid plaque pathogenesis, since it associates with cored plaques, but not with diffuse β-amyloid plaques lacking amyloid cores, reactive glia or dystrophic neurites [190]. At the same time, tenascin-R emerged as a critical component of perineuronal nets, because it forms cross-links between CSPGs. In this locus and bondage, tenascin-R restricts both distribution and internalization of tau; hence, acts protectively in mice organotypic slice cultures [112]. Of note, chondroitin sulfate oligosaccharides themselves—as gained by recombinant chondroitin sulfate endolysis—suppress β-amyloid oxidative stress and relevant injury, at least in vitro [191]. Glycoproteins appear in the cerebrospinal fluid, which raised the possibility of using them as markers in disease progress. Nevertheless, only tenascin-C and tenascin-R concentrations were significantly higher in women, but not in men, in Alzheimer’s-diseased individuals, based on the Aβ42/40 cutoff [192].



Amongst other glycoproteins, thrombospondin-1 attracted attention because it supports synapse maintenance [193]. Thrombospondin-1 decreases in humans and animal models of Alzheimer’s disease [194] in an autophagy-dependent manner, and β-amyloid application decreases thrombospondin-1 secretion [195]. Consistently, application of thrombospondin-1 rescues dendritic spine and synapse loss and mitigates the β-amyloid-mediated reduction of synaptic proteins and related signaling pathways. This rescue effect has been exploited when paracrine secretion of thrombospondin-1 from human umbilical cord blood-derived mesenchymal stem cells was used to attenuate β-amyloid induced synaptic dysfunction [196]. Thrombospondin-1 also acts through an alternative mechanism: it protects against β-amyloid-induced mitochondrial fragmentation, thereby preventing cellular dysfunction [197]. Neurexin 1b, a neuronal glycoprotein, emerged as a molecule which promotes alpha synuclein internalization during the course of Parkinson’s disease. This uptake is N-linked glycans-dependent, which drew attention to the potential therapeutic value of αSacetyl-glycan interactions in the treatment of Parkinson’s disease. Neurexin 1b also takes part in the response to alpha-synuclein aggregation as shown in mouse primary neuronal culture [198].



In addition to the reactive and proactive regulatory changes, proteoglycan expression in Alzheimer’s disease is also regulated at the epigenetic level: a large-scale sex-specific meta-analysis of DNA methylation uncovered 14 proteoglycans, including tenascins, associated with the Braak stage in females, but not in males [199].




4.2.4. Extracellular Matrix Modulating Enzymes and Neurodegeneration


A plethora of enzymes dynamically shapes the composition of brain extracellular matrix. They either are activated because of excess matrix depletion or emerge as the trigger of pathology in neurodegeneration. Whilst many studies report about the effect of MMPs, the exact source remains unexplored. Thus, neurons, astrocytes, oligodendrocytes, microglias as well as pericytes can equally produce MMPs, but the trigger, timing and select cellular source of release in the different neurodegenerative diseases remain ambiguous. Obviously, human studies can offer only limited insight into molecular mechanisms and report rather about altered MMP levels in disease. Further, most of the in vitro and animal studies focus on the triggers or effects of increased or decreased MMPs expression/release and on its monitorable and measurable pathohistological or pathobiochemical effects. Without going into detailed cell biological discussion about cell-specific molecular regulation of MMPs’ production and release in the healthy brain, we focus on and summarize the relevant information which is related to neurodegenerative processes. In addition to diagnostically useful data about MMPs expression in human clinical studies, we also summarized known molecular mechanisms explored in neurodegenerative disease models in vitro and in vivo.



Enzymes belonging to the TIMP family form non-covalent bonds with matrix metalloproteases to modulate their function [60]. TIMP1 and TIMP 2 emerge as useful diagnostic markers in neurodegenerative diseases: TIMP 1 level elevates in the CSF in Alzheimer’s and Parkinson’s diseases as well as in amyotrophic lateral sclerosis (ALS), while TIMP-2 levels increase in Alzheimer’s and Huntington’s diseases.



In multiple sclerosis, transient upregulation of extracellular matrix molecules reflects a physiological response. Whereas MMPs help in the remyelination processes, their dysregulation or dysfunction leads to insufficient extracellular matrix degradation/accumulation, with consequential demyelination and disruption of the blood–brain barrier. In this action, activation of astrocytes, microglia and macrophages are critical; additionally, they help inflammatory cell attraction and invasion. The complex action of the different MMPs are summarized in Table 1.



Changes in the level of MMPs carry diagnostic value: elevated MMP-9 levels were detected in the CSF of patients with relapsing-remitting multiple sclerosis and patients suffering from the primary progressive form of the disease showed similar results [214]. MMP-9 concentration was also elevated in the serum of ALS patients. This change, however, is likely caused by peripheral nerve and muscle damage, as MMP-9 level in the CSF did not increase [215].



The role of tissue enzymatic activity in Alzheimer’s disease emerged from the basic idea that the amyloid precursor protein is processed by α-secretases of the ADAM family in physiological conditions, which show structural and functional similarities with MMPs. In human tissue, MMP-9 expression increased already in moderate-stage Alzheimer’s disease, whereas MMP-2 expression increased only in late-stage Alzheimer’s disease [216]. Other studies using immunohistochemistry and MMP activity assays on human frontal cortical brain samples reported no changes in the levels and activities of MMP-2, -3 and -9, which were unrelated to β-amyloid load [217]. A series of in vitro and rodent in vivo studies have shown that β-amyloid is a substrate of MMPs and can also trigger their expression [218,219,220]. Indeed, human studies typically report about increased MMP levels in Alzheimer’ disease, which—according to their types and triggered mechanisms—can have beneficial or detrimental effects on disease development [218]. In particular, MMP-9 attracted much attention, first when it was shown to cleave β-amyloid in vitro [221], followed by the clinical phenomenon that its plasma level is typically increased in Alzheimer’s disease patients [60,221]. Neuromorphologists soon unveiled that MMP-9 is also involved in perineuronal net maintenance, and that elevated MMP-9 levels may contribute to both perineuronal net degradation and altered levels of β-amyloid in Alzheimer’s disease [222,223].



The causal role, its reactive expression change and the diagnostic use of MMPs are still ambiguous. In mice, intracerebroventricular injection of several β-amyloid fragments increase MMP-9, but not MMP-2 activity and protein expression in hippocampal neurons and glias [224]. Because MMP inhibitors alleviate cognitive impairment in vivo as well as neurotoxicity in vitro, MMP-9 likely plays a causal role in β-amyloid-induced cognitive impairment and neurotoxicity [224]. Indeed, neuronal overexpression of MMP-9 in the 5xFAD transgenic mouse model increased sAPPα levels and decreased β-amyloid oligomers; however, amyloid plaque load in the brain was not affected [225]. In vitro, MMP-9 constitutes an endogenous islet protease that limits islet amyloid deposition and its toxic effects via degradation of the deposit [226]. Both recombinant human MMP-2 and MMP-9 generate β-amyloid fragments from Aβ40 and Aβ42; these fragments are soluble and neither exhibit fibrillogenic properties nor induce cytotoxicity in human cerebral microvascular endothelial or neuronal cells, which suggests their role in clearance, but not in fibrillogenesis [227]. Of note, human iPSCs from patients with sporadic Alzheimer’s disease (sAD) and familial Alzheimer’s disease (fAD) enhance MMP-2 and MMP-9 production, which leads to tau degradation, in both its monomeric and pathologically aggregated forms [228]. MMP-2 and MMP-3 [229] as well as MMP-7 [230] cleave soluble β-amyloid, and both MMP-9 and MT1-MMP [231] are able to degrade soluble and fibrillar forms of β-amyloid. Further, MMP-2 expression increases and co-localizes with tau pathology in the entorhinal cortex at early stages of AD-related pathology, which is likely a response geared to eliminating production of toxic truncated tau species in Alzheimer’s-diseased brains [229]. Tau is also a substrate of both MMP-3 and MMP-9, shaping tau aggregation behavior [232]. Experiments in transgenic mouse strains showed that MT5-MMP uses an alternative pathway: it promotes neuroinflammation and neuronal excitability, which leads to and β-amyloid production both in vitro [233] and in vivo, leading to cognitive decline [234]. MMP-3, in turn, triggers NGF dysmetabolism, leading to cholinergic atrophy and cognitive deficits in a sex-specific manner [235].



Although MMP-9 seems to play a casual role in disease development, its increased expression emerges as a reactive response. Cerebrovascular β-amyloid induces expression and activation of MMP-9 in cerebral vessels, and topical application of recombinant MMP-9 results in a time- and dose-dependent cerebral hemorrhage [236]. Further, experimental cerebral microemboli increase β-amyloid protein deposition and astrocytic MMP-9 production in APP/PS1 transgenic mice, which reflects imbalance between protein synthesis and removal. β-amyloid upregulates MMP-2 expression through the ERK and JNK signaling pathways in brain endothelial cells, which leads to enhanced vascular inflammatory stress and, therefore, cerebral amyloid angiopathy [237]. In astrocytes, the regulation of MMP-2 is complex: oligomeric β-amyloid downregulates MMP-2 expression but induces proinflammatory cytokine production, which stimulates MMP-2 release [238]. Nitric oxide, a critical signaling molecule in inflammation pathogenesis, increases MMP-9/TIMP-1 ratios to enhance the degradation of fibrillar β-amyloid in vitro and in vivo [239]. In an alternative inflammatory response, the β-amyloid fragments 25–35 trigger pro-MMP-9 release from human neutrophils of pro-MMP-9 [240]. Hyperoxygenation treatment upregulates MMP-2, MMP-9 and tPA expression which reduces β-amyloid accumulation and rescues cognitive impairment in APP/PS1 transgenic mice [241]. Female hormones emerged as effective triggers: estrogen activates MMP-2 and MMP-9 to increase beta amyloid degradation mediated through its ERα receptor subtype—at least in SH-SY5Y human neuroblastoma cells [242]-and Medroxyprogesterone Acetatea, a progestogen used in hormonal contraception suppresses amyloid-beta degradation in an MMP-9-dependent manner in vitro, and potentially compromises the clearance of β-amyloid in vivo [243]. Androgens, like dihydrotestosterone, enhance the expression of CD147, an extracellular matrix metalloproteinase inducer, which blocks MMP-2 production, thereby increasing β-amyloid level [244]. Amongst neurotransmitters, histamin can be of therapeutic potential, since it induces MMP-9 production via the glial H1-receptor, at least in vitro [245]. Of note, anti- β-amyloid immunotherapy significantly activates the MMP-2 and MMP-9 proteinase degradation systems, which, however, likely leads to increased microhemorrhage occurrence [246]. Natural marine and terrestrial compounds can modulate MMP-2 and MMP-9 activity, forecasting therapeutic potential [247]. Simvastatin, a hydrophilic statin that could cross the blood–brain barrier, reduced MMP-9 expression, which correlated with cognitive function improvement in a rat model [248]. Notably, whilst MMP inhibitors like simvastatin do not have direct antioxidant effects, they not only reduce cerebral amyloid angiopathy but also oxidative stress [249].






5. Diagnostic Use and Medical Screening


Diagnostically, the investigation of CSF and plasma samples attracted attention. CSF concentrations of MMP-9 decrease, concentrations of MMP-3 increase, whilst neither MMP-2 nor TIMPs show significant changes in Alzheimer’s disease patients [250]. Other studies showed significantly decreased MMP-2 and MMP-3 levels in the CSF in samples with significantly reduced β-amyloid levels, which suggest that they are directly linked to β-amyloid in the brain, and a dysfunction may influence the processing of β-amyloid [251]. MMP-3 levels correlate to the duration of Alzheimer’s disease and with CSF T-tau and P-tau levels in the elderly controls [252,253]. When investigating plasma samples, a decrease of MMP-2 and MMP-10 [254], but no change in MMP-9 expression level, was reported in Alzheimer’s disease patients [255]. Serum MMP-2 in acute phase emerges as a promising biomarker: its level correlates with the recurrence of cerebral amyloid angiopathy/intracerebral hemorrhage, which helps to evaluate the risk of cognitive impairment [256]. Medical screening of MMPs offers further potential. High plasma MMP-9 levels increase the conversion risk between mild cognitive impairment (MCI) patients with and without ApoE4. Cognitively healthy individuals with risk markers for future Alzheimer’s disease, i.e., critical CSF biomarker levels of T-tau, P-tau and Abeta42, or the presence of the APOE epsilon4 allele, have higher CSF MMP-3 and MMP-9 levels and higher CSF MMP-3/TIMP-1 ratios compared to the healthy individuals without risk markers [257]. In a Slovakian cohort study, MMP2 rs243865 and MMP3 rs3025058 promoter polymorphisms were shown to impact on the onset of Alzheimer’s disease [258]. On the other hand, the TIMP-2 rs7503726 AA genotype was inversely correlated with Alzheimer’s disease susceptibility, and the presence of minor alleles of rs7503726 (A allele) had protective effects against Alzheimer’s disease.




6. Comments on Human versus Animal Studies


Obviously, valid data to understand neurodegenerative diseases shall derive from human studies. Brain areas typically affected in neurodegenerative diseases show different/higher phylogenetic maturation in humans, which poses a difficult challenge to find usable animal or in vitro models to model human pathology. Especially cell biological and regulatory processes call for experimental paradigms which cannot be carried out in humans. Thus, due to species differences, and despite thorough experiment planning and critical data analysis, results gained from animal models can be incomplete or misleading. In Table 2, we wish to highlight some examples of incomplete, contradictory or ambiguous results obtained from human/animal (animal cell) experiments.




7. Conclusions


The mainstream of neurobiology studies in the field of neurodegenerative diseases concentrate upon intra- and intercellular alterations, which manifest in changes of the physiological and morphological character of the neuron. We believe that understanding the fine balance in brain extracellular matrix composition provides a major contribution to understanding these changes and offers valuable diagnostic and therapeutic tools for scientists and clinicians alike. The enzymatic machinery of brain extracellular matrix emerges as an especially promising druggable target, where enzyme manipulation can shape the destruction or protection of characteristic matrix assemblies. Their in vivo diagnostic imaging as well as their selective therapeutic access are the major challenges which scientists and physicians currently face.







Funding


This work was supported by the National Brain Research Programs of Hungary (2017-1.2.1-NKP-2017-00002 and NAP 3.0-2023-2026 to A.A.), the Excellence Program for Higher Education of Hungary (TKP-2022, A.A.) and the MD/PhD support program of Hungary (EFOP-3.6.3-VEKOP-16-2017-00009).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Araque, A.; Parpura, V.; Sanzgiri, R.P.; Haydon, P.G. Tripartite synapses: Glia, the unacknowledged partner. Trends Neurosci. 1999, 22, 208–215. [Google Scholar] [CrossRef]

	



Ferrer-Ferrer, M.; Dityatev, A. Shaping Synapses by the Neural Extracellular Matrix. Front. Neuroanat. 2018, 12, 40. [Google Scholar] [CrossRef] [PubMed]

	



Dityatev, A.; Rusakov, D.A. Molecular signals of plasticity at the tetrapartite synapse. Curr. Opin. Neurobiol. 2011, 21, 353–359. [Google Scholar] [CrossRef] [PubMed]

	



Dityatev, A.; Seidenbecher, C.I.; Schachner, M. Compartmentalization from the outside: The extracellular matrix and functional microdomains in the brain. Trends Neurosci. 2010, 33, 503–512. [Google Scholar] [CrossRef]

	



Reinert, T.; Morawski, M.; Arendt, T.; Butz, T. Quantitative microanalysis of perineuronal nets in brain tissue. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2003, 210, 395–400. [Google Scholar] [CrossRef]

	



Giamanco, K.; Morawski, M.; Matthews, R. Perineuronal net formation and structure in aggrecan knockout mice. Neuroscience 2010, 170, 1314–1327. [Google Scholar] [CrossRef]

	



Jäger, C.; Lendvai, D.; Seeger, G.; Brückner, G.; Matthews, R.; Arendt, T.; Alpár, A.; Morawski, M. Perineuronal and perisynaptic extracellular matrix in the human spinal cord. Neuroscience 2013, 238, 168–184. [Google Scholar] [CrossRef]

	



Pintér, A.; Hevesi, Z.; Zahola, P.; Alpár, A.; Hanics, J. Chondroitin sulfate proteoglycan-5 forms perisynaptic matrix assemblies in the adult rat cortex. Cell. Signal. 2020, 74, 109710. [Google Scholar] [CrossRef]

	



De Luca, C.; Colangelo, A.M.; Virtuoso, A.; Alberghina, L.; Papa, M. Neurons, Glia, Extracellular Matrix and Neurovascular Unit: A Systems Biology Approach to the Complexity of Synaptic Plasticity in Health and Disease. Int. J. Mol. Sci. 2020, 21, 1539. [Google Scholar] [CrossRef]

	



Harder, D.R.; Zhang, C.; Gebremedhin, D. Astrocytes function in matching blood flow to metabolic activity. News Physiol. Sci. 2002, 17, 27–31. [Google Scholar] [CrossRef]

	



Celio, M.R.; Spreafico, R.; De Biasi, S.; Vitellaro-Zuccarello, L. Perineuronal nets: Past and present. Trends Neurosci. 1998, 21, 510–515. [Google Scholar] [CrossRef]

	



Theocharis, A.D.; Skandalis, S.S.; Gialeli, C.; Karamanos, N.K. Extracellular matrix structure. Adv. Drug Deliv. Rev. 2016, 97, 4–27. [Google Scholar] [CrossRef] [PubMed]

	



Yamaguchi, Y. Lecticans: Organizers of the brain extracellular matrix. Cell. Mol. Life Sci. 2000, 57, 276–289. [Google Scholar] [CrossRef] [PubMed]

	



Brückner, G.; Härtig, W.; Kacza, J.; Seeger, J.; Welt, K.; Brauer, K. Extracellular matrix organization in various regions of rat brain grey matter. J. Neurocytol. 1996, 25, 333–346. [Google Scholar] [CrossRef] [PubMed]

	



Ruoslahti, E. Brain extracellular matrix. Glycobiology 1996, 6, 489–492. [Google Scholar] [CrossRef] [PubMed]

	



Tanzer, M.L. Current concepts of extracellular matrix. J. Orthop. Sci. 2006, 11, 326–331. [Google Scholar] [CrossRef]

	



Zimmermann, D.R.; Dours-Zimmermann, M.T. Extracellular matrix of the central nervous system: From neglect to challenge. Histochem. Cell Biol. 2008, 130, 635–653. [Google Scholar] [CrossRef]

	



Margolis, R.U.; Chang, L.B.; Preti, C. Glycosaminoglycans of brain during development. Biochemistry 1975, 14, 85–88. [Google Scholar] [CrossRef]

	



Hynes, R.O.; Naba, A. Overview of the Matrisome—An Inventory of Extracellular Matrix Constituents and Functions. Cold Spring Harb. Perspect. Biol. 2012, 4, a004903. [Google Scholar] [CrossRef]

	



An, H.J.; Froehlich, J.W.; Lebrilla, C.B. Determination of glycosylation sites and site-specific heterogeneity in glycoproteins. Curr. Opin. Chem. Biol. 2009, 13, 421–426. [Google Scholar] [CrossRef]

	



Yanagishita, M. Function of proteoglycans in the extracellular matrix. Pathol. Int. 1993, 43, 283–293. [Google Scholar] [CrossRef] [PubMed]

	



Frantz, C.; Stewart, K.M.; Weaver, V.M. The extracellular matrix at a glance. J. Cell Sci. 2010, 123, 4195–4200. [Google Scholar] [CrossRef] [PubMed]

	



Farach-Carson, M.C.; Carson, D.D. Extraction and isolation of glycoproteins and proteoglycans. BioTechniques 1989, 7, 482–493. [Google Scholar] [PubMed]

	



Gandhi, N.S.; Mancera, R.L. The Structure of Glycosaminoglycans and their Interactions with Proteins. Chem. Biol. Drug Des. 2008, 72 Pt 24, 455–482. [Google Scholar] [CrossRef]

	



Han, W.M.; Jang, Y.C.; García, A.J. Engineered matrices for skeletal muscle satellite cell engraftment and function. Matrix Biol. 2017, 60–61, 96–109. [Google Scholar] [CrossRef]

	



Perides, G.; Biviano, F.; Bignami, A. Interaction of a brain extracellular matrix protein with hyaluronic acid. Biochim. Biophys. Acta 1991, 1075, 248–258. [Google Scholar] [CrossRef]

	



Asher, R.; Perides, G.; Vanderhaeghen, J.-J.; Bignami, A. Extracellular matrix of central nervous system white matter: Demonstration of an hyaluronate-protein complex. J. Neurosci. Res. 1991, 28, 410–421. [Google Scholar] [CrossRef]

	



Bonneh-Barkay, D.; Wiley, C.A. Brain Extracellular Matrix in Neurodegeneration. Brain Pathol. 2009, 19, 573–585. [Google Scholar] [CrossRef]

	



Lendvai, D. Az Extracelluláris Mátrix Morfológiai Analízise Az Ember Központi Idegrendszerében. Ph.D. Thesis, Semmelweis University, Budapest, Hungary, 2014. [Google Scholar]

	



Van Horssen, J.; Dijkstra, C.D.; De Vries, H.E. The extracellular matrix in multiple sclerosis pathology. J. Neurochem. 2007, 103, 1293–1301. [Google Scholar] [CrossRef]

	



Letourneau, P.; Condic, M.; Snow, D. Interactions of developing neurons with the extracellular matrix. J. Neurosci. 1994, 14 Pt 1, 915–928. [Google Scholar] [CrossRef]

	



Prydz, K.; Dalen, K. Synthesis and sorting of proteoglycans. J. Cell Sci. 2000, 113 Pt 2, 193–205. [Google Scholar] [CrossRef] [PubMed]

	



Sirisha, V.L.; D’Souza, J.S. Polysaccharide-Based Nanoparticles as Drug Delivery Systems: Principles and Applications; CRC Press: Boca Raton, FL, USA, 2016; pp. 641–682. [Google Scholar] [CrossRef]

	



Little, P.J.; Ballinger, M.L.; Osman, N. Vascular wall proteoglycan synthesis and structure as a target for the prevention of ather-osclerosis. Vasc. Health Risk Manag. 2007, 3, 117–124. [Google Scholar]

	



Pomin, V.H. Keratan sulfate: An up-to-date review. Int. J. Biol. Macromol. 2015, 72, 282–289. [Google Scholar] [CrossRef] [PubMed]

	



Cain, S.A.; Baldock, C.; Gallagher, J.; Morgan, A.; Bax, D.V.; Weiss, A.; Shuttleworth, C.A.; Kielty, C.M. Fibrillin-1 Interactions with Heparin. Implications for microfibril and elastic fiber assembly. J. Biol. Chem. 2005, 280, 30526–30537. [Google Scholar] [CrossRef] [PubMed]

	



Grimpe, B.; Silver, J. The extracellular matrix in axon regeneration. Prog. Brain Res. 2002, 137, 333–349. [Google Scholar] [CrossRef]

	



Maeda, N. Proteoglycans and neuronal migration in the cerebral cortex during development and disease. Front. Neurosci. 2015, 9, 98. [Google Scholar] [CrossRef]

	



Wu, Y.J.; La Pierre, D.P.; Wu, J.; Yee, A.J.; Yang, B.B. The interaction of versican with its binding partners. Cell Res. 2005, 15, 483–494. [Google Scholar] [CrossRef]

	



Groffen, A.; Veerkamp, J.H.; Monnens, L.A.H.; Heuvel, L.P.W.J.V.D. Recent insights into the structure and functions of heparan sulfate proteoglycans in the human glomerular basement membrane. Nephrol. Dial. Transplant. 1999, 14, 2119–2129. [Google Scholar] [CrossRef]

	



Hohenester, E.; Tisi, D.; Talts, J.F.; Timpl, R. The Crystal Structure of a Laminin G–like Module Reveals the Molecular Basis of α-Dystroglycan Binding to Laminins, Perlecan, and Agrin. Mol. Cell 1999, 4, 783–792. [Google Scholar] [CrossRef]

	



Tucić, M.; Stamenković, V.; Andjus, P. The Extracellular Matrix Glycoprotein Tenascin C and Adult Neurogenesis. Front. Cell Dev. Biol. 2021, 9, 674199. [Google Scholar] [CrossRef]

	



Jang, D.J.; Sim, H.J.; Song, E.K.; Kwon, T.; Park, T.K. Extracellular matrixes and neuroinflammation. BMB Rep. 2020, 53, 491–499. [Google Scholar] [CrossRef]

	



Resovi, A.; Pinessi, D.; Chiorino, G.; Taraboletti, G. Current understanding of the thrombospondin-1 interactome. Matrix Biol. 2014, 37, 83–91. [Google Scholar] [CrossRef] [PubMed]

	



Adams, J.C.; Tucker, R.P. The thrombospondin type 1 repeat (TSR) superfamily: Diverse proteins with related roles in neuronal development. Dev. Dyn. 2000, 218, 280–299. [Google Scholar] [CrossRef]

	



Hockfield, S.; Kalb, R.; Zaremba, S.; Fryer, H. Expression of Neural Proteoglycans Correlates with the Acquisition of Mature Neuronal Properties in the Mammalian Brain. Cold Spring Harb. Symp. Quant. Biol. 1990, 55, 505–514. [Google Scholar] [CrossRef] [PubMed]

	



Morawski, M.; Alpár, A.; Brückner, G.; Fiedler, A.; Jäger, C.; Gati, G.; Stieler, J.T.; Arendt, T. Chondroitin sulfate proteoglycan-based extracellular matrix in chicken (Gallus domesticus) brain. Brain Res. 2009, 1275, 10–23. [Google Scholar] [CrossRef] [PubMed]

	



Taipale, J.; Keski-Oja, J. Growth factors in the extracellular matrix. FASEB J. 1997, 11, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



Théry, M.; Racine, V.; Pépin, A.; Piel, M.; Chen, Y.; Sibarita, J.-B.; Bornens, M. The extracellular matrix guides the orientation of the cell division axis. Nat. Cell Biol. 2005, 7, 947–953. [Google Scholar] [CrossRef]

	



Yamada, K.M.; Collins, J.W.; Walma, D.A.C.; Doyle, A.D.; Morales, S.G.; Lu, J.; Matsumoto, K.; Nazari, S.S.; Sekiguchi, R.; Shinsato, Y.; et al. Extracellular matrix dynamics in cell migration, invasion and tissue morphogenesis. Int. J. Exp. Pathol. 2019, 100, 144–152. [Google Scholar] [CrossRef]

	



Bronner, M. An antibody to a receptor for fibronectin and laminin perturbs cranial neural crest development in vivo. Dev. Biol. 1986, 117, 528–536. [Google Scholar] [CrossRef]

	



Rosenberg, G.A. Extracellular matrix inflammation in vascular cognitive impairment and dementia. Clin. Sci. 2017, 131, 425–437. [Google Scholar] [CrossRef]

	



Nagano, N.; Aoyagi, M.; Hirakawa, K. Extracellular matrix modulates the proliferation of rat astrocytes in serum-free culture. Glia 1993, 8, 71–76. [Google Scholar] [CrossRef] [PubMed]

	



George, N.; Geller, H.M. Extracellular matrix and traumatic brain injury. J. Neurosci. Res. 2018, 96, 573–588. [Google Scholar] [CrossRef] [PubMed]

	



Bonnans, C.; Chou, J.; Werb, Z. Remodelling the extracellular matrix in development and disease. Nat. Rev. Mol. Cell Biol. 2014, 15, 786–801. [Google Scholar] [CrossRef] [PubMed]

	



McKeon, R.J.; Jurynec, M.J.; Buck, C.R. The Chondroitin Sulfate Proteoglycans Neurocan and Phosphacan Are Expressed by Reactive Astrocytes in the Chronic CNS Glial Scar. J. Neurosci. 1999, 19, 10778–10788. [Google Scholar] [CrossRef]

	



Wang, W.; Wang, J.; Li, F. Hyaluronidase and Chondroitinase. Adv. Exp. Med. Biol. 2017, 925, 75–87. [Google Scholar] [CrossRef]

	



Custod, J.T.; Young, I.J. Cat brain mucopolysaccharides and their in vivo hyaluronidase digestion. J. Neurochem. 1968, 15, 809–813. [Google Scholar] [CrossRef]

	



Mohamedi, Y.; Fontanil, T.; Cobo, T.; Cal, S.; Obaya, A.J. New Insights into ADAMTS Metalloproteases in the Central Nervous System. Biomolecules 2020, 10, 403. [Google Scholar] [CrossRef]

	



Lorenzl, S.; Albers, D.; LeWitt, P.; Chirichigno, J.; Hilgenberg, S.; Cudkowicz, M.; Beal, M. Tissue inhibitors of matrix metalloproteinases are elevated in cerebrospinal fluid of neurodegenerative diseases. J. Neurol. Sci. 2003, 207, 71–76. [Google Scholar] [CrossRef]

	



Cabral-Pacheco, G.A.; Garza-Veloz, I.; La Rosa, C.C.-D.; Ramirez-Acuña, J.M.; Perez-Romero, B.A.; Guerrero-Rodriguez, J.F.; Martinez-Avila, N.; Martinez-Fierro, M.L. The Roles of Matrix Metalloproteinases and Their Inhibitors in Human Diseases. Int. J. Mol. Sci. 2020, 21, 9739. [Google Scholar] [CrossRef]

	



Romanic, A.M.; Madri, J.A. Extracellular Matrix-Degrading Proteinases in the Nervous System. Brain Pathol. 1994, 4, 145–156. [Google Scholar] [CrossRef]

	



Mun-Bryce, S.; Rosenberg, G.A. Gelatinase B modulates selective opening of the blood-brain barrier during inflammation. Am. J. Physiol. 1998, 274, R1203–R1211. [Google Scholar] [CrossRef] [PubMed]

	



Baba, Y.; Yasuda, O.; Takemura, Y.; Ishikawa, Y.; Ohishi, M.; Iwanami, J.; Mogi, M.; Doe, N.; Horiuchi, M.; Maeda, N.; et al. Timp-3 deficiency impairs cognitive function in mice. Lab. Investig. 2009, 89, 1340–1347. [Google Scholar] [CrossRef] [PubMed]

	



Abu Fanne, R.; Nassar, T.; Yarovoi, S.; Rayan, A.; Lamensdorf, I.; Karakoveski, M.; Vadim, P.; Jammal, M.; Cines, D.B.; Higazi, A.A.-R. Blood–brain barrier permeability and tPA-mediated neurotoxicity. Neuropharmacology 2010, 58, 972–980. [Google Scholar] [CrossRef] [PubMed]

	



Yamakage, Y.; Tsuiji, H.; Kohno, T.; Ogino, H.; Saito, T.; Saido, T.C.; Hattori, M. Reducing ADAMTS-3 Inhibits Amyloid β Deposition in App Knock-in Mouse. Biol. Pharm. Bull. 2019, 42, 354–356. [Google Scholar] [CrossRef]

	



Gomis-Rüth, F.-X.; Maskos, K.; Betz, M.; Bergner, A.; Huber, R.; Suzuki, K.; Yoshida, N.; Nagase, H.; Brew, K.; Bourenkov, G.; et al. Mechanism of inhibition of the human matrix metalloproteinase stromelysin-1 by TIMP-1. Nature 1997, 389, 77–81. [Google Scholar] [CrossRef]

	



Batra, J.; Robinson, J.; Soares, A.; Fields, A.P.; Radisky, D.C.; Radisky, E. Matrix Metalloproteinase-10 (MMP-10) Interaction with Tissue Inhibitors of Metalloproteinases TIMP-1 and TIMP-2. J. Biol. Chem. 2012, 287, 15935–15946. [Google Scholar] [CrossRef]

	



Cui, N.; Hu, M.; Khalil, R.A. Biochemical and Biological Attributes of Matrix Metalloproteinases. Prog. Mol. Biol. Transl. Sci. 2017, 147, 1–73. [Google Scholar] [CrossRef]

	



Laronha, H.; Caldeira, J. Structure and Function of Human Matrix Metalloproteinases. Cells 2020, 9, 1076. [Google Scholar] [CrossRef]

	



Meng, Q.; Malinovskii, V.; Huang, W.; Hu, Y.; Chung, L.; Nagase, H.; Bode, W.; Maskos, K.; Brew, K. Residue 2 of TIMP-1 Is a Major Determinant of Affinity and Specificity for Matrix Metalloproteinases but Effects of Substitutions Do Not Correlate with Those of the Corresponding P1′ Residue of Substrate. J. Biol. Chem. 1999, 274, 10184–10189. [Google Scholar] [CrossRef]

	



Visse, R.; Nagase, H. Matrix Metalloproteinases and Tissue Inhibitors of Metalloproteinases. Circ. Res. 2003, 92, 827–839. [Google Scholar] [CrossRef]

	



Kashiwagi, M.; Tortorella, M.; Nagase, H.; Brew, K. TIMP-3 Is a Potent Inhibitor of Aggrecanase 1 (ADAM-TS4) and Aggrecanase 2 (ADAM-TS5). J. Biol. Chem. 2001, 276, 12501–12504. [Google Scholar] [CrossRef] [PubMed]

	



Siao, C.-J.; Tsirka, S.E. Tissue Plasminogen Activator Mediates Microglial Activation via Its Finger Domain through Annexin II. J. Neurosci. 2002, 22, 3352–3358. [Google Scholar] [CrossRef] [PubMed]

	



Docagne, F.; Parcq, J.; Lijnen, R.; Ali, C.; Vivien, D. Understanding the Functions of Endogenous and Exogenous Tissue-Type Plasminogen Activator during Stroke. Stroke 2015, 46, 314–320. [Google Scholar] [CrossRef] [PubMed]

	



Mitsui, S.; Watanabe, Y.; Yamaguchi, T.; Yamaguchi, N. Mosaic serine proteases in the mammalian central nervous system. Front. Biosci. 2008, 13, 1991–2000. [Google Scholar] [CrossRef]

	



Benchenane, K.; Berezowski, V.; Ali, C.; Fernaández-Monreal, M.; Loópez-Atalaya, J.P.; Brillault, J.; Chuquet, J.; Nouvelot, A.; MacKenzie, E.T.; Bu, G.; et al. Tissue-Type Plasminogen Activator Crosses the Intact Blood-Brain Barrier by Low-Density Lipoprotein Receptor–Related Protein-Mediated Transcytosis. Circulation 2005, 111, 2241–2249. [Google Scholar] [CrossRef]

	



Wipff, P.-J.; Hinz, B. Integrins and the activation of latent transforming growth factor β1—An intimate relationship. Eur. J. Cell Biol. 2008, 87, 601–615. [Google Scholar] [CrossRef]

	



Wlodarczyk, J.; Mukhina, I.; Kaczmarek, L.; Dityatev, A. Extracellular matrix molecules, their receptors, and secreted proteases in synaptic plasticity. Dev. Neurobiol. 2011, 71, 1040–1053. [Google Scholar] [CrossRef]

	



Lu, P.; Takai, K.; Weaver, V.M.; Werb, Z. Extracellular Matrix Degradation and Remodeling in Development and Disease. Cold Spring Harb. Perspect. Biol. 2011, 3, a005058. [Google Scholar] [CrossRef]

	



Llano, E.; Pendas, A.M.; Freije, J.P.; Nakano, A.; Knäuper, V.; Murphy, G.; López-Otín, C. Identification and characterization of human MT5-MMP, a new membrane-bound activator of progelatinase a overexpressed in brain tumors. Cancer Res. 1999, 59, 2570–2576. [Google Scholar]

	



Kaneiwa, T.; Mizumoto, S.; Sugahara, K.; Yamada, S. Identification of human hyaluronidase-4 as a novel chondroitin sulfate hydrolase that preferentially cleaves the galactosaminidic linkage in the trisulfated tetrasaccharide sequence. Glycobiology 2009, 20, 300–309. [Google Scholar] [CrossRef]

	



Maciej-Hulme, M.L. New Insights Into Human Hyaluronidase 4/Chondroitin Sulphate Hydrolase. Front. Cell Dev. Biol. 2021, 9, 767924. [Google Scholar] [CrossRef] [PubMed]

	



Kwok, J.; Afshari, F.T.; Alias, G.G.; Fawcett, J.; Kwok, J.C.F.; Afshari, F.; García-Alías, G.; Fawcett, J.W. Proteoglycans in the Central Nervous System: Plasticity, Regeneration and Their Stimulation with Chondroitinase ABC. Restor. Neurol. Neurosci. 2008, 26, 131–145. [Google Scholar] [PubMed]

	



Crespo, D.; Asher, R.A.; Lin, R.; Rhodes, K.E.; Fawcett, J. How does chondroitinase promote functional recovery in the damaged CNS? Exp. Neurol. 2007, 206, 159–171. [Google Scholar] [CrossRef] [PubMed]

	



Berezin, V.; Walmod, P.S.; Filippov, M.; Dityatev, A. Targeting of ECM molecules and their metabolizing enzymes and receptors for the treatment of CNS diseases. Prog. Brain Res. 2014, 214, 353–388. [Google Scholar] [CrossRef] [PubMed]

	



Hettiaratchi, M.H.; O’Meara, M.J.; Teal, C.J.; Payne, S.L.; Pickering, A.J.; Shoichet, M.S. Local delivery of stabilized chondroitinase ABC degrades chondroitin sulfate proteoglycans in stroke-injured rat brains. J. Control. Release 2019, 297, 14–25. [Google Scholar] [CrossRef] [PubMed]

	



Kasinathan, N.; Volety, S.M.; Josyula, V.R. Chondroitinase: A promising therapeutic enzyme. Crit. Rev. Microbiol. 2016, 42, 474–484. [Google Scholar] [CrossRef]

	



García-Alías, G.; Barkhuysen, S.; Buckle, M.; Fawcett, J. Chondroitinase ABC treatment opens a window of opportunity for task-specific rehabilitation. Nat. Neurosci. 2009, 12, 1145–1151. [Google Scholar] [CrossRef]

	



Kalluri, R. Basement membranes: Structure, assembly and role in tumour angiogenesis. Nat. Cancer 2003, 3, 422–433. [Google Scholar] [CrossRef]

	



Ceafalan, L.C.; Fertig, T.E.; Gheorghe, T.C.; Hinescu, M.E.; Popescu, B.O.; Pahnke, J.; Gherghiceanu, M. Age-related ultrastructural changes of the basement membrane in the mouse blood-brain barrier. J. Cell. Mol. Med. 2019, 23, 819–827. [Google Scholar] [CrossRef]

	



Piez, K.A. History of extracellular matrix: A personal view. Matrix Biol. 1997, 16, 85–92. [Google Scholar] [CrossRef]

	



Brückner, G.; Kacza, J.; Grosche, J. Perineuronal nets characterized by vital labelling, confocal and electron microscopy in organotypic slice cultures of rat parietal cortex and hippocampus. J. Mol. Histol. 2004, 35, 115–122. [Google Scholar] [CrossRef] [PubMed]

	



Härtig, W.; Derouiche, A.; Welt, K.; Brauer, K.; Grosche, J.; Mäder, M.; Reichenbach, A.; Brückner, G. Cortical neurons immunoreactive for the potassium channel Kv3.1b subunit are predominantly surrounded by perineuronal nets presumed as a buffering system for cations. Brain Res. 1999, 842, 15–29. [Google Scholar] [CrossRef]

	



Alpár, A.; Gärtner, U.; Härtig, W.; Brückner, G. Distribution of pyramidal cells associated with perineuronal nets in the neocortex of rat. Brain Res. 2006, 1120, 13–22. [Google Scholar] [CrossRef] [PubMed]

	



Adams, I.; Brauer, K.; Arélin, C.; Härtig, W.; Fine, A.; Mäder, M.; Arendt, T.; Brückner, G. Perineuronal nets in the rhesus monkey and human basal forebrain including basal ganglia. Neuroscience 2001, 108, 285–298. [Google Scholar] [CrossRef]

	



Morawski, M.; Brückner, G.; Arendt, T.; Matthews, R. Aggrecan: Beyond cartilage and into the brain. Int. J. Biochem. Cell Biol. 2012, 44, 690–693. [Google Scholar] [CrossRef]

	



Sun, Y.; Xu, S.; Jiang, M.; Liu, X.; Yang, L.; Bai, Z.; Yang, Q. Role of the Extracellular Matrix in Alzheimer’s Disease. Front. Aging Neurosci. 2021, 13, 707466. [Google Scholar] [CrossRef]

	



Brückner, G.; Morawski, M.; Arendt, T. Aggrecan-based extracellular matrix is an integral part of the human basal ganglia circuit. Neuroscience 2008, 151, 489–504. [Google Scholar] [CrossRef]

	



Lendvai, D.; Morawski, M.; Negyessy, L.; Gáti, G.; Jäger, C.; Baksa, G.; Glasz, T.; Attems, J.; Tanila, H.; Arendt, T.; et al. Neurochemical mapping of the human hippocampus reveals perisynaptic matrix around functional synapses in Alzheimer’s disease. Acta Neuropathol. 2013, 125, 215–229. [Google Scholar] [CrossRef]

	



Brückner, G.; Hausen, D.; Härtig, W.; Drlicek, M.; Arendt, T.; Brauer, K. Cortical areas abundant in extracellular matrix chondroitin sulphate proteoglycans are less affected by cytoskeletal changes in Alzheimer’s disease. Neuroscience 1999, 92, 791–805. [Google Scholar] [CrossRef]

	



Tona, A.; Bignami, A. Effect of hyaluronidase on brain extracellular matrix in vivo and optic nerve regeneration. J. Neurosci. Res. 1993, 36, 191–199. [Google Scholar] [CrossRef]

	



Miyata, S.; Nishimura, Y.; Nakashima, T. Perineuronal nets protect against amyloid β-protein neurotoxicity in cultured cortical neurons. Brain Res. 2007, 1150, 200–206. [Google Scholar] [CrossRef] [PubMed]

	



Morawski, M.; Brückner, M.K.; Riederer, P.; Brückner, G.; Arendt, T. Perineuronal nets potentially protect against oxidative stress. Exp. Neurol. 2004, 188, 309–315. [Google Scholar] [CrossRef] [PubMed]

	



Mahmud, K.A.H.A.; Hasan, F.; Khan, I.; Adnan, A. Shock-Induced Damage Mechanism of Perineuronal Nets. Biomolecules 2021, 12, 10. [Google Scholar] [CrossRef]

	



Morawski, M.; Brückner, G.; Jäger, C.; Seeger, G.; Matthews, R.T.; Arendt, T. Involvement of Perineuronal and Perisynaptic Extracellular Matrix in Alzheimer’s Disease Neuropathology. Brain Pathol. 2012, 22, 547–561. [Google Scholar] [CrossRef] [PubMed]

	



Hunyadi, A.; Gaál, B.; Matesz, C.; Meszar, Z.; Morawski, M.; Reimann, K.; Lendvai, D.; Alpar, A.; Wéber, I.; Rácz, É. Distribution and classification of the extracellular matrix in the olfactory bulb. Brain Struct. Funct. 2020, 225, 321–344. [Google Scholar] [CrossRef]

	



Köppe, G.; Brückner, G.; Brauer, K.; Härtig, W.; Bigl, V. Developmental patterns of proteoglycan-containing extracellular matrix in perineuronal nets and neuropil of the postnatal rat brain. Cell Tissue Res. 1997, 288, 33–41. [Google Scholar] [CrossRef]

	



Brückner, G.; Szeöke, S.; Pavlica, S.; Grosche, J.; Kacza, J. Axon initial segment ensheathed by extracellular matrix in perineuronal nets. Neuroscience 2006, 138, 365–375. [Google Scholar] [CrossRef]

	



Girard, N.; Courel, M.N.; Delpech, A.; Bruckner, G. Staining of hyaluronan in rat cerebellum with a hyaluronectin-antihyaluronectin immune complex. Histochem. J. 1992, 24, 21–24. [Google Scholar] [CrossRef]

	



Hof, P.R.; Giannakopoulos, P.; Vickers, J.; Bouras, C.; Morrison, J.H. The Morphologic and Neurochemical Basis of Dementia: Aging, Hierarchical Patterns of Lesion Distribution and Vulnerable Neuronal Phenotype. Rev. Neurosci. 1995, 6, 97–124. [Google Scholar] [CrossRef]

	



Suttkus, A.; Holzer, M.; Morawski, M.; Arendt, T. The neuronal extracellular matrix restricts distribution and internalization of aggregated Tau-protein. Neuroscience 2016, 313, 225–235. [Google Scholar] [CrossRef]

	



Morawski, M.; Brückner, G.; Jäger, C.; Seeger, G.; Arendt, T. Neurons associated with aggrecan-based perineuronal nets are protected against tau pathology in subcortical regions in Alzheimer’s disease. Neuroscience 2010, 169, 1347–1363. [Google Scholar] [CrossRef] [PubMed]

	



Soleman, S.; Filippov, M.; Dityatev, A.; Fawcett, J. Targeting the neural extracellular matrix in neurological disorders. Neuroscience 2013, 253, 194–213. [Google Scholar] [CrossRef] [PubMed]

	



Sos, K.E.; Mayer, M.I.; Takács, V.T.; Major, A.; Bardóczi, Z.; Beres, B.M.; Szeles, T.; Saito, T.; Saido, T.C.; Mody, I.; et al. Amyloid β induces interneuron-specific changes in the hippocampus of APPNL-F mice. PLoS ONE 2020, 15, e0233700. [Google Scholar] [CrossRef] [PubMed]

	



Lorenzl, S.; Albers, D.S.; Relkin, N.; Ngyuen, T.; Hilgenberg, S.L.; Chirichigno, J.; Cudkowicz, M.E.; Beal, M.F. Increased plasma levels of matrix metalloproteinase-9 in patients with Alzheimer’s disease. Neurochem. Int. 2003, 43, 191–196. [Google Scholar] [CrossRef]

	



Suttkus, A.; Morawski, M.; Arendt, T. Protective Properties of Neural Extracellular Matrix. Mol. Neurobiol. 2016, 53, 73–82. [Google Scholar] [CrossRef]

	



Suttkus, A.; Rohn, S.; Jäger, C.; Arendt, T.; Morawski, M. Neuroprotection against iron-induced cell death by perineuronal nets-an in vivo analysis of oxidative stress. Am. J. Neurodegener. Dis. 2012, 1, 122–129. [Google Scholar] [PubMed]

	



Sancandi, M.; Schul, E.V.; Economides, G.; Constanti, A.; Mercer, A. Structural Changes Observed in the Piriform Cortex in a Rat Model of Pre-motor Parkinson’s Disease. Front. Cell. Neurosci. 2018, 12, 479. [Google Scholar] [CrossRef]

	



Dayangac-Erden, D.; Gur-Dedeoglu, B.; Eskici, F.N.; Oztemur-Islakoglu, Y.; Erdem-Ozdamar, S. Do Perineuronal Net Elements Contribute to Pathophysiology of Spinal Muscular Atrophy? In Vitro and Transcriptomics Insights. OMICS 2018, 22, 598–606. [Google Scholar] [CrossRef]

	



Selkoe, D.J. The molecular pathology of Alzheimer’s disease. Neuron 1991, 6, 487–498. [Google Scholar] [CrossRef]

	



Zhan, S.-S.; Beyreuther, K.; Schmitt, H. Quantitative Assessment of the Synaptophysin Immuno-Reactivity of the Cortical Neuropil in Various Neurodegenerative Disorders with Dementia. Dement. Geriatr. Cogn. Disord. 1993, 4, 66–74. [Google Scholar] [CrossRef]

	



Lendvai, D.; Morawski, M.; Brückner, G.; Négyessy, L.; Baksa, G.; Glasz, T.; Patonay, L.; Matthews, R.; Arendt, T.; Alpár, A. Perisynaptic aggrecan-based extracellular matrix coats in the human lateral geniculate body devoid of perineuronal nets. J. Neurosci. Res. 2012, 90, 376–387. [Google Scholar] [CrossRef] [PubMed]

	



Crapser, J.D.; Arreola, M.A.; Tsourmas, K.I.; Green, K.N. Microglia as hackers of the matrix: Sculpting synapses and the extracellular space. Cell. Mol. Immunol. 2021, 18, 2472–2488. [Google Scholar] [CrossRef] [PubMed]

	



Crapser, J.D.; Spangenberg, E.E.; Barahona, R.A.; Arreola, M.A.; Hohsfield, L.A.; Green, K.N. Microglia facilitate loss of perineuronal nets in the Alzheimer’s disease brain. eBioMedicine 2020, 58, 102919. [Google Scholar] [CrossRef] [PubMed]

	



Hawkins, B.; Davis, T. The Blood-Brain Barrier/Neurovascular Unit in Health and Disease. Pharmacol. Rev. 2005, 57, 173–185. [Google Scholar] [CrossRef]

	



Yao, Y. Basement membrane and stroke. J. Cereb. Blood Flow Metab. 2019, 39, 3–19. [Google Scholar] [CrossRef]

	



Yao, Y.; Chen, Z.-L.; Norris, E.H.; Strickland, S. Astrocytic laminin regulates pericyte differentiation and maintains blood brain barrier integrity. Nat. Commun. 2014, 5, 3413. [Google Scholar] [CrossRef]

	



Nguyen, B.; Bix, G.; Yao, Y. Basal lamina changes in neurodegenerative disorders. Mol. Neurodegener. 2021, 16, 81. [Google Scholar] [CrossRef]

	



Al-Bachari, S.; Naish, J.H.; Parker, G.J.M.; Emsley, H.C.A.; Parkes, L.M. Blood–Brain Barrier Leakage Is Increased in Parkinson’s Disease. Front. Physiol. 2020, 11, 593026. [Google Scholar] [CrossRef]

	



Zlokovic, B.V. Neurovascular pathways to neurodegeneration in Alzheimer’s disease and other disorders. Nat. Rev. Neurosci. 2011, 12, 723–738. [Google Scholar] [CrossRef]

	



Wang, X.; Xing, A.; Xu, C.; Cai, Q.; Liu, H.; Li, L. Cerebrovascular Hypoperfusion Induces Spatial Memory Impairment, Synaptic Changes, and Amyloid-β Oligomerization in Rats. J. Alzheimer’s Dis. 2010, 21, 813–822. [Google Scholar] [CrossRef]

	



Zarow, C.; Barron, E.; Chui, H.C.; Perlmutter, L.S. Vascular Basement Membrane Pathology and Alzheimer’s Disease. Ann. N. Y. Acad. Sci. 1997, 826, 147–160. [Google Scholar] [CrossRef] [PubMed]

	



Merlini, M.; Meyer, E.P.; Ulmann-Schuler, A.; Nitsch, R.M. Vascular β-amyloid and early astrocyte alterations impair cerebrovascular function and cerebral metabolism in transgenic arcAβ mice. Acta Neuropathol. 2011, 122, 293–311. [Google Scholar] [CrossRef] [PubMed]

	



Storck, S.; Meister, S.; Nahrath, J.; Meißner, J.N.; Schubert, N.; Di Spiezio, A.; Baches, S.; Vandenbroucke, R.; Bouter, Y.; Prikulis, I.; et al. Endothelial LRP1 transports amyloid-β1–42 across the blood-brain barrier. J. Clin. Investig. 2016, 126, 123–136. [Google Scholar] [CrossRef] [PubMed]

	



Kovac, A.; Zilkova, M.; Deli, M.A.; Zilka, N.; Novak, M. Human Truncated Tau is Using a Different Mechanism from Amyloid-β to Damage the Blood-Brain Barrier. J. Alzheimer’s Dis. 2009, 18, 897–906. [Google Scholar] [CrossRef] [PubMed]

	



Blair, L.J.; Frauen, H.D.; Zhang, B.; Nordhues, B.A.; Bijan, S.; Lin, Y.-C.; Zamudio, F.; Hernandez, L.D.; Sabbagh, J.J.; Selenica, M.-L.B.; et al. Tau depletion prevents progressive blood-brain barrier damage in a mouse model of tauopathy. Acta Neuropathol. Commun. 2015, 3, 1–22. [Google Scholar] [CrossRef]

	



Li, X.-F.; Thinakaran, G.; Sisodia, S.S.; Yu, F.-S.X. Amyloid Precursor-like Protein 2 Promotes Cell Migration toward Fibronectin and Collagen IV. J. Biol. Chem. 1999, 274, 27249–27256. [Google Scholar] [CrossRef]

	



Kiuchi, Y.; Isobe, Y.; Fukushima, K. Type IV collagen prevents amyloid β-protein fibril formation. Life Sci. 2002, 70, 1555–1564. [Google Scholar] [CrossRef]

	



Bronfman, F.C.; Alvarez, A.; Morgan, C.; Inestrosa, N.C. Laminin blocks the assembly of wild-type Aβ and the Dutch variant peptide into Alzheimer’s fibrils. Amyloid 1998, 5, 16–23. [Google Scholar] [CrossRef]

	



Buée, L.; Ding, W.; Anderson, J.P.; Narindrasorasak, S.; Kisilevsky, R.; Boyle, N.J.; Robakis, N.K.; Delacourte, A.; Greenberg, B.; Fillit, H.M. Binding of vascular heparan sulfate proteoglycan to Alzheimer’s amyloid precursor protein is mediated in part by the N-terminal region of A4 peptide. Brain Res. 1993, 627, 199–204. [Google Scholar] [CrossRef]

	



Snow, A.D.; Nochlin, D.; Sekiguchi, R.; Carlson, S.S. Identification and Immunolocalization of a New Class of Proteoglycan (Keratan Sulfate) to the Neuritic Plaques of Alzheimer’s Disease. Exp. Neurol. 1996, 138, 305–317. [Google Scholar] [CrossRef]

	



Bame, K.J.; Danda, J.; Hassall, A.; Tumova, S. Aβ(1–40) Prevents Heparanase-catalyzed Degradation of Heparan Sulfate Glycosaminoglycans and Proteoglycans in Vitro. A role for heparan sulfate proteoglycan turnover in Alzheimer’s disease. J. Biol. Chem. 1997, 272, 17005–17011. [Google Scholar] [CrossRef] [PubMed]

	



Garbuzova-Davis, S.; Haller, E.; Saporta, S.; Kolomey, I.; Nicosia, S.V.; Sanberg, P.R. Ultrastructure of blood–brain barrier and blood–spinal cord barrier in SOD1 mice modeling ALS. Brain Res. 2007, 1157, 126–137. [Google Scholar] [CrossRef] [PubMed]

	



Lopes Pinheiro, M.A.; Kooij, G.; Mizee, M.R.; Kamermans, A.; Enzmann, G.; Lyck, R.; Schwaninger, M.; Engelhardt, B.; de Vries, H.E. Immune cell trafficking across the barriers of the central nervous system in multiple sclerosis and stroke. Biochim. Biophys. Acta BBA Mol. Basis Dis. 2016, 1862, 461–471. [Google Scholar] [CrossRef] [PubMed]

	



Greter, M.; Heppner, F.; Lemos, M.P.; Odermatt, B.M.; Goebels, N.; Laufer, T.M.; Noelle, R.J.; Becher, B. Dendritic cells permit immune invasion of the CNS in an animal model of multiple sclerosis. Nat. Med. 2005, 11, 328–334. [Google Scholar] [CrossRef]

	



De Mestre, A.M.; Staykova, M.A.; Hornby, J.R.; Willenborg, D.O.; Hulett, M.D. Expression of the heparan sulfate-degrading enzyme heparanase is induced in infiltrating CD4+ T cells in experimental autoimmune encephalomyelitis and regulated at the level of transcription by early growth response gene. J. Leukoc. Biol. 2007, 82, 1289–1300. [Google Scholar] [CrossRef]

	



Stephenson, E.L.; Mishra, M.K.; Moussienko, D.; Laflamme, N.; Rivest, S.; Ling, C.-C.; Yong, V.W. Chondroitin sulfate proteoglycans as novel drivers of leucocyte infiltration in multiple sclerosis. Brain 2018, 141, 1094–1110. [Google Scholar] [CrossRef]

	



Back, S.A.; Tuohy, T.M.F.; Chen, H.; Wallingford, N.; Craig, A.; Struve, J.; Luo, N.L.; Banine, F.; Liu, Y.; Chang, A.; et al. Hyaluronan accumulates in demyelinated lesions and inhibits oligodendrocyte progenitor maturation. Nat. Med. 2005, 11, 966–972. [Google Scholar] [CrossRef]

	



Marella, M.; Jadin, L.; Keller, G.A.; Sugarman, B.J.; Frost, G.I.; Shepard, H.M. KIAA1199 Expression and Hyaluronan Degradation Colocalize in Multiple Sclerosis Lesions. Glycobiology 2018, 28, 958–967. [Google Scholar] [CrossRef]

	



Nagy, N.; Kuipers, H.F.; Marshall, P.L.; Wang, E.; Kaber, G.; Bollyky, P.L. Hyaluronan in immune dysregulation and autoimmune diseases. Matrix Biol. 2019, 78–79, 292–313. [Google Scholar] [CrossRef]

	



Dzwonek, J.; Wilczynski, G.M. CD44: Molecular interactions, signaling and functions in the nervous system. Front. Cell. Neurosci. 2015, 9, 175. [Google Scholar] [CrossRef]

	



Akiyama, H.; Tooyama, I.; Kawamata, T.; Ikeda, K.; McGeer, P.L. Morphological diversities of CD44 positive astrocytes in the cerebral cortex of normal subjects and patients with Alzheimer’s disease. Brain Res. 1993, 632, 249–259. [Google Scholar] [CrossRef]

	



Zhang, Q.; Pei, S.; Zhou, Z.; Wang, Z.; Peng, Y.; Chen, J.; Wang, H. High Level of Serum and Cerebrospinal Fluid of Heparan Sulfate and Hyaluronic Acid Might Be a Biomarker of Severity of Neuromyelitis Optica. Front. Immunol. 2021, 12, 705536. [Google Scholar] [CrossRef] [PubMed]

	



Sherman, L.S.; Matsumoto, S.; Su, W.; Srivastava, T.; Back, S.A. Hyaluronan Synthesis, Catabolism, and Signaling in Neurodegenerative Diseases. Int. J. Cell Biol. 2015, 2015, 368584. [Google Scholar] [CrossRef]

	



Bourguignon, L.Y.W.; Gilad, E.; Peyrollier, K.; Brightman, A.; Swanson, R. Hyaluronan-CD44 interaction stimulates Rac1 signaling and PKNγ kinase activation leading to cytoskeleton function and cell migration in astrocytes. J. Neurochem. 2007, 101, 1002–1017. [Google Scholar] [CrossRef] [PubMed]

	



Sherman, L.S.; Struve, J.N.; Rangwala, R.; Wallingford, N.M.; Tuohy, T.M.; Kuntz, C. Hyaluronate-based extracellular matrix: Keeping glia in their place. Glia 2002, 38, 93–102. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Li, Z.-X.; Jin, T.; Wang, Z.-Y.; Zhao, P. Tau Pathology Promotes the Reorganization of the Extracellular Matrix and Inhibits the Formation of Perineuronal Nets by Regulating the Expression and the Distribution of Hyaluronic Acid Synthases. J. Alzheimer’s Dis. 2017, 57, 395–409. [Google Scholar] [CrossRef] [PubMed]

	



Akiyama, H.; Barger, S.; Barnum, S.; Bradt, B.; Bauer, J.; Cole, G.M.; Cooper, N.R.; Eikelenboom, P.; Emmerling, M.; Fiebich, B.L.; et al. Inflammation and Alzheimer’s disease. Neurobiol. Aging 2000, 21, 383–421. [Google Scholar] [CrossRef]

	



Reed, M.J.; Damodarasamy, M.; Pathan, J.L.; Chan, C.K.; Spiekerman, C.; Wight, T.N.; Banks, W.A.; Day, A.J.; Vernon, R.B.; Keene, C.D. Increased Hyaluronan and TSG-6 in Association with Neuropathologic Changes of Alzheimer’s Disease. J. Alzheimer’s Dis. 2019, 67, 91–102. [Google Scholar] [CrossRef]

	



Day, A.J.; Milner, C.M. TSG-6: A multifunctional protein with anti-inflammatory and tissue-protective properties. Matrix Biol. 2018, 78–79, 60–83. [Google Scholar] [CrossRef]

	



Coulson-Thomas, V.J.; Lauer, M.E.; Soleman, S.; Zhao, C.; Hascall, V.C.; Day, A.J.; Fawcett, J.W. Tumor Necrosis Factor-stimulated Gene-6 (TSG-6) Is Constitutively Expressed in Adult Central Nervous System (CNS) and Associated with Astrocyte-mediated Glial Scar Formation following Spinal Cord Injury. J. Biol. Chem. 2016, 291, 19939–19952. [Google Scholar] [CrossRef]

	



Ghorbani, S.; Jelinek, E.; Jain, R.; Buehner, B.; Li, C.; Lozinski, B.M.; Sarkar, S.; Kaushik, D.K.; Dong, Y.; Wight, T.N.; et al. Versican promotes T helper 17 cytotoxic inflammation and impedes oligodendrocyte precursor cell remyelination. Nat. Commun. 2022, 13, 2445. [Google Scholar] [CrossRef] [PubMed]

	



Warford, J.R.; Lamport, A.-C.; Clements, D.R.; Malone, A.; Kennedy, B.E.; Kim, Y.; Gujar, S.A.; Hoskin, D.W.; Easton, A.S. Surfen, a proteoglycan binding agent, reduces inflammation but inhibits remyelination in murine models of Multiple Sclerosis. Acta Neuropathol. Commun. 2018, 6, 4. [Google Scholar] [CrossRef] [PubMed]

	



Stephenson, E.L.; Zhang, P.; Ghorbani, S.; Wang, A.; Gu, J.; Keough, M.B.; Rawji, K.S.; Silva, C.; Yong, V.W.; Ling, C.-C. Targeting the Chondroitin Sulfate Proteoglycans: Evaluating Fluorinated Glucosamines and Xylosides in Screens Pertinent to Multiple Sclerosis. ACS Cent. Sci. 2019, 5, 1223–1234. [Google Scholar] [CrossRef]

	



Kuboyama, K.; Tanga, N.; Suzuki, R.; Fujikawa, A.; Noda, M. Protamine neutralizes chondroitin sulfate proteoglycan-mediated inhibition of oligodendrocyte differentiation. PLoS ONE 2017, 12, e0189164. [Google Scholar] [CrossRef] [PubMed]

	



Feliu, A.; Mestre, L.; Carrillo-Salinas, F.J.; Yong, V.W.; Mecha, M.; Guaza, C. 2-arachidonoylglycerol reduces chondroitin sulphate proteoglycan production by astrocytes and enhances oligodendrocyte differentiation under inhibitory conditions. Glia 2020, 68, 1255–1273. [Google Scholar] [CrossRef] [PubMed]

	



Lemonsab, M.L.; Howlandab, D.R.; Anderson, D.K. Chondroitin Sulfate Proteoglycan Immunoreactivity Increases Following Spinal Cord Injury and Transplantation. Exp. Neurol. 1999, 160, 51–65. [Google Scholar] [CrossRef]

	



Alonge, K.M.; Logsdon, A.F.; Murphree, T.A.; Banks, W.A.; Keene, C.D.; Edgar, J.S.; Whittington, D.; Schwartz, M.W.; Guttman, M. Quantitative analysis of chondroitin sulfate disaccharides from human and rodent fixed brain tissue by electrospray ionization-tandem mass spectrometry. Glycobiology 2019, 29, 847–860. [Google Scholar] [CrossRef]

	



Paveliev, M.; Fenrich, K.; Kislin, M.; Kuja-Panula, J.; Kulesskiy, E.; Varjosalo, M.; Kajander, T.; Mugantseva, E.; Ahonen-Bishopp, A.; Khiroug, L.; et al. HB-GAM (pleiotrophin) reverses inhibition of neural regeneration by the CNS extracellular matrix. Sci. Rep. 2016, 6, 33916. [Google Scholar] [CrossRef]

	



Howell, M.D.; Bailey, L.A.; Cozart, M.A.; Gannon, B.M.; Gottschall, P.E. Hippocampal administration of chondroitinase ABC increases plaque-adjacent synaptic marker and diminishes amyloid burden in aged APPswe/PS1dE9 mice. Acta Neuropathol. Commun. 2015, 3, 54. [Google Scholar] [CrossRef]

	



Fawcett, J.W. The extracellular matrix in plasticity and regeneration after CNS injury and neurodegenerative disease. Prog. Brain Res. 2015, 218, 213–226. [Google Scholar] [CrossRef]

	



Yoshioka, N.; Miyata, S.; Tamada, A.; Watanabe, Y.; Kawasaki, A.; Kitagawa, H.; Takao, K.; Miyakawa, T.; Takeuchi, K.; Igarashi, M. Abnormalities in perineuronal nets and behavior in mice lacking CSGalNAcT1, a key enzyme in chondroitin sulfate synthesis. Mol. Brain 2017, 10, 47. [Google Scholar] [CrossRef] [PubMed]

	



Lindahl, B.; Eriksson, L.; Spillmann, D.; Caterson, B.; Lindahl, U. Selective Loss of Cerebral Keratan Sulfate in Alzheimer’s Disease. J. Biol. Chem. 1996, 271, 16991–16994. [Google Scholar] [CrossRef]

	



Bruinsma, I.B.; Riet, L.T.; Gevers, T.; Dam, G.B.T.; van Kuppevelt, T.H.; David, G.; Küsters, B.; de Waal, R.M.W.; Verbeek, M.M. Sulfation of heparan sulfate associated with amyloid-β plaques in patients with Alzheimer’s disease. Acta Neuropathol. 2010, 119, 211–220. [Google Scholar] [CrossRef] [PubMed]

	



Stone, D.M.; Nikolics, K. Tissue- and age-specific expression patterns of alternatively spliced agrin mRNA transcripts in embryonic rat suggest novel developmental roles. J. Neurosci. 1995, 15, 6767–6778. [Google Scholar] [CrossRef] [PubMed]

	



Hileman, R.E.; Fromm, J.R.; Weiler, J.M.; Linhardt, R.J. Glycosaminoglycan-protein interactions: Definition of consensus sites in glycosaminoglycan binding proteins. Bioessays 1998, 20, 156–167. [Google Scholar] [CrossRef]

	



Holm Nielsen, E.; Nybo, M.; Junker, K.; Toftedal Hansen, P.; Rasmussen, I.M.; Svehag, S.E. Localization of Human Serum Amyloid P Component and Heparan Sulfate Proteoglycan in In Vitro-Formed Abeta Fibrils. Scand. J. Immunol. 2000, 52, 110–112. [Google Scholar] [CrossRef]

	



Song, L.; Oseid, D.E.; Wells, E.A.; Coaston, T.; Robinson, A.S. Heparan Sulfate Proteoglycans (HSPGs) Serve as the Mediator Between Monomeric Tau and Its Subsequent Intracellular ERK1/2 Pathway Activation. J. Mol. Neurosci. 2022, 72, 772–791. [Google Scholar] [CrossRef]

	



Snow, A.D.; Cummings, J.A.; Lake, T. The Unifying Hypothesis of Alzheimer’s Disease: Heparan Sulfate Proteoglycans/Glycosaminoglycans Are Key as First Hypothesized over 30 Years Ago. Front. Aging Neurosci. 2021, 13, 710683. [Google Scholar] [CrossRef]

	



Snow, A.D.; Willmer, J.P.; Kisilevsky, R. Sulfated glycosaminoglycans in Alzheimer’s disease. Hum. Pathol. 1987, 18, 506–510. [Google Scholar] [CrossRef]

	



Liu, I.-H.; Uversky, V.N.; Munishkina, L.A.; Fink, A.L.; Halfter, W.; Cole, G.J. Agrin binds α-synuclein and modulates α-synuclein fibrillation. Glycobiology 2005, 15, 1320–1331. [Google Scholar] [CrossRef]

	



Mehra, S.; Ghosh, D.; Kumar, R.; Mondal, M.; Gadhe, L.G.; Das, S.; Anoop, A.; Jha, N.N.; Jacob, R.S.; Chatterjee, D.; et al. Glycosaminoglycans have variable effects on α-synuclein aggregation and differentially affect the activities of the resulting amyloid fibrils. J. Biol. Chem. 2018, 293, 12975–12991. [Google Scholar] [CrossRef] [PubMed]

	



Ramachandran, G.; Udgaonkar, J.B. Understanding the Kinetic Roles of the Inducer Heparin and of Rod-like Protofibrils during Amyloid Fibril Formation by Tau Protein. J. Biol. Chem. 2011, 286, 38948–38959. [Google Scholar] [CrossRef] [PubMed]

	



Huynh, M.B.; Ouidja, M.O.; Chantepie, S.; Carpentier, G.; Maïza, A.; Zhang, G.; Vilares, J.; Raisman-Vozari, R.; Papy-Garcia, D. Glycosaminoglycans from Alzheimer’s disease hippocampus have altered capacities to bind and regulate growth factors activities and to bind tau. PLoS ONE 2019, 14, e0209573. [Google Scholar] [CrossRef] [PubMed]

	



Gutowski, N.J.; Newcombe, J.; Cuzner, M.L. Tenascin-R and C in multiple sclerosis lesions: Relevance to extracellular matrix remodelling. Neuropathol. Appl. Neurobiol. 1999, 25, 207–214. [Google Scholar] [CrossRef] [PubMed]

	



Sikkema, A.H.; Stoffels, J.M.J.; Wang, P.; Basedow, F.J.; Bulsink, R.; Bajramovic, J.J.; Baron, W. Fibronectin aggregates promote features of a classically and alternatively activated phenotype in macrophages. J. Neuroinflamm. 2018, 15, 218. [Google Scholar] [CrossRef] [PubMed]

	



Siddiqui, S.; Kamal, A.; Khan, F.; Jamali, K.S.; Saify, Z.S. Gallic and vanillic acid suppress inflammation and promote myelination in an in vitro mouse model of neurodegeneration. Mol. Biol. Rep. 2019, 46, 997–1011. [Google Scholar] [CrossRef]

	



Xie, K.; Liu, Y.; Hao, W.; Walter, S.; Penke, B.; Hartmann, T.; Schachner, M.; Fassbender, K. Tenascin-C deficiency ameliorates Alzheimer’s disease-related pathology in mice. Neurobiol. Aging 2013, 34, 2389–2398. [Google Scholar] [CrossRef]

	



Mi, Z.; Halfter, W.; Abrahamson, E.E.; Klunk, W.E.; Mathis, C.A.; Mufson, E.J.; Ikonomovic, M.D. Tenascin-C Is Associated with Cored Amyloid-β Plaques in Alzheimer Disease and Pathology Burdened Cognitively Normal Elderly. J. Neuropathol. Exp. Neurol. 2016, 75, 868–876. [Google Scholar] [CrossRef]

	



Zhao, N.; Meng, J.; Jiang, W.; Xu, W.; Liu, C.; Wang, F. Study on the relationships between molecular weights of chondroitin sulfate oligosaccharides and Aβ-induced oxidative stress and the related mechanisms. Glycobiology 2021, 31, 492–507. [Google Scholar] [CrossRef]

	



Minta, K.; Portelius, E.; Janelidze, S.; Hansson, O.; Zetterberg, H.; Blennow, K.; Andreasson, U. Cerebrospinal Fluid Concentrations of Extracellular Matrix Proteins in Alzheimer’s Disease. J. Alzheimer’s Dis. 2019, 69, 1213–1220. [Google Scholar] [CrossRef]

	



Jayakumar, A.R.; Tong, X.Y.; Curtis, K.M.; Ruiz-Cordero, R.; Shamaladevi, N.; Abuzamel, M.; Johnstone, J.; Gaidosh, G.; Rao, K.V.R.; Norenberg, M.D. Decreased astrocytic thrombospondin-1 secretion after chronic ammonia treatment reduces the level of synaptic proteins: In vitro and in vivo studies. J. Neurochem. 2014, 131, 333–347. [Google Scholar] [CrossRef]

	



Son, S.M.; Nam, D.W.; Cha, M.-Y.; Kim, K.H.; Byun, J.; Ryu, H.; Mook-Jung, I. Thrombospondin-1 prevents amyloid beta–mediated synaptic pathology in Alzheimer’s disease. Neurobiol. Aging 2015, 36, 3214–3227. [Google Scholar] [CrossRef] [PubMed]

	



Rao, K.V.R.; Curtis, K.; Johnstone, J.T.; Norenberg, M.D. Amyloid-β Inhibits Thrombospondin 1 Release From Cultured Astrocytes: Effects on Synaptic Protein Expression. J. Neuropathol. Exp. Neurol. 2013, 72, 735–744. [Google Scholar] [CrossRef]

	



Kim, D.H.; Lim, H.; Lee, D.; Choi, S.J.; Oh, W.; Yang, Y.S.; Oh, J.S.; Hwang, H.H.; Jeon, H.B. Thrombospondin-1 secreted by human umbilical cord blood-derived mesenchymal stem cells rescues neurons from synaptic dysfunction in Alzheimer’s disease model. Sci. Rep. 2018, 8, 354. [Google Scholar] [CrossRef]

	



Kang, S.; Byun, J.; Son, S.; Mook-Jung, I. Thrombospondin-1 protects against Aβ-induced mitochondrial fragmentation and dysfunction in hippocampal cells. Cell Death Discov. 2018, 4, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Birol, M.; Wojcik, S.P.; Miranker, A.D.; Rhoades, E. Identification of N-linked glycans as specific mediators of neuronal uptake of acetylated α-Synuclein. PLoS Biol. 2019, 17, e3000318. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Young, J.I.; Gomez, L.; Silva, T.C.; Schmidt, M.A.; Cai, J.; Chen, X.; Martin, E.R.; Wang, L. Sex-specific DNA methylation differences in Alzheimer’s disease pathology. Acta Neuropathol. Commun. 2021, 9, 77. [Google Scholar] [CrossRef]

	



Van Hove, I.; Lemmens, K.; van de Velde, S.; Verslegers, M.; Moons, L. Matrix metalloproteinase-3 in the central nervous system: A look on the bright side. J. Neurochem. 2012, 123, 203–216. [Google Scholar] [CrossRef]

	



Skuljec, J.; Gudi, V.; Ulrich, R.; Frichert, K.; Yildiz, O.; Pul, R.; Voss, E.V.; Wissel, K.; Baumgärtner, W.; Stangel, M. Matrix Metalloproteinases and Their Tissue Inhibitors in Cuprizone-Induced Demyelination and Remyelination of Brain White and Gray Matter. J. Neuropathol. Exp. Neurol. 2011, 70, 758–769. [Google Scholar] [CrossRef]

	



Shiryaev, S.A.; Remacle, A.G.; Savinov, A.Y.; Chernov, A.V.; Cieplak, P.; Radichev, I.A.; Williams, R.; Shiryaeva, T.N.; Gawlik, K.; Postnova, T.I.; et al. Inflammatory Proprotein Convertase-Matrix Metalloproteinase Proteolytic Pathway in Antigen-presenting Cells as a Step to Autoimmune Multiple Sclerosis. J. Biol. Chem. 2009, 284, 30615–30626. [Google Scholar] [CrossRef]

	



Ogata, Y.; Enghild, J.J.; Nagase, H. Matrix metalloproteinase 3 (stromelysin) activates the precursor for the human matrix metal-loproteinase 9. J. Biol. Chem. 1992, 267, 3581–3584. [Google Scholar] [CrossRef]

	



DaSilva, A.G.; Liaw, L.; Yong, V.W. Cleavage of Osteopontin by Matrix Metalloproteinase-12 Modulates Experimental Autoimmune Encephalomyelitis Disease in C57BL/6 Mice. Am. J. Pathol. 2010, 177, 1448–1458. [Google Scholar] [CrossRef] [PubMed]

	



Hur, E.M.; Youssef, S.; Haws, M.E.; Zhang, S.Y.; Sobel, R.A.; Steinman, L. Osteopontin-induced relapse and progression of autoimmune brain disease through enhanced survival of activated T cells. Nat. Immunol. 2007, 8, 74–83. [Google Scholar] [CrossRef] [PubMed]

	



Castellazzi, M.; Ligi, D.; Contaldi, E.; Quartana, D.; Fonderico, M.; Borgatti, L.; Bellini, T.; Trentini, A.; Granieri, E.; Fainardi, E.; et al. Multiplex Matrix Metalloproteinases Analysis in the Cerebrospinal Fluid Reveals Potential Specific Patterns in Multiple Sclerosis Patients. Front. Neurol. 2018, 9, 1080. [Google Scholar] [CrossRef]

	



Larsen, P.H.; Wells, J.E.; Stallcup, W.B.; Opdenakker, G.; Yong, V.W. Matrix Metalloproteinase-9 Facilitates Remyelination in Part by Processing the Inhibitory NG2 Proteoglycan. J. Neurosci. 2003, 23, 11127–11135. [Google Scholar] [CrossRef]

	



Anthony, D.; Miller, K.; Fearn, S.; Townsend, M.; Opdenakker, G.; Wells, G.; Clements, J.; Chandler, S.; Gearing, A.; Perry, V. Matrix metalloproteinase expression in an experimentally-induced DTH model of multiple sclerosis in the rat CNS. J. Neuroimmunol. 1998, 87, 62–72. [Google Scholar] [CrossRef]

	



Rosenberg, G.A. Matrix metalloproteinases in neuroinflammation. Glia 2002, 39, 279–291. [Google Scholar] [CrossRef]

	



Ogier, C.; Bernard, A.; Chollet, A.-M.; LE Diguardher, T.; Hanessian, S.; Charton, G.; Khrestchatisky, M.; Rivera, S. Matrix metalloproteinase-2 (MMP-2) regulates astrocyte motility in connection with the actin cytoskeleton and integrins. Glia 2006, 54, 272–284. [Google Scholar] [CrossRef]

	



De Jong, J.M.; Wang, P.; Oomkens, M.; Baron, W. Remodeling of the interstitial extracellular matrix in white matter multiple sclerosis lesions: Implications for remyelination (failure). J. Neurosci. Res. 2020, 98, 1370–1397. [Google Scholar] [CrossRef]

	



Cossins, J.A.; Clements, J.M.; Ford, J.; Miller, K.M.; Pigott, R.; Vos, W.; van der Valk, P.; De Groot, C.J.A. Enhanced expression of MMP-7 and MMP-9 in demyelinating multiple sclerosis lesions. Acta Neuropathol. 1997, 94, 590–598. [Google Scholar] [CrossRef]

	



Mohan, H.; Krumbholz, M.; Sharma, R.; Eisele, S.; Junker, A.; Sixt, M.; Newcombe, J.; Wekerle, H.; Hohlfeld, R.; Lassmann, H.; et al. Extracellular Matrix in Multiple Sclerosis Lesions: Fibrillar Collagens, Biglycan and Decorin are Upregulated and Associated with Infiltrating Immune Cells. Brain Pathol. 2010, 20, 966–975. [Google Scholar] [CrossRef] [PubMed]

	



Leppert, D.; Ford, J.; Stabler, G.; Grygar, C.; Lienert, C.; Huber, S.; Miller, K.M.; Hauser, S.L.; Kappos, L. Matrix metalloproteinase-9 (gelatinase B) is selectively elevated in CSF during relapses and stable phases of multiple sclerosis. Brain 1998, 121 Pt 12, 2327–2334. [Google Scholar] [CrossRef] [PubMed]

	



Beuche, W.; Yushchenko, M.; Mäder, M.; Maliszewska, M.; Felgenhauer, K.; Weber, F. Matrix metalloproteinase-9 is elevated in serum of patients with amyotrophic lateral sclerosis. NeuroReport 2000, 11, 3419–3422. [Google Scholar] [CrossRef]

	



Hernandes-Alejandro, M.; Montaño, S.; Harrington, C.R.; Wischik, C.M.; Salas-Casas, A.; Cortes-Reynosa, P.; Salazar, E.P.; Cazares-Apatiga, J.; Apatiga-Perez, R.; Torres, M.O.; et al. Analysis of the Relationship Between Metalloprotease-9 and Tau Protein in Alzheimer’s Disease. J. Alzheimer’s Dis. 2020, 76, 553–569. [Google Scholar] [CrossRef] [PubMed]

	



Baig, S.; Kehoe, P.; Love, S. MMP-2, -3 and -9 levels and activity are not related to Aβ load in the frontal cortex in Alzheimer’s disease. Neuropathol. Appl. Neurobiol. 2008, 34, 205–215. [Google Scholar] [CrossRef]

	



Rivera, S.; García-González, L.; Khrestchatisky, M.; Baranger, K. Metalloproteinases and their tissue inhibitors in Alzheimer’s disease and other neurodegenerative disorders. Cell. Mol. Life Sci. 2019, 76, 3167–3191. [Google Scholar] [CrossRef]

	



Brkic, M.; Balusu, S.; van Wonterghem, E.; Gorlé, N.; Benilova, I.; Kremer, A.; van Hove, I.; Moons, L.; De Strooper, B.; Kanazir, S.; et al. Amyloid Oligomers Disrupt Blood-CSF Barrier Integrity by Activating Matrix Metalloproteinases. J. Neurosci. 2015, 35, 12766–12778. [Google Scholar] [CrossRef]

	



Deb, S.; Gottschall, P.E. Increased Production of Matrix Metalloproteinases in Enriched Astrocyte and Mixed Hippocampal Cultures Treated with β-Amyloid Peptides. J. Neurochem. 1996, 66, 1641–1647. [Google Scholar] [CrossRef]

	



Backstrom, J.R.; Lim, G.P.; Cullen, M.J.; Tökés, Z.A. Matrix Metalloproteinase-9 (MMP-9) Is Synthesized in Neurons of the Human Hippocampus and Is Capable of Degrading the Amyloid-β Peptide (1–40). J. Neurosci. 1996, 16, 7910–7919. [Google Scholar] [CrossRef]

	



Wen, T.H.; Binder, D.K.; Ethell, I.M.; Razak, K.A. The Perineuronal ‘Safety’ Net? Perineuronal Net Abnormalities in Neuro-logical Disorders. Front. Mol. Neurosci. 2018, 11, 270. [Google Scholar] [CrossRef]

	



Wen, T.H.; Afroz, S.; Reinhard, S.M.; Palacios, A.R.; Tapia, K.; Binder, D.K.; Razak, K.A.; Ethell, I.M. Genetic Reduction of Matrix Metalloproteinase-9 Promotes Formation of Perineuronal Nets Around Parvalbumin-Expressing Interneurons and Normalizes Auditory Cortex Responses in Developing Fmr1 Knock-Out Mice. Cereb. Cortex 2018, 28, 3951–3964. [Google Scholar] [CrossRef] [PubMed]

	



Mizoguchi, H.; Takuma, K.; Fukuzaki, E.; Ibi, D.; Someya, E.; Akazawa, K.-H.; Alkam, T.; Tsunekawa, H.; Mouri, A.; Noda, Y.; et al. Matrix Metalloprotease-9 Inhibition Improves Amyloid β-Mediated Cognitive Impairment and Neurotoxicity in Mice. J. Pharmacol. Exp. Ther. 2009, 331, 14–22. [Google Scholar] [CrossRef]

	



Fragkouli, A.; Tsilibary, E.C.; Tzinia, A.K. Neuroprotective role of MMP-9 overexpression in the brain of Alzheimer’s 5xFAD mice. Neurobiol. Dis. 2014, 70, 179–189. [Google Scholar] [CrossRef] [PubMed]

	



Aston-Mourney, K.; Zraika, S.; Udayasankar, J.; Subramanian, S.L.; Green, P.S.; Kahn, S.E.; Hull, R.L. Matrix Metalloproteinase-9 Reduces Islet Amyloid Formation by Degrading Islet Amyloid Polypeptide. J. Biol. Chem. 2013, 288, 3553–3559. [Google Scholar] [CrossRef] [PubMed]

	



Guillamon, M.M.H.; Mawhirt, S.; Blais, S.; Montaner, J.; Neubert, T.; Rostagno, A.; Ghiso, J. Sequential Amyloid-β Degradation by the Matrix Metalloproteases MMP-2 and MMP-9. J. Biol. Chem. 2015, 290, 15078–15091. [Google Scholar] [CrossRef] [PubMed]

	



Brezovakova, V.; Sykova, E.; Jadhav, S. Astrocytes Derived from Familial and Sporadic Alzheimer’s Disease iPSCs Show Altered Calcium Signaling and Respond Differently to Misfolded Protein Tau. Cells 2022, 11, 1429. [Google Scholar] [CrossRef]

	



Terni, B.; Ferrer, I. Abnormal Expression and Distribution of MMP2 at Initial Stages of Alzheimer’s Disease-Related Pathology. J. Alzheimer’s Dis. 2015, 46, 461–469. [Google Scholar] [CrossRef]

	



Taniguchi, M.; Matsuura, K.; Nakamura, R.; Kojima, A.; Konishi, M.; Akizawa, T. MMP-7 cleaves amyloid β fragment peptides and copper ion inhibits the degradation. BioMetals 2017, 30, 797–807. [Google Scholar] [CrossRef]

	



Liao, M.-C.; van Nostrand, W.E. Degradation of Soluble and Fibrillar Amyloid β-Protein by Matrix Metalloproteinase (MT1-MMP) in Vitro. Biochemistry 2010, 49, 1127–1136. [Google Scholar] [CrossRef]

	



Nübling, G.; Levin, J.; Bader, B.; Israel, L.; Bötzel, K.; Lorenzl, S.; Giese, A. Limited cleavage of tau with matrix-metalloproteinase MMP-9, but not MMP-3, enhances tau oligomer formation. Exp. Neurol. 2012, 237, 470–476. [Google Scholar] [CrossRef]

	



Pilat, D.; Paumier, J.-M.; García-González, L.; Louis, L.; Stephan, D.; Manrique, C.; Khrestchatisky, M.; Di Pasquale, E.; Baranger, K.; Rivera, S. MT5-MMP promotes neuroinflammation, neuronal excitability and Aβ production in primary neuron/astrocyte cultures from the 5xFAD mouse model of Alzheimer’s disease. J. Neuroinflamm. 2022, 19, 65. [Google Scholar] [CrossRef] [PubMed]

	



Baranger, K.; Marchalant, Y.; Bonnet, A.E.; Crouzin, N.; Carrete, A.; Paumier, J.-M.; Py, N.A.; Bernard, A.; Bauer, C.; Charrat, E.; et al. MT5-MMP is a new pro-amyloidogenic proteinase that promotes amyloid pathology and cognitive decline in a transgenic mouse model of Alzheimer’s disease. Experientia 2016, 73, 217–236. [Google Scholar] [CrossRef] [PubMed]

	



Pentz, R.; Iulita, M.F.; Mikutra-Cencora, M.; Ducatenzeiler, A.; Bennett, D.A.; Cuello, A.C. A new role for matrix metalloproteinase-3 in the NGF metabolic pathway: Proteolysis of mature NGF and sex-specific differences in the continuum of Alzheimer’s pathology. Neurobiol. Dis. 2021, 148, 105150. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, L.; Arbel-Ornath, M.; Wang, X.; Betensky, R.A.; Greenberg, S.M.; Frosch, M.P.; Bacskai, B.J. Matrix metalloproteinase 9–mediated intracerebral hemorrhage induced by cerebral amyloid angiopathy. Neurobiol. Aging 2015, 36, 2963–2971. [Google Scholar] [CrossRef] [PubMed]

	



Du, H.; Li, P.; Wang, J.; Qing, X.; Li, W. The Interaction of Amyloid β and the Receptor for Advanced Glycation Endproducts Induces Matrix Metalloproteinase-2 Expression in Brain Endothelial Cells. Cell. Mol. Neurobiol. 2012, 32, 141–147. [Google Scholar] [CrossRef]

	



Li, W.; Poteet, E.; Xie, L.; Liu, R.; Wen, Y.; Yang, S.-H.; Li, W.; Poteet, E.; Xie, L.; Liu, R.; et al. Regulation of matrix metalloproteinase 2 by oligomeric amyloid β protein. Brain Res. 2011, 1387, 141–148. [Google Scholar] [CrossRef]

	



Ridnour, L.A.; Dhanapal, S.; Hoos, M.; Wilson, J.; Lee, J.; Cheng, R.Y.S.; Brueggemann, E.E.; Hines, H.B.; Wilcock, D.M.; Vitek, M.P.; et al. Nitric oxide-mediated regulation of β-amyloid clearance via alterations of MMP-9/TIMP-1. J. Neurochem. 2012, 123, 736–749. [Google Scholar] [CrossRef]

	



Achilli, C.; Ciana, A.; Minetti, G. Amyloid-beta (25–35) peptide induces the release of pro-matrix metalloprotease 9 (pro-MMP-9) from human neutrophils. Mol. Cell. Biochem. 2014, 397, 117–123. [Google Scholar] [CrossRef]

	



Choi, J.; Kwon, H.; Han, H.K.A.P.-L. Hyperoxygenation Treatment Reduces Beta-amyloid Deposition via MeCP2-dependent Upregulation of MMP-2 and MMP-9 in the Hippocampus of Tg-APP/PS1 Mice. Exp. Neurobiol. 2021, 30, 294–307. [Google Scholar] [CrossRef]

	



Merlo, S.; Sortino, M.A. Estrogen activates matrix metalloproteinases-2 and -9 to increase beta amyloid degradation. Mol. Cell. Neurosci. 2012, 49, 423–429. [Google Scholar] [CrossRef]

	



Porter, K.N.; Sarkar, S.N.; Dakhlallah, D.A.; Vannoy, M.E.; Quintana, D.D.; Simpkins, J.W. Medroxyprogesterone Acetate Impairs Amyloid Beta Degradation in a Matrix Metalloproteinase-9 Dependent Manner. Front. Aging Neurosci. 2020, 12, 92. [Google Scholar] [CrossRef] [PubMed]

	



Du, J.; Li, S.; Su, Y.; Wang, H.; Liu, H.; Cui, H. The role of extracellular matrix metalloproteinase inducer on the action of dihydrotestosterone against the cellular damage induced by Aβ42. Mol. Cell. Endocrinol. 2019, 498, 110536. [Google Scholar] [CrossRef] [PubMed]

	



Patel, A.; Vasanthan, V.; Fu, W.; Fahlman, R.P.; MacTavish, D.; Jhamandas, J.H. Histamine induces the production of matrix metalloproteinase-9 in human astrocytic cultures via H1-receptor subtype. Brain Struct. Funct. 2016, 221, 1845–1860. [Google Scholar] [CrossRef] [PubMed]

	



Wilcock, D.M.; Morgan, D.; Gordon, M.N.; Taylor, T.L.; Ridnour, L.A.; Wink, D.A.; Colton, C.A. Activation of matrix metalloproteinases following anti-Aβ immunotherapy; implications for microhemorrhage occurrence. J. Neuroinflamm. 2011, 8, 115. [Google Scholar] [CrossRef]

	



Ciccone, L.; Vandooren, J.; Nencetti, S.; Orlandini, E. Natural Marine and Terrestrial Compounds as Modulators of Matrix Metalloproteinases-2 (MMP-2) and MMP-9 in Alzheimer’s Disease. Pharmaceuticals 2021, 14, 86. [Google Scholar] [CrossRef]

	



Adeli, S.; Zahmatkesh, M.; Dezfouli, M.A. Simvastatin Attenuates Hippocampal MMP-9 Expression in the Streptozotocin-Induced Cognitive Impairment. Iran. Biomed. J. 2010, 23, 262–271. [Google Scholar] [CrossRef]

	



Garcia-Alloza, M.; Prada, C.; Lattarulo, C.; Fine, S.; Borrelli, L.A.; Betensky, R.; Greenberg, S.M.; Frosch, M.P.; Bacskai, B.J. Matrix metalloproteinase inhibition reduces oxidative stress associated with cerebral amyloid angiopathy in vivo in transgenic mice. J. Neurochem. 2009, 109, 1636–1647. [Google Scholar] [CrossRef]

	



Mroczko, B.; Groblewska, M.; Zboch, M.; Kulczyńska, A.; Koper, O.M.; Szmitkowski, M.; Kornhuber, J.; Lewczuk, P. Concentrations of Matrix Metalloproteinases and their Tissue Inhibitors in the Cerebrospinal Fluid of Patients with Alzheimer’s Disease. J. Alzheimer’s Dis. 2014, 40, 351–357. [Google Scholar] [CrossRef]

	



Mlekusch, R.; Humpel, C. Matrix metalloproteinases-2 and -3 are reduced in cerebrospinal fluid with low beta-amyloid1–42 levels. Neurosci. Lett. 2009, 466, 135–138. [Google Scholar] [CrossRef]

	



Wang, X.-X.; Tan, M.-S.; Yu, J.-T.; Tan, L. Matrix Metalloproteinases and Their Multiple Roles in Alzheimer’s Disease. BioMed Res. Int. 2014, 2014, 908636. [Google Scholar] [CrossRef]

	



Reitz, C.; van Rooij, F.J.; Soares, H.D.; de Maat, M.P.; Hofman, A.; Witteman, J.C.; Breteler, M.M. Matrix metalloproteinase 3 haplotypes and plasma amyloid beta levels: The Rotterdam Study. Neurobiol. Aging 2010, 31, 715–718. [Google Scholar] [CrossRef] [PubMed]

	



Abe, K.; Chiba, Y.; Hattori, S.; Yoshimi, A.; Asami, T.; Katsuse, O.; Suda, A.; Hishimoto, A. Influence of plasma matrix metalloproteinase levels on longitudinal changes in Alzheimer’s disease (AD) biomarkers and cognitive function in patients with mild cognitive impairment due to AD registered in the Alzheimer’s Disease Neuroimaging Initiative database. J. Neurol. Sci. 2020, 416, 116989. [Google Scholar] [CrossRef] [PubMed]

	



Lim, N.K.-H.; Villemagne, V.L.; Soon, C.P.; Laughton, K.M.; Rowe, C.C.; McLean, C.A.; Masters, C.L.; Evin, G.; Li, Q.-X. Investigation of Matrix Metalloproteinases, MMP-2 and MMP-9, in Plasma Reveals a Decrease of MMP-2 in Alzheimer’s Disease. J. Alzheimer’s Dis. 2011, 26, 779–786. [Google Scholar] [CrossRef] [PubMed]

	



Xia, M.; Su, Y.; Fu, J.; Xu, J.; Wang, Q.; Gao, F.; Shen, Y.; Dong, Q.; Cheng, X. The Use of Serum Matrix Metalloproteinases in Cerebral Amyloid Angiopathy-Related Intracerebral Hemorrhage and Cognitive Impairment. J. Alzheimer’s Dis. 2021, 82, 1159–1170. [Google Scholar] [CrossRef] [PubMed]

	



Stomrud, E.; Björkqvist, M.; Janciauskiene, S.; Minthon, L.; Hansson, O. Alterations of matrix metalloproteinases in the healthy elderly with increased risk of prodromal Alzheimer’s disease. Alzheimer’s Res. Ther. 2010, 2, 20. [Google Scholar] [CrossRef]

	



Durmanova, V.; Javor, J.; Parnicka, Z.; Minarik, G.; Ocenasova, A.; Vaseckova, B.; Reznakova, V.; Kralova, M.; Hromadka, T.; Shawkatova, I. Impact of MMP2 rs243865 and MMP3 rs3025058 Polymorphisms on Clinical Findings in Alzheimer’s Disease Patients. Mediat. Inflamm. 2021, 2021, 5573642. [Google Scholar] [CrossRef]

	



Walzer, M.; Lorens, S.; Hejna, M.; Fareed, J.; Hanin, I.; Cornelli, U.; Lee, J.M. Low molecular weight glycosaminoglycan blockade of β-amyloid induced neuropathology. Eur. J. Pharmacol. 2002, 445, 211–220. [Google Scholar] [CrossRef]

	



Kanekiyo, T.; Zhang, L.; Liu, Q.; Liu, C.-C.; Bu, G. Heparan Sulphate Proteoglycan and the Low-Density Lipoprotein Receptor-Related Protein 1 Constitute Major Pathways for Neuronal Amyloid- Uptake. J. Neurosci. 2011, 31, 1644–1651. [Google Scholar] [CrossRef]

	



Donahue, J.E.; Berzin, T.M.; Rafii, M.S.; Glass, D.J.; Yancopoulos, G.D.; Fallon, J.R.; Stopa, E.G. Agrin in Alzheimer’s disease: Altered solubility and abnormal distribution within microvasculature and brain parenchyma. Proc. Natl. Acad. Sci. USA 1999, 96, 6468–6472. [Google Scholar] [CrossRef]

	



Schmidt, S.; Stapf, C.; Schmutzler, S.; Lachmann, I.; Arendt, T.; Holzer, M.; Sonntag, M.; Morawski, M. Aggrecan modulates the expression and phosphorylation of tau in a novel bigenic TauP301L-Acan mouse model. Eur. J. Neurosci. 2021, 53, 3889–3904. [Google Scholar] [CrossRef]








[image: Ijms 23 11085 g001 550] 





Figure 1. Typical components of central nervous system extracellular matrix “ground-substance”. 
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Table 1. Actions and characteristics of MMPs.
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	Name
	Characteristics





	MMP-3/stromelysin-1
	
	-

	
mainly produced by astrocytes [200]




	-

	
generally upregulated following demyelination, exacerbates demyelination [201]




	-

	
leads to disruption of blood–brain barrier [202]




	-

	
helps remyelinization by CSPGs, fibronectin and myelin debris degeneration and increases the bioavailability of growth factors




	-

	
activates other MMPs (e.g., MMP7, MMP9) [200,203]









	MMP-12/macrophage elastase
	
	-

	
produced by microglia/macrophages during demyelination; [201] this activation persists in chronic lesions




	-

	
produced by astrocytes during remyelination: cleaves extracellular matrix and stimulates remyelination [201]




	-

	
cleaves osteopontin, which might induce cell death in activated T-cells: protective factor [204,205]




	-

	
multiple sclerosis patients have lower levels of MMP-12 in their cerebrospinal fluid compared to control [206]









	MMP-9/gelatinase B
	
	-

	
unaltered levels during demyelination [201], but probably takes part




	-

	
upregulated in remyelination: oligodendrocyte process growth, aids oligodendrocyte maturation [201]




	-

	
product of microglia, macrophages [207]




	-

	
disrupts blood–brain barrier, helps inflammatory cells to enter the central nervous system [208]









	MMP-2/gelatinase A
	
	-

	
constitutively expressed in the central nervous system [209,210]




	-

	
probably takes part in blood–brain barrier disruption and demyelination [208]









	MMP-7/matrilysin
	
	-

	
constitutively expressed in the central nervous system [208]




	-

	
potential role: regulator of extracellular matrix turnover under physiological conditions [208]




	-

	
role in multiple sclerosis is not fully understood; probably takes part in inflammatory cell extravasation, and might play a role in demyelination and axon loss [211,212,213]
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Table 2. Role of brain extracellular matrix molecules—results gained from human versus animal studies.
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Regarding

	
Animal Study

	
Human Study




	

	
Species

	
Result

	






	
Molecular weight

dependent

actions of HA in AD

	
Rat

	
Active low molecular weight heparin might be protective against AD pathology or even reverse amyloidosis [259].

	
High molecular weight heparin promotes the conversion of random coils to beta-sheets [175].




	
Contribution of HSPGs to AD pathology

	
Mouse neuronal cells, Chinese hamster ovary cells

	
HSPGs contribute to the cellular uptake of amyloid-beta, which is a clearance mechanism [260].

	
Agrin (a type of HSPG) is accumulated in an insoluble form in AD, likely taking part in amyloid-beta formation. Agrin might also have a role in microvasculature changes occurring in AD [261].




	
Level of protection offered by aggrecan-based PNNs against AD pathology

	
Mouse

	
Aggrecan effects tau protein synthesis and phosphorylation but does not protect against tau pathology per se [262].

	
Aggrecan-based PNNs protect cells from tau pathology [113].




	
Role of tenascins in acute and chronic neuroinflammation

	
Mouse

	
Tenascin-C contributes to the inflammatory aspect of AD and its functional inhibition lessens AD symptoms [189]. Tenascin-R restricts distribution and internalization of tau as a component of PNN [112].

	
Tenascin R and C were downregulated in acute MS plaques. Subacute and chronic plaques showed near-normal levels [186]. Tenascin-C is associated with cored plaques [190].
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