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Perineuronal nets (PNNs) in the brain are condensed glycosaminoglycan-rich extracellular matrix structures with heterogeneous composition yet specific organization. They typically assemble around a subset of fast-spiking interneurons that are implicated in learning and memory. Owing to their unique structural organization, PNNs have neuroprotective capacities but also participate in signal transduction and in controlling neuronal activity and plasticity. In this review, we define PNN structure in detail and describe its various biochemical and physiological functions. We further discuss the role of PNNs in brain disorders such as schizophrenia, bipolar disorder, Alzheimer disease and addictions. Lastly, we describe therapeutic approaches that target PNNs to alter brain physiology and counter brain dysfunction.

Introduction

The extracellular matrix (ECM) represents 10 to 20% of the brain volume [START_REF] Cragg | Brain extracellular space fixed for electron microscopy[END_REF]. In this matrix, glycosaminoglycans (GAGs) play a crucial structural role with hyaluronan (HA) being the major component [START_REF] Bignami | Hyaluronic acid and hyaluronic acidbinding proteins in brain extracellular matrix[END_REF]. Three different ECM compartments exist in the central nervous system (CNS): basement membrane, diffuse matrix and condensed matrix [START_REF] Lau | Pathophysiology of the brain extracellular matrix: a new target for remyelination[END_REF]. Basement membrane is a sheet-like layer made with collagen and laminin that forms a border between endothelial and parenchymal tissue. Diffuse matrix is present in the neural interstitials of brain parenchyma while condensed matrix called perineuronal nets (PNNs) forms around a subset of neurons. These two matrices are further enriched in proteoglycans (PGs).

PNNs were discovered over a century ago by Camillo Golgi but their components and organization are still not fully understood. They are rather heterogeneous structures that enwrap cell bodies and dendrites leaving holes for synaptic contacts.

The most common histological technique to detect PNNs is by using the lectin Wisteria floribunda agglutinin (WFA) which recognizes the N-acetylgalactosamine of sugar chains present in the majority (>80%) of PNNs. WFA histology has revealed PNNs throughout the brain but mostly around fast-spiking parvalbumin interneurons (PV cells), which are highly active neurons that need a specialized microenvironment.

In order to probe PNN function, loss of function experiments typically use chondroitinase ABC (ChABC), which is an enzyme that degrades chondroitin sulfate GAGs down to their disaccharide building blocks. This enzyme can be injected directly into the brain and has revealed the importance of PNNs in PV cell activity, in learning and memory and in certain pathologies.

In this review, we provide a description of known PNN components and subsequent variations that lead to its great heterogeneity. We illustrate how PNNs act as a physical barrier, interact with signaling molecules and regulate neuronal activity.

We also describe its role in various brain functions and its ensuing implication in several brain disorders. Finally, we survey approaches to change PNN expression, which include not only ChABC but also genetic models and more precise molecular tools. Ongoing research into PNNs promises to further our understanding of brain physiology and animal behavior and provide us with novel therapeutics.

PNN structure 2.1 Overview of PNN components

Cerebral ECM is composed of highly diverse GAGs, PGs and proteins that condense through specific interactions around certain neurons to form PNNs. The backbone of PNNs is formed by long GAG chains of HA to which are attached hyaluronan-and proteoglycan-binding link proteins (Hapln) that mediate interaction with PGs. These PGs are further connected by tenascin family proteins. While these numerous interactions form a condensed mesh, PNNs remain dynamic through modulations notably by secreted metalloproteinases that locally degrade PGs. The GAG polysaccharides found within PNNs have varied sequences composed of repeating disaccharide units. Further complexity arises from post-synthesis modifications of the polysaccharides which occur both within source cells and in the ECM.

PNNs are built with diverse components originating not only from the neuron itself but also from surrounding astrocytes and oligodendrocytes (Figure 1). A key aspect of PNN structure is the unique microenvironment determined by the activity-dependent secretion of ECM components by enwrapped neurons and surrounding cells. As such, PNNs do not have defined compositions and structure and are highly heterogeneous throughout the brain. For example, histochemical analysis with three different PG antibodies shows every possible combination of labeling although with some brainregion specificity [START_REF] Matthews | Aggrecan glycoforms contribute to the molecular heterogeneity of perineuronal nets[END_REF]. These antibodies along with WFA are directed mainly towards aggrecan, a chondroitin sulfate proteoglycan (CSPG), and they are taken to reveal PNN assembly. While other PGs, such as heparin sulfate proteoglycans (HSPGs), might be associated with PNNs, they are not considered integral to the PNN scaffold and will not be reviewed here.

Hyaluronan

Hyaluronic acid (or hyaluronan, HA) is a polymer with hundreds of GlcA-GlcNAc disaccharide repeats and is the only GAG in PNNs that is not sulfated nor attached to a core protein [START_REF] Rhodes | Chondroitin sulphate proteoglycans: preventing plasticity or protecting the CNS?[END_REF]. Hyaluronan synthases (HAS) are transmembrane proteins that make HA from the neuron directly into the extracellular space through an extrusion process [START_REF] Brückner | Perineuronal nets provide a polyanionic, glia-associated form of microenvironment around certain neurons in many parts of the rat brain[END_REF]. There are three different isoforms of HAS: HAS1, HAS2, and HAS3. In general, HAS3 synthesizes HA at a slower rate (~10-fold less) and produces shorter polymers (~10 5 Da) than HAS1 and HAS2 (~10 6 Da) [START_REF] Itano | Three isoforms of mammalian hyaluronan synthases have distinct enzymatic properties[END_REF]. These enzymes can be differentially distributed in the brain and at the subcellular level. For example, all three isoforms are expressed in hippocampal neurons but only HAS2 and HAS3 are expressed by cerebellum neurons [START_REF] Carulli | Composition of perineuronal nets in the adult rat cerebellum and the cellular origin of their components[END_REF]. While all three are expressed in the neuron soma, only HAS1 is located in the membranes of axons [START_REF] Li | 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[END_REF]. HA is a key component that orchestrates PNNs by providing the primary scaffold on which PGs attach; HEK cells transfected with HAS3 (and Hapln1) are able to condense ECM to form PNNlike structures [START_REF] Kwok | In vitro modeling of perineuronal nets: hyaluronan synthase and link protein are necessary for their formation and integrity[END_REF]. Due to their large size, HA polymers can bind simultaneously up to a hundred proteins. As HA polymers are extruded with differing lengths, numerous ECM structures and organization lead to differing mechanical properties among PNNs. HA itself provides hydration sites that impact ECM viscosity. While HA can bind various signaling molecules and proteins (CD44, RHAMM, etc.), such interactions have not been observed in PNNs [START_REF] Carulli | Composition of perineuronal nets in the adult rat cerebellum and the cellular origin of their components[END_REF] and other interactions have yet to be documented.

Proteoglycans

GAGs

PGs consist in a core protein to which GAGs are attached, and each GAG is composed of repeated disaccharide units. Each unit contains an amine sugar derived from either galactose (N-acetylgalactosamine, GalNAc) or glucose (Nacetylglucosamine, GlcNAc) coupled to either galactose (Gal) or a uronic acid (glucuronic acid, GlcA, or iduronic acid, IdoA) (Figure 2A). The GAG chondroitin sulfate (CS) is made of GlcA and GalNAc repeats; dermatan sulfate (DS) is made of IdoA and GalNAc; heparan sulfate (HS) is made of GlcA or IdoA and GlcNAc; and keratan sulfate (KS) is made of Gal and GlcNAc (Figure 2B). These GAGs form long homogeneous polymers of disaccharide repeats synthesized by a battery of enzymes.

A tetrasaccharide linkage region of xylose-galactose-galactose-glucuronate is first synthesized by the xylosyltransferase, GalT-I, GalT-II and GlcAT-I (reviewed in [START_REF] Mikami | Biosynthesis and function of chondroitin sulfate[END_REF]). Polymer elongation is carried out by GalNAcT-II and GlcAT-II which add GalNAc and GlcA, respectively. Here, sources of variability are the number of disaccharide repeats, from approximately 20 to 200, and the ratio between different GAGs. In the CNS the ratio of HS:CS is 9:1, but CS are more present in PNNs, which have a ratio of 7:3 to provide specific properties that will be discussed below [START_REF] Deepa | Composition of perineuronal net extracellular matrix in rat brain: a different disaccharide composition for the net-associated proteoglycans[END_REF].

GAGs are linked by the xylose of their tetrasaccharide to a serine of the core protein by β-D-xylosyltransferase [START_REF] Schwartz | Regulation of chondroitin sulfate synthesis. Effect of betaxylosides on synthesis of chondroitin sulfate proteoglycan, chondroitin sulfate chains, and core protein[END_REF].

Core protein

CSPG core proteins are made of two distinct domains: a globular domain G3 in their C-terminus and one or two globular domains (G1 and G2) in their N-terminus (Figure 3). These domains interact with proteins that participate in condensing the ECM into PNNs. The G1 domain contains one immunoglobulin fold module and two PG tandem repeats. The G2 domain is only found in aggrecan and contains two PG tandem repeats. The PG repeats in the G1 domain mediate binding to HA through interaction with Hapln protein family (reviewed in [START_REF] Oohashi | The hyaluronan and proteoglycan link proteins: Organizers of the brain extracellular matrix and key molecules for neuronal function and plasticity[END_REF]). The G3 domain contains an EGF domain, a lectin domain and a complement regulatory protein (CRP)-like domain [START_REF] Yamaguchi | Lecticans: organizers of the brain extracellular matrix[END_REF]. ECM condensation is mediated by a calcium-dependent interaction of the G3 lectin domain with Tenascin-R (Tn-R) [START_REF] Aspberg | The versican C-type lectin domain recognizes the adhesion protein tenascin-R[END_REF] and Tenascin-C (Tn-C) [START_REF] Day | Alternative Splicing in the Aggrecan G3 Domain Influences Binding Interactions with Tenascin-C and Other Extracellular Matrix Proteins[END_REF][START_REF] Rauch | Mapping of a defined neurocan binding site to distinct domains of tenascin-C[END_REF].

Tenascins and Haplns

While the tenascin family is composed of four different glycoproteins, only Tn-R and Tn-C are found in the CNS. Tenascins are expressed in neurons and glial cells [START_REF] Carulli | Chondroitin sulfate proteoglycans in neural development and regeneration[END_REF] and are highly heterogeneous due to splicing events and metalloprotease modifications. Tn-C forms a quaternary structure of two homotrimers, and thus form a hexamer termed hexabrachion, while Tn-R forms either homodimers or homotrimers [START_REF] Lundell | Structural Basis for Interactions between Tenascins and Lectican C-Type Lectin Domains[END_REF]. Tn-R associates with the G3 lectin domain of CSPGs through its fibronectin type III repeats 3-5 and is essential for PNN assembly as confirmed by Tn-R KO mice [START_REF] Brückner | Postnatal development of perineuronal nets in wild-type mice and in a mutant deficient in tenascin-R[END_REF]. See accompanying review by L. Roll and A. Faissner.

Hapln proteins, first characterized in cartilage ECM, stabilize the non-covalent link between HA and lectican G1 domains thus preventing the diffusion of lecticans in the ECM. The Hapln family is composed of four members of which three are found in the CNS: Hapln1 (Crtl1), Hapln2 (brain-specific hyaluronan-binding protein (Bral1)) and Hapln4 (Bral2). Hapln1 and Hapln4 are expressed by neurons that have PNNs, while Hapln2 is expressed by oligodendrocytes and is most commonly found in the ECM of the node of Ranvier bound with versican V2 [START_REF] Oohashi | The hyaluronan and proteoglycan link proteins: Organizers of the brain extracellular matrix and key molecules for neuronal function and plasticity[END_REF]. In the CNS, Hapln1 interacts with most lecticans and Hapln4 with brevican leading to a tripartite complex with CSPG and HA. Hapln1 is necessary and sufficient for PNN assembly, as shown in cell cultures over-expressing HAS3 and Hapln1 [START_REF] Kwok | In vitro modeling of perineuronal nets: hyaluronan synthase and link protein are necessary for their formation and integrity[END_REF] and in Hapln1 KO mice [START_REF] Carulli | Animals lacking link protein have attenuated perineuronal nets and persistent plasticity[END_REF].

Variability of the CSPG family

CSPGs are widely expressed in the CNS and provide diversity and complexity in the ECM through variations in core protein structure and length, in GAG chain length, type and quantity. The CSPG family consists of secreted lecticans and of membranebound phosphacan and NG2 (CSPG4). The lectican family contains four CSPGs: aggrecan (CSPG1), versican (CSPG2), neurocan (CSPG3) and brevican (CSPG7), which have differing core proteins and varying numbers of associated GAG chains (Figure 3).

Modifications during assembly

The aggrecan core protein is the only lectican that contains both G1 and G2 domains and that is decorated by hundreds of GAG chains. Aggrecan is found in almost all PNN-positive neurons and is linked to HA by Hapln1 [START_REF] Galtrey | Distribution and synthesis of extracellular matrix proteoglycans, hyaluronan, link proteins and tenascin-R in the rat spinal cord[END_REF][START_REF] Giamanco | Deconstructing the perineuronal net: cellular contributions and molecular composition of the neuronal extracellular matrix[END_REF]. Versican has two central domains, GAGα and GAGβ, that can be spliced differentially to provide isoforms V0, V1, V2 and V3. In the rat brain, versican V0 and V1 disappear by 2 weeks after birth [START_REF] Deepa | Composition of perineuronal net extracellular matrix in rat brain: a different disaccharide composition for the net-associated proteoglycans[END_REF]. The V2 isoform is only found in CNS and is expressed by oligodendrocytes. Versican has a G1 and G3 domain and can have the longest core domain of all CSPGs, with V0 isoform having ~1700 amino acids. The various versican isoforms contain between zero and twenty GAG chains and are linked to HA by either Hapln1 or Hapln2. Neurocan is expressed in neurons and astrocytes and is linked to HA by either Hapln1 or Hapln2, and its core protein can be decorated by up to seven GAG chains. Brevican has two different forms [START_REF] Seidenbecher | Brevican, a chondroitin sulfate proteoglycan of rat brain, occurs as secreted and cell surface glycosylphosphatidylinositol-anchored isoforms[END_REF] that are either secreted (mainly by neurons) or attached to the membrane by a GPI anchor (mainly by glia) [START_REF] Novak | Extracellular matrix and the brain: components and function[END_REF]. Brevicans are linked to HA by Hapln4 in PNNs [START_REF] Bekku | Bral2 is indispensable for the proper localization of brevican and the structural integrity of the perineuronal net in the brainstem and cerebellum[END_REF] and have the shortest central domain (~300 amino acids) with only up to three associated GAG chains.

Modifications of chondroitin sulfate

Variability is also observed in the number of disaccharide repeats and in the sulfation patterns of the GAG chains. In the CS disaccharide GlcA-GalNAc, differences in sulfation lead to several subtypes of CSPGs. Type A (CS-A) contains one sulfation on the 4 th position of GalNAc (GlcA-4SGalNAc) and is the most abundant subtype in the CNS [START_REF] Gilbert | CS-4,6 is differentially upregulated in glial scar and is a potent inhibitor of neurite extension[END_REF]. CS-A is modified by chondroitin 4-Osulfotransferases type C4ST-1/2/3 (Chst11/12/13). The CS-C subtype is sulfated at The proportion of CS subtypes in the CNS changes during development. As rodents age, the 4S/6S ratio in CSPG sulfation patterns increases despite there being no significant changes in chondroitin sulfotransferase expression [START_REF] Foscarin | Brain ageing changes proteoglycan sulfation, rendering perineuronal nets more inhibitory[END_REF]. In early development, CS-C is the major form and decreases progressively while in parallel CS-A becomes more and more expressed and predominates in the adult. The increase of 4S/6S ratio also favors the formation of PNNs [START_REF] Miyata | Chondroitin 6-Sulfation Regulates Perineuronal Net Formation by Controlling the Stability of Aggrecan[END_REF][START_REF] Miyata | Persistent cortical plasticity by upregulation of chondroitin 6-sulfation[END_REF]. During early postnatal brain development, as 6S sulfation is gradually overtaken by 4S sulfation, CS-E also becomes enriched. Changing sulfation patterns provides enormous diversity to the GAG chains. For example, if we tally sulfation patterns on an octasaccharide, up to 1,000,000 combinations are possible [START_REF] Sasisekharan | Heparin and heparan sulfate: biosynthesis, structure and function[END_REF].

Degradation of the matrix

The ECM is modified continuously by the microenvironment of which secreted proteases are key components. We shall focus on two main classes of proteases from the metzincin metalloproteinase family. The term metzincin is derived from the conserved methionine close to the zinc binding region that is essential for enzymatic activity. The ADAMTS family contains 19 members which are secreted into the ECM, although only some are known to degrade PGs: ADAMTS-1/-4/-5/-8/-9/-15/-20 [START_REF] Kelwick | The ADAMTS (A Disintegrin and Metalloproteinase with Thrombospondin motifs) family[END_REF]. These proteoglycanases are expressed by astrocytes throughout the CNS [START_REF] Cross | ADAMTS-1 and -4 are up-regulated following transient middle cerebral artery occlusion in the rat and their expression is modulated by TNF in cultured astrocytes[END_REF][START_REF] Hamel | Multimodal signaling by the ADAMTSs (a disintegrin and metalloproteinase with thrombospondin motifs) promotes neurite extension[END_REF], but whether they are also expressed by neurons under physiological conditions is not clear. However, single-cell PCR analysis of somatosensory cortex identified ADAMTS-8 and -15 as being expressed in PV cells [START_REF] Rossier | Cortical fast-spiking parvalbumin interneurons enwrapped in the perineuronal net express the metallopeptidases Adamts8, Adamts15 and Neprilysin[END_REF]. These two secreted proteases degrade aggrecan, while only ADAMTS-15 degrades versican [START_REF] Collins-Racie | ADAMTS-8 exhibits aggrecanase activity and is expressed in human articular cartilage[END_REF][START_REF] Dancevic | Biosynthesis and expression of a disintegrin-like and metalloproteinase domain with thrombospondin-1 repeats-15: a novel versican-cleaving proteoglycanase[END_REF].

MMP family contains 25 known MMPs of which only three (MMP-2/-3/-9) are found in the CNS (reviewed in [START_REF] Dzwonek | Matrix metalloproteinases and their endogenous inhibitors in neuronal physiology of the adult brain[END_REF][START_REF] Ethell | Matrix metalloproteinases in brain development and remodeling: synaptic functions and targets[END_REF]). MMPs are proteoglycanases that cleave aggrecan between the G1 and G2 domains and brevican near the G1 domain. Among these MMPs, only MMP-9 has been reported to play a key role in PNN turnover. In the auditory cortex of Fmr1 KO mice, PNN staining is decreased while MMP-9 levels are elevated; PNN assembly around PV cells can be rescued by decreasing MMP-9 expression [START_REF] Wen | 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[END_REF]. MMP-9 is secreted by neurons as well as astrocytes and oligodendrocytes.

PNN functions

PNNs as a physical barrier

Ion buffering

PNNs are composed of a combination of negative charges which form a polyanionic environment around neurons [START_REF] Brückner | Perineuronal nets provide a polyanionic, glia-associated form of microenvironment around certain neurons in many parts of the rat brain[END_REF]. This particular microenvironment interacts more precisely with positive ions and can act as a reservoir. PNNs are typically found around highly active neurons and are thought to facilitate high neuron spike frequencies by providing ion sorting on the neuronal surface [START_REF] Morawski | Ion exchanger in the brain: Quantitative analysis of perineuronally fixed anionic binding sites suggests diffusion barriers with ion sorting properties[END_REF]. Negative charges at the extracellular surface can generate an ion concentration gradient across the membrane and contribute to the high resting membrane potential [START_REF] Härtig | Cortical neurons immunoreactive for the potassium channel Kv3.1b subunit are predominantly surrounded by perineuronal nets presumed as a buffering system for cations[END_REF]. PNNs also modify ion diffusion properties from isotropic to anisotropic such that diffusion is not equal in all directions, leading to specificity in ion accumulation. Calcium has been shown to specifically diffuse through PNNs due to the bivalency of calcium and the negative charges of the CSPGs [START_REF] Hrabětová | Calcium diffusion enhanced after cleavage of negatively charged components of brain extracellular matrix by chondroitinase ABC[END_REF]. PNNs that contain aggrecan but not brevican help prevent iron-induced oxidative stress by trapping Fe 3+ [START_REF] Suttkus | Aggrecan, link protein and tenascin-R are essential components of the perineuronal net to protect neurons against iron-induced oxidative stress[END_REF]. PNNs in general help protect PV cells from oxidative stress. In Glcm KO mice, which have compromised glutathione synthesis resulting in higher oxidative stress, neurons with PNNs are less sensitive to oxidative stress [START_REF] Cabungcal | Perineuronal nets protect fast-spiking interneurons against oxidative stress[END_REF].

Physical protection

PNNs completely surround neurons as they condense and provide protective effects as a physical barrier. They have been shown to mediate neuron survival against amyloid beta neurotoxicity [START_REF] Miyata | Perineuronal nets protect against amyloid beta-protein neurotoxicity in cultured cortical neurons[END_REF], and their reduced expression has been implicated in Alzheimer disease (AD). Neurons associated with aggrecan-based PNNs are protected against tau pathology [START_REF] Morawski | Neurons associated with aggrecan-based perineuronal nets are protected against tau pathology in subcortical regions in Alzheimer's disease[END_REF]. The association between PNNs and AD will be further discussed below. PNNs are also involved in water homeostasis due to hydrophilic properties of HA and aggrecan. This benefit is evidenced by the inverse correlation between the distribution of PNNs and the water channel aquaporin-4 [START_REF] Costa | Mapping of aggrecan, hyaluronic acid, heparan sulphate proteoglycans and aquaporin 4 in the central nervous system of the mouse[END_REF].

Synaptic plasticity

PNNs form a barrier that decreases the lateral diffusion of several receptors. In hippocampal neuron cultures, PNNs influence the lateral diffusion of AMPA glutamate receptor [START_REF] Frischknecht | Brain extracellular matrix affects AMPA receptor lateral mobility and short-term synaptic plasticity[END_REF]. By using hyaluronidase to disassemble PNNs, it was found that receptor subunits have increased access to neurite surface and almost double the diffusion coefficient. These results suggest PNNs impact neuronal surface microenvironment and compartmentalization with the potential to impact synaptic function. Indeed, in vitro ChABC treatment of hippocampus cultures enhanced dendritic spine motility, although these effects were due in part to non-PNN CSPGs and were dependent on integrin activation [START_REF] Orlando | Perisynaptic chondroitin sulfate proteoglycans restrict structural plasticity in an integrindependent manner[END_REF]. After in vivo ChABC treatment, cortical spines become more motile and express a larger degree of structural and functional plasticity resulting in increased spine turnover [START_REF] Vivo | Extracellular matrix inhibits structural and functional plasticity of dendritic spines in the adult visual cortex[END_REF][START_REF] Donato | Parvalbumin-expressing basket-cell network plasticity induced by experience regulates adult learning[END_REF]. These changes were found to favor the accumulation of gephyrin, which anchors inhibitory neurotransmitter receptors, in presynaptic inputs onto PV cells [START_REF] Donato | Parvalbumin-expressing basket-cell network plasticity induced by experience regulates adult learning[END_REF]. Furthermore, sulfation patterns of CSPGs can affect plasticity, with 4S GAGs being inhibitory and 6S GAGs being permissive [START_REF] Miyata | Mechanisms for modulation of neural plasticity and axon regeneration by chondroitin sulphate[END_REF]. Thus, subtle changes or removal of PNNs can enhance local circuit plasticity and reduce PV cell inhibitory output.

PNNs in signalization

PNNs and their GAGs are key actors in several signaling pathways. Interactions with basic amino acids of signaling proteins are specified mainly by the topology and the spatial distribution of charges on the GAGs (carboxylate and sulfate). Two protein motifs have been implicated in GAG binding: XBBXBX and XBBBXXBX, where X is a hydrophilic residue and B a basic residue (for example arginine (R), lysine (K) and histidine (H)) [START_REF] Cardin | Molecular modeling of proteinglycosaminoglycan interactions[END_REF]. The binding affinity is dependent on the number of GAG disaccharide repeats, with a required minimum chain length between 4 and 12 monosaccharides units [START_REF] Gandhi | The Structure of Glycosaminoglycans and their Interactions with Proteins[END_REF]. In this review, we will focus on one specific CS, the disulfated CS-E, which plays a crucial role in PNN condensation and binding to the signaling proteins Otx2 and Semaphorin-3A (Sema3A) [START_REF] Despras | Toward libraries of biotinylated chondroitin sulfate analogues: from synthesis to in vivo studies[END_REF][START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF][START_REF] Dick | Semaphorin 3A Binds to the Perineuronal Nets via Chondroitin Sulfate Type E Motifs in Rodent Brains[END_REF].

Otx2

Otx2 is a homeoprotein transcription factors with highly conserved sequences that permit its secretion and internalization in vitro [START_REF] Joliot | Antennapedia homeobox peptide regulates neural morphogenesis[END_REF][START_REF] Le Roux | Neurotrophic activity of the Antennapedia homeodomain depends on its specific DNA-binding properties[END_REF] and in vivo [START_REF] Prochiantz | Homeoprotein Signaling in the Developing and Adult Nervous System[END_REF]. In postnatal mouse brain development, Otx2 protein is found in PV cells throughout the cortex and it plays a key role in visual cortex plasticity [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF][START_REF] Sugiyama | Experience-dependent transfer of Otx2 homeoprotein into the visual cortex activates postnatal plasticity[END_REF][START_REF] Bernard | A Mouse Model for Conditional Secretion of Specific Single-Chain Antibodies Provides Genetic Evidence for Regulation of Cortical Plasticity by a Non-cell Autonomous Homeoprotein Transcription Factor[END_REF] and in the plasticity of other cortical regions [START_REF] Lee | Erratum: Genetic Otx2 mis-localization delays critical period plasticity across brain regions[END_REF]. However, this activity is non-cell autonomous as the Otx2 locus is silent in postnatal cortex [START_REF] Sugiyama | Experience-dependent transfer of Otx2 homeoprotein into the visual cortex activates postnatal plasticity[END_REF]. Otx2 protein is secreted by the choroid plexus into the cerebrospinal fluid (CSF) and diffuses into the parenchyma where it is specifically taken up by PV cells [START_REF] Sugiyama | Experience-dependent transfer of Otx2 homeoprotein into the visual cortex activates postnatal plasticity[END_REF]. This preferential internalization is mediated by the PNNs which surround PV cells. The N-terminal region of Otx2 has a GAG-binding domain (RKQRRER) that has high affinity for disulfated CS-D and CS-E but not monosulfated CS-A, and Otx2 accumulation is abolished in brain treated with ChABC [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF]. A knock-in mouse line expressing Otx2-AA, which has a disrupted GAG-binding domain, showed reduced specific accumulation of non-cell autonomous Otx2-AA protein in PV cells, resulting in delayed PV cell maturation and CP plasticity timing [START_REF] Lee | Genetic Otx2 mis-localization delays critical period plasticity across brain regions[END_REF]. Genetic evidence suggests an in vivo preference of Otx2 for CS-E, since mice overexpressing C6ST-1 maintain lower 4S/6S ratios and have impaired Otx2 accumulation [START_REF] Miyata | Persistent cortical plasticity by upregulation of chondroitin 6-sulfation[END_REF]. Interestingly, there is a positive feedback loop between Otx2 and PNNs (reviewed in [START_REF] Bernard | Otx2-PNN Interaction to Regulate Cortical Plasticity[END_REF]). After internalization of Otx2, PNN assembly around PV cells is increased [START_REF] Sugiyama | Experience-dependent transfer of Otx2 homeoprotein into the visual cortex activates postnatal plasticity[END_REF], while reduction of cortical Otx2 levels leads to lower PNN staining [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF][START_REF] Bernard | A Mouse Model for Conditional Secretion of Specific Single-Chain Antibodies Provides Genetic Evidence for Regulation of Cortical Plasticity by a Non-cell Autonomous Homeoprotein Transcription Factor[END_REF][START_REF] Spatazza | Choroid-plexus-derived Otx2 homeoprotein constrains adult cortical plasticity[END_REF]. It has been recently suggested that Otx2 can regulate aggrecan translation [START_REF] Hou | Chondroitin Sulfate Is Required for Onset and Offset of Critical Period Plasticity in Visual Cortex[END_REF]. Otx2 accumulation in PV cells via PNN interaction is required to maintain a non-plastic state of adult cerebral cortex [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF].

Sema3A

Semaphorins are chemorepulsive molecules that are transmembrane or secreted and that signal by binding to plexin receptors. This signal transduction mechanism is facilitated by neuropilin 1 (NP1) which stabilizes the semaphorin-plexin complex [START_REF] Takahashi | Plexin-neuropilin-1 complexes form functional semaphorin-3A receptors[END_REF]. In the cerebral cortex, Sema3A is concentrated around PV cells and colocalizes with various PNN components such as aggrecan, versican, and Tn-R [START_REF] Vo | The chemorepulsive axon guidance protein semaphorin3A is a constituent of perineuronal nets in the adult rodent brain[END_REF]. Sema3A localization in the adult cerebral cortex is highly dependent on well-condensed PNNs given the fact that it is absent around PV cells after ChABC treatment or in Hapln1-KO mice which lack PNNs [START_REF] Vo | The chemorepulsive axon guidance protein semaphorin3A is a constituent of perineuronal nets in the adult rodent brain[END_REF]. While Sema3A mRNA is found in neurons, there is not a direct correlation between neurons that express Sema3A and neurons that contain Sema3A in their PNNs, and it has been proposed that choroid plexus Sema3A is secreted into the CSF [START_REF] Winter | The Chemorepulsive Protein Semaphorin 3A and Perineuronal Net-Mediated Plasticity[END_REF]. In the C-terminus of Sema3A there is an arginine-rich domain (RKQRRQR) highly similar to the GAG-binding domain of Otx2, although it has yet to be confirmed as the GAG-binding sequence of Sema3A. However, Sema3A has been shown to interact with CS [START_REF] Wit | Semaphorin 3A displays a punctate distribution on the surface of neuronal cells and interacts with proteoglycans in the extracellular matrix[END_REF] and more precisely with CS-E [START_REF] Dick | Semaphorin 3A Binds to the Perineuronal Nets via Chondroitin Sulfate Type E Motifs in Rodent Brains[END_REF]. While plexin is highly localized to PV cell membranes, NP1 has yet to be found in these neurons. It has been suggested that CS-E might stabilize the Sema3A-plexin complex and lead to transduction without involving NP1 [START_REF] Winter | The Chemorepulsive Protein Semaphorin 3A and Perineuronal Net-Mediated Plasticity[END_REF].

PNNs in activity regulation

PNNs control PV cell activity

In vitro experiments on hippocampal culture have shown that PNNs do not modify the distribution of GABAergic contacts but decrease the excitability of interneurons [START_REF] Dityatev | Activity-dependent formation and functions of chondroitin sulfate-rich extracellular matrix of perineuronal nets[END_REF]. Conversely, inputs impinging on PV cell soma can be influenced by PNNs, as PV cells with brevican-positive PNNs receive more inputs [START_REF] Favuzzi | Activity-Dependent Gating of Parvalbumin Interneuron Function by the Perineuronal Net Protein Brevican[END_REF]. Experiments involving ChABC to degrade CSPGs have shown that PNNs have a key role in balancing excitatory and inhibitory neuron output [START_REF] Dityatev | Activity-dependent formation and functions of chondroitin sulfate-rich extracellular matrix of perineuronal nets[END_REF][START_REF] Balmer | Perineuronal Nets Enhance the Excitability of Fast-Spiking Neurons[END_REF]. Disruption of PNNs in the mPFC leads to a decreases inhibition of pyramidal cells due to decreased PV cell output [START_REF] Slaker | Removal of perineuronal nets in the medial prefrontal cortex impairs the acquisition and reconsolidation of a cocaine-induced conditioned place preference memory[END_REF]. PNNs can also impact brain-wide activity, as shown by removal of cingulate cortex PNNs resulting in altered gamma band oscillations [START_REF] Steullet | Fast oscillatory activity in the anterior cingulate cortex: dopaminergic modulation and effect of perineuronal net loss[END_REF]. Finally, the high activity of mature PV cells is maintained by the buffering and protective properties of PNNs mentioned above.

Cerebral cortex activity controls PNN assembly

In the cerebral cortex, the formation of PNNs is experience-dependent as was first shown by the absence of PNNs in the visual cortex in dark-reared animals [START_REF] Pizzorusso | Reactivation of ocular dominance plasticity in the adult visual cortex[END_REF]. The condensation of PNNs is due in part to the activity-dependent increase in Hapln1 expression. In dark reared mice, Hapln1 expression is reduced by over 80 % [START_REF] Carulli | Animals lacking link protein have attenuated perineuronal nets and persistent plasticity[END_REF]. It has also been shown that thalamic inputs are needed for the formation of PNNs in barrel cortex [START_REF] Nakamura | Expression of chondroitin sulfate proteoglycans in barrel field of mouse and rat somatosensory cortex[END_REF]. The removal of one row of whiskers results in reduced PNNs around the corresponding somatosensory PV cells. In vitro experiments on hippocampal cultures show that a decrease in PV cell spiking leads to an impaired condensation of PNNs [START_REF] Dityatev | Activity-dependent formation and functions of chondroitin sulfate-rich extracellular matrix of perineuronal nets[END_REF]. In the same experimental conditions, blocking non-NMDA glutamate receptors, L-type Ca 2+ channels or AMPA receptors leads to a decrease in PNN assembly, which underlines the importance of Ca 2+ in PNN condensation [START_REF] Dityatev | Activity-dependent formation and functions of chondroitin sulfate-rich extracellular matrix of perineuronal nets[END_REF].

PNNs in brain functions

Critical period plasticity

In postnatal development, precise windows of heightened plasticity occur throughout the brain to allow for appropriate neural circuit changes in response to sensory input. These critical periods allow for sensory learning and higher-order brain functions (memory, cognition, behavior) that are adapted to environmental context. They were first studied for binocular vision and it has since been shown that PNNs are implicated in critical period closure by providing a brake that dampens plasticity and helps consolidate circuitry around PV cells (reviewed in [START_REF] Takesian | Balancing plasticity/stability across brain development[END_REF]). The timecourse of PNN expression loosely follows that of PV cell maturation, which drives critical period onset and is maintained in part by PNNs. Genetic evidence comes from mouse lines in which PNN components have been knocked-out. In Hapln1 KO mice, PNNs do not properly form and visual cortex plasticity is maintained beyond the regular critical period [START_REF] Carulli | Animals lacking link protein have attenuated perineuronal nets and persistent plasticity[END_REF]. In GalNAcT1 KO mice, abnormal PNN assembly slows PV cell maturation and leads to a delay in both critical period onset and closure [START_REF] Hou | Chondroitin Sulfate Is Required for Onset and Offset of Critical Period Plasticity in Visual Cortex[END_REF]. In transgenic mice that overexpress C6ST-1, the 4S/6S sulfation ratio is maintained in its juvenile state and PV cells do not fully mature resulting in persistent cortical plasticity [START_REF] Miyata | Persistent cortical plasticity by upregulation of chondroitin 6-sulfation[END_REF].

Removal of PNNs by ChABC treatment of visual cortex in adult rats and mice confirms their importance for maintaining a non-plastic state [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF][START_REF] Pizzorusso | Structural and functional recovery from early monocular deprivation in adult rats[END_REF]. PNN removal not only impacts PV cell activity, but also disrupts signaling by Otx2 and Sema3A which play a role in sustaining PV cell maturation. Other critical period signaling molecules also require PNNs. Neuronal activity-regulated pentraxin (Narp) regulates GluR4-containing AMPA receptor levels and requires PNNs to build up at excitatory synapses onto PV cells [START_REF] Chang | Narp regulates homeostatic scaling of excitatory synapses on parvalbumin-expressing interneurons[END_REF]. Narp enhances excitatory drive onto PV cells and plays an important role in opening critical periods [START_REF] Gu | Obligatory role for the immediate early gene NARP in critical period plasticity[END_REF]. Nogo receptor (NgR) is expressed in PNN-labeled cells in mouse visual cortex and interacts with CSPGs [START_REF] Dickendesher | NgR1 and NgR3 are receptors for chondroitin sulfate proteoglycans[END_REF][START_REF] Ye | Experience-dependent development of perineuronal nets and chondroitin sulfate proteoglycan receptors in mouse visual cortex[END_REF]. NgR also interacts with myelin proteins involved in critical period consolidation and closure although precise mechanisms are still unclear (reviewed in [START_REF] Stephany | Multiple Roles for Nogo Receptor 1 in Visual System Plasticity[END_REF]).

Memory storage

Given that PNNs dampen plasticity, it has been proposed that they participate in memory storage. Injections of ChABC and/or hyaluronidase in brain regions known to play a role in memory have confirmed this hypothesis. The amygdala is notably involved in long-term memories of fear conditioning events [START_REF] Fanselow | Why we think plasticity underlying Pavlovian fear conditioning occurs in the basolateral amygdala[END_REF]. In foot-shock conditioning, it has been shown that PNN removal leads to a normal fear response but the fear memory is not consolidated [START_REF] Gogolla | Perineuronal nets protect fear memories from erasure[END_REF]. Similarly in the hippocampus, it has been shown that PNNs are needed to convert short-term memory to long-term memory of fear learning [START_REF] Kochlamazashvili | The Extracellular Matrix Molecule Hyaluronic Acid Regulates Hippocampal Synaptic Plasticity by Modulating Postsynaptic L-Type Ca2+ Channels[END_REF][START_REF] Hylin | Disruption of the perineuronal net in the hippocampus or medial prefrontal cortex impairs fear conditioning[END_REF]. In the medial prefrontal cortex (mPFC), PNN removal disrupts long-term memories as well as fear-conditioned memories [START_REF] Hylin | Disruption of the perineuronal net in the hippocampus or medial prefrontal cortex impairs fear conditioning[END_REF] PNNs also limit the ability to learn. For example, removal of PNNs in the perirhinal cortex leads to an improved ability to recognize a new object [START_REF] Romberg | Depletion of perineuronal nets enhances recognition memory and long-term depression in the perirhinal cortex[END_REF]. Removal of ECM in the auditory cortex of adult gerbils promoted synaptic plasticity and resulted in enhanced relearning without erasure of established memories [START_REF] Happel | Enhanced cognitive flexibility in reversal learning induced by removal of the extracellular matrix in auditory cortex[END_REF]. The findings of these studies are consistent with the role of PNNs in the timing of the critical period. Interestingly, PNNs in the hippocampus may be associated with specific PV cell subtypes that impact information acquisition rather than subtypes involved in memory consolidation [START_REF] Donato | Early-and late-born parvalbumin basket cell subpopulations exhibiting distinct regulation and roles in learning[END_REF].

PNNs in disease and therapy

Brain disorders

As they are often associated with PV cells vital for proper brain development and function, PNNs have become the subject of intense focus for understanding disease mechanisms and for repairing dysfunction (reviewed in [START_REF] Sorg | Casting a Wide Net: Role of Perineuronal Nets in Neural Plasticity[END_REF][START_REF] Soleman | Targeting the neural extracellular matrix in neurological disorders[END_REF]). PV cells not only drive plasticity critical periods needed for processing sensory information but also periods during which complex motor and cognitive functions are instilled. They regulate firing of local principal neurons but also drive γ-band oscillations between regions important for brain synchrony [START_REF] Hu | Interneurons. Fast-spiking, parvalbumin⁺ GABAergic interneurons: from cellular design to microcircuit function[END_REF]. Dysfunction of PV cells can lead to epilepsy, autism spectrum disorders, schizophrenia and other complex psychiatric diseases [START_REF] Marin | Interneuron dysfunction in psychiatric disorders[END_REF]. In human patients and animal disease models, abnormal PNN assembly is often observed. However, it is usually not clear whether abnormal PNNs are a cause or a result of PV cell dysfunction. Nevertheless, given their potential role in such diseases as well as their implication in memory storage and brain plasticity, PNNs merit attention.

Schizophrenia and bipolar disorder

PNNs influence PV cell function, synaptic assembly, and circuit plasticity which can lead to changes in cognitive function and possibly to developmental disorders such as schizophrenia (reviewed in [START_REF] Bitanihirwe | Weaving a Net of Neurobiological Mechanisms in Schizophrenia and Unraveling the Underlying Pathophysiology[END_REF]). Recent evidence shows that PNN assembly may be linked to such diseases. The mPFC of human subjects with schizophrenia has reduced levels of PV expression and PNNs while cell density is maintained [START_REF] Enwright | Reduced Labeling of Parvalbumin Neurons and Perineuronal Nets in the Dorsolateral Prefrontal Cortex of Subjects with Schizophrenia[END_REF]. In the amygdala of both schizophrenia and bipolar disorder patients, PNN clusters were reduced and certain glial cell populations showed reduced aggrecan immunoreactivity [START_REF] Pantazopoulos | Aggrecan and chondroitin-6-sulfate abnormalities in schizophrenia and bipolar disorder: a postmortem study on the amygdala[END_REF]. PNN densities were also found to be reduced in the mPFC of schizophrenia patients [START_REF] Mauney | Developmental pattern of perineuronal nets in the human prefrontal cortex and their deficit in schizophrenia[END_REF]. From prepubertal periods until early adulthood, the number of PNNs increase in the mPFC, consistent with the period when schizophrenia symptoms emerge. Thus, PNNs may contribute to disease onset. Interestingly, glycosylation may also be dysregulated in human subjects with schizophrenia, as evidenced by decreased expression of certain GlcNAcT glycosylating enzymes in their mPFC [START_REF] Kippe | Abnormal N-acetylglucosaminyltransferase expression in prefrontal cortex in schizophrenia[END_REF].

In a recent multi-stage schizophrenia genome-wide association study (~37,000 patients and ~113,000 controls), 128 genetic associations were identified. Among the implicated genes were three coding for PNN-related proteins: NCAN, HAPLN4, and PTPRF [104]. NCAN was also identified in a bipolar disorder genome-wide association study (~6,000 patients and ~32,000 controls) [START_REF] Cichon | Genome-wide association study identifies genetic variation in neurocan as a susceptibility factor for bipolar disorder[END_REF]. In a follow-up study of bipolar disorder, major depression and schizophrenia patients, NCAN was associated with an overactivity phenotype [START_REF] Miró | Studies in humans and mice implicate neurocan in the etiology of mania[END_REF]. Consistent with this finding, Ncan KO mice were found to be hyperactive with repetitive behaviors that could be normalized by lithium administration [START_REF] Miró | Studies in humans and mice implicate neurocan in the etiology of mania[END_REF]. However, a previous study focusing on PNN genes, including NCAN and HAPLN4, did not detect association with schizophrenia susceptibility in a Scandinavian population (~800 patients) [START_REF] Kähler | Candidate gene analysis of the human natural killer-1 carbohydrate pathway and perineuronal nets in schizophrenia: B3GAT2 is associated with disease risk and cortical surface area[END_REF]. The PTPR family was identified in another genome-wide association study of schizophrenia patients (~700 patients and 700 controls) that focused on the role of PTPRZ1 in neuregulin/ERBB4 signaling, which is functionally and genetically implicated in the disorder [START_REF] Buxbaum | Molecular dissection of NRG1-ERBB4 signaling implicates PTPRZ1 as a potential schizophrenia susceptibility gene[END_REF]. In PTPRZ1 mice that overexpress the receptor, altered neuronal activity was observed along with schizophrenia-like behavior [START_REF] Takahashi | Increased expression of receptor phosphotyrosine phosphatase-β/ζ is associated with molecular, cellular, behavioral and cognitive schizophrenia phenotypes[END_REF]. While these PTPR-related studies focused on neuregulin signaling, it would be interesting to analyze impact on PNNs given their ability to interact with PNNs through CSPG binding. Together, these studies suggest that altered PNNs may not only be a consequence of neuronal dysfunctions but can also be a source of schizophrenia and bipolar disorder phenotypes.

A recent study of human postmortem schizophrenia and bipolar disorder samples analyzed PNNs within the thalamic reticular nucleus, which gates thalamo-cortical circuitry and is implicated in functions that ultimately affect sleep, sensory processing, attention and hallucinations [START_REF] Steullet | The thalamic reticular nucleus in schizophrenia and bipolar disorder: role of parvalbumin-expressing neuron networks and oxidative stress[END_REF]. The number of PV cells and PNNs were markedly decreased in both groups regardless of illness duration or age of onset.

In a mouse model for redox dysregulation, PV cell numbers and PNNs were reduced in the thalamic reticular nucleus of juvenile mice, and neuronal activity was altered [START_REF] Steullet | The thalamic reticular nucleus in schizophrenia and bipolar disorder: role of parvalbumin-expressing neuron networks and oxidative stress[END_REF]. While this study suggests oxidative stress may impact PV cells in this brain region during early stages of susceptibility, mouse model behavioral analysis and more fine-tuned redox dysregulation are needed to confirm this hypothesis.

Polymorphisms in Otx2 have been associated with bipolar disorder but not schizophrenia [START_REF] Sabunciyan | Polymorphisms in the homeobox gene OTX2 may be a risk factor for bipolar disorder[END_REF]. Otx2 regulates PV cell maturation throughout the cortex and impacts critical period timing of not only primary sensory cortices but also higherorder cortices such as the mPFC [START_REF] Lee | Genetic Otx2 mis-localization delays critical period plasticity across brain regions[END_REF]. Subtle reduction in Otx2 levels in PV cells (~90% compared to normal level) is sufficient to induce delays in critical period timing that impacts complex behaviors such as acoustic preference in a nesting behavior paradigm [START_REF] Lee | Genetic Otx2 mis-localization delays critical period plasticity across brain regions[END_REF]. As described earlier, Otx2 can affect PNN dynamics by regulating aggrecan translation and GlcNAcT transcription. In adult mice with reduced mPFC Otx2 levels, reduced PNN staining was observed along with increased expression of brevican, Hapln4, CSPG receptors (RTN4R and PTPo), and proteases (Adamts8 and MMP15) [START_REF] Lee | Genetic Otx2 mis-localization delays critical period plasticity across brain regions[END_REF]. Interestingly, the impact of Otx2 on PV cell function in relation to psychiatric disorder may not be only related to PNN assembly dynamics.

Otx2 has been shown to bind the promoter of oxidative resistance-1 (Oxr1) and upregulate its expression in PV cells suggesting it can confer protection against oxidative stress-induced damage [START_REF] Sakai | Genome-Wide Target Analyses of Otx2 Homeoprotein in Postnatal Cortex[END_REF]. Furthermore, in this study disease ontology analysis revealed enrichment in Otx2-binding sites near transcription start sites of schizophrenia-related genes.

Several animal models have reinforced the association between PNNs and brain disorders. MMP-9 plasma levels are significantly increased in patients with schizophrenia [START_REF] Yamamori | Plasma levels of mature brain-derived neurotrophic factor (BDNF) and matrix metalloproteinase-9 (MMP-9) in treatment-resistant schizophrenia treated with clozapine[END_REF] and MMP-9 gene polymorphisms have been associated with a schizophrenia phenotype [START_REF] Lepeta | A normal genetic variation modulates synaptic MMP-9 protein levels and the severity of schizophrenia symptoms[END_REF]. MMP-9 was found to regulate dendritic spine morphology [START_REF] Lepeta | A normal genetic variation modulates synaptic MMP-9 protein levels and the severity of schizophrenia symptoms[END_REF]. Although these studies did not make mention of PNNs, a recent study showed that reducing MMP-9 normalizes auditory cortex responses in an autism mouse model and restores the formation of PNNs around PV cells [START_REF] Wen | 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[END_REF].

Polymorphisms in GRIN2A are linked to mental retardation, epilepsy and schizophrenia. GRIN2A codes for the NMDA receptor subunit GluN2A involved in the maturation and maintenance of PV cells. In GRIN2A KO mice, PNN maturation is delayed and PV cells are more susceptible to oxidative insults during early postnatal development [START_REF] Cardis | A lack of GluN2A-containing NMDA receptors confers a vulnerability to redox dysregulation: Consequences on parvalbumin interneurons, and their perineuronal nets[END_REF]. In a mouse model for schizophrenia-like behavior by maternal immune activation, reduction in PNNs in mPFC and amygdala was observed [START_REF] Paylor | Developmental disruption of perineuronal nets in the medial prefrontal cortex after maternal immune activation[END_REF]. Polymorphisms in collagen XIX have also been associated with schizophrenia; in COL19A1 KO mice, a reduction of PNNs is observed in adult cortex and hippocampus attributed to an increase in ECM protease expression (ADAMTS and MMP families) [START_REF] Su | Loss of Interneuron-Derived Collagen XIX Leads to a Reduction in Perineuronal Nets in the Mammalian Telencephalon[END_REF]. These mice also show altered formation of synapses on PV cells, which recalls phenotypes observed in MMP-9 models [START_REF] Lepeta | A normal genetic variation modulates synaptic MMP-9 protein levels and the severity of schizophrenia symptoms[END_REF]. Finally, removal of PNNs in mouse hippocampus has been shown to increase neuronal activity provoking enhanced responses to psychomotor stimulants consistent with schizophrenia patients [START_REF] Shah | A loss of hippocampal perineuronal nets produces deficits in dopamine system function: relevance to the positive symptoms of schizophrenia[END_REF]. These results suggest PNN loss is sufficient to induce aberrant function.

Alzheimer disease

While polymorphisms in PNN-related genes have not been reported in AD patients, many studies have revealed correlations between GAGs, PNNs and AD biology. Sulfated heparin GAG associates with both tau and Aβ amyloid fibrils [START_REF] Goedert | Assembly of microtubule-associated protein tau into Alzheimerlike filaments induced by sulphated glycosaminoglycans[END_REF][START_REF] Castillo | The sulfate moieties of glycosaminoglycans are critical for the enhancement of beta-amyloid protein fibril formation[END_REF], suggesting a mechanism by which sulfated GAGs contribute to the formation of neurofibrillary lesions in AD [START_REF] Quittot | Modulation of amyloid assembly by glycosaminoglycans: from mechanism to biological significance[END_REF]. Tau binding to HSPG is necessary for intracellular formation and transcellular propagation of tau fibrils [START_REF] Holmes | Heparan sulfate proteoglycans mediate internalization and propagation of specific proteopathic seeds[END_REF] and it requires specific heparin 6-O-sulfation [START_REF] Rauch | Tau Internalization is Regulated by 6-O Sulfation on Heparan Sulfate Proteoglycans (HSPGs)[END_REF]. In keeping with these finding, overexpression of heparanase in Aβ amyloid transgenic mice was found to limit amyloid plaque formation [START_REF] Jendresen | Overexpression of heparanase lowers the amyloid burden in amyloid-β precursor protein transgenic mice[END_REF].

Changes in PNNs have also been observed in AD patients, at both the histological level and proteomic level (reviewed in [START_REF] Sethi | Extracellular matrix proteomics in schizophrenia and Alzheimer's disease[END_REF]). In several histological studies, cortical areas with PNNs were found to be largely void of tau neurofibrillary tangles, although PNN-enriched areas did contain amyloid plaques [START_REF] Morawski | Neurons associated with aggrecan-based perineuronal nets are protected against tau pathology in subcortical regions in Alzheimer's disease[END_REF][START_REF] Brückner | Cortical areas abundant in extracellular matrix chondroitin sulphate proteoglycans are less affected by cytoskeletal changes in Alzheimer's disease[END_REF][START_REF] Morawski | Involvement of perineuronal and perisynaptic extracellular matrix in Alzheimer's disease neuropathology[END_REF]. These findings suggest that PNNs provide some level of neuroprotection from propagation of tau fibrils. Remarkably, HA was found to be enriched in amyloid plaques and brevican loss was found to associate with the loss of synapses in theses plaques [START_REF] Morawski | Involvement of perineuronal and perisynaptic extracellular matrix in Alzheimer's disease neuropathology[END_REF]. In another study, reduced PNNs were observed in AD patients without loss of PV cells, yet this reduction was not topographically related to plaques or neurofibrillary pathology [START_REF] Baig | Loss of perineuronal net Nacetylgalactosamine in Alzheimer's disease[END_REF]. Interestingly, there appears to be a tug-of-war between PNNs and tau pathology. Axonal distribution of HAS1 in the hippocampus was found to be abolished in human AD patient and in a tauopathy mouse model [START_REF] Li | 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[END_REF]. Furthermore, HAS3 levels were increased at the expense of HAS1 in this mouse model, suggesting that ECM is modified to contain more shorter-chain HA. Thus, while PNNs afford neuroprotection from tau propagation, tau pathology can modify PNN contents and potentially inhibit PNN formation and alter synaptic plasticity.

The association between GAGs, PNNs and AD pathology have led to treatments based on ChABC in animal models with the aim to improve performance in memoryrelated tasks. Some of these studies are discussed in section 4.2 below.

Addictions

The link between PNNs and learning and memory have led to investigations into their role in addiction behaviors (reviewed in [START_REF] Lasek | Releasing Addiction Memories Trapped in Perineuronal Nets[END_REF]). Indeed, MMP-9 and Tn-R human polymorphisms have been linked with alcohol dependence [START_REF] Samochowiec | Functional polymorphism of matrix metalloproteinase-9 (MMP-9) gene in alcohol dependence: Family and case control study[END_REF][START_REF] Zuo | Genome-Wide Association Study of Alcohol Dependence Implicates <i>KIAA0040</i> on Chromosome 1q[END_REF], and MMP-9 activity was found to be decreased in the hippocampus of cocaine abusers [START_REF] Mash | Gene Expression in Human Hippocampus from Cocaine Abusers Identifies Genes which Regulate Extracellular Matrix Remodeling[END_REF]. Several studies have focused on PNNs in animal models of addiction. For example, in a rat nicotine self-administration model, PNNs were found to be reduced in ventral tegmental area after several weeks of addictive behavior [START_REF] Vazquez-Sanroman | Nicotine selfadministration remodels perineuronal nets in ventral tegmental area and orbitofrontal cortex in adult male rats[END_REF]. In a rat heroin self-administration model, long-term abstinence resulted in reduced PNNrelated ECM molecules, such as Hapln1, Tn-R and brevican, in mPFC [START_REF] Van Den Oever | Extracellular matrix plasticity and GABAergic inhibition of prefrontal cortex pyramidal cells facilitates relapse to heroin seeking[END_REF]. Weaker PNNs translated into altered inhibitory tone in response to heroin re-exposure; treatment with metalloproteinase inhibitor FN-439 recovered ECM levels and attenuated heroin seeking. These studies suggest PNNs counter response sensitivity to drug-conditioned cues. However, when PNNs were completely degraded by ChABC in rat mPFC, inhibitory tone was decreased and cocaine-induced memories were impaired [START_REF] Slaker | Removal of perineuronal nets in the medial prefrontal cortex impairs the acquisition and reconsolidation of a cocaine-induced conditioned place preference memory[END_REF]. Similar results were found in other reward-related brain regions [START_REF] Blacktop | Role of perineuronal nets in the anterior dorsal lateral hypothalamic area in the acquisition of cocaineinduced conditioned place preference and self-administration[END_REF].

Thus, it would seem that fine adjustments in PNN levels allow for acquiring addictive behaviors and for intensifying later episodes.

Development of therapeutic tools

Given the involvement of PNNs in memory, plasticity, neuroprotection and brain disorders, there have been increasing efforts to unlock their therapeutic potential.

Reducing PNNs in the adult brain removes brakes that lead to reopened adult plasticity [START_REF] Bavelier | Removing brakes on adult brain plasticity: from molecular to behavioral interventions[END_REF] and offers a way to potentially correct development-related pathologies, such as amblyopia ("lazy-eye"), epilepsy and psychiatric disorders.

Reducing PNNs also holds promise in attenuating addiction and in improving recovery after brain injury due to stroke or trauma. Increasing PNNs in the adult brain can help protect weakened PV cells and reduce the impact of neurological insults.

However, tampering with brakes on plasticity throughout the brain may not necessarily be beneficial given its potential to impact brain-wide networks and cause abnormal behavior [START_REF] Pascual-Leone | The plastic human brain cortex[END_REF]. Thus, it must be kept in mind that interfering with brain chemistry needs to be ultimately precise and balanced towards positive behavioral outcomes.

The most common brute-force approach to reducing PNNs is to inject ChABC directly in the brain. This endolyase dissolves PNNs by degrading GAGs decorating the CSPGs but it also degrades GAGs throughout the ECM, which may complicate interpretation. One of the first experiments to use local cerebral ChABC injections showed functional and anatomical recovery from amblyopia in adult rats [START_REF] Pizzorusso | Structural and functional recovery from early monocular deprivation in adult rats[END_REF]. While functional recovery was also confirmed in the mouse [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF], ChABC failed to rescue amblyopic cats [START_REF] Vorobyov | Effects of digesting chondroitin sulfate proteoglycans on plasticity in cat primary visual cortex[END_REF]. The role of PNNs in memory processes has led to the use of ChABC in Alzheimer mouse models. In an amyloid model, treatment of hippocampus reversed early memory deficits [START_REF] Végh | Reducing hippocampal extracellular matrix reverses early memory deficits in a mouse model of Alzheimer's disease[END_REF]. A possible mechanism is that ChABC removes brevican which induces synaptic plasticity and reverses synaptic density loss [START_REF] Howell | Hippocampal administration of chondroitinase ABC increases plaqueadjacent synaptic marker and diminishes amyloid burden in aged APPswe/PS1dE9 mice[END_REF]. In a tauopathy model, treatment of perirhinal cortex restored object recognition memory [START_REF] Yang | Perineuronal net digestion with chondroitinase restores memory in mice with tau pathology[END_REF]. While these models showed some functional recovery, it was only temporary and disease progression was not slowed. Given the need for repeated injections indefinitely, ChABC is likely not the most suitable approach for human treatment [START_REF] Fawcett | The extracellular matrix in plasticity and regeneration after CNS injury and neurodegenerative disease[END_REF]. Given its wide use to stimulate axon regeneration in spinal cord injury models, it has been hypothesized that ChABC might help in repairing neuronal connections after stroke or traumatic brain injury (TBI) (reviewed in [START_REF] Soleman | Targeting the neural extracellular matrix in neurological disorders[END_REF]). While initial axon sprouting is enhanced in TBI rat models, lasting anatomical or functional recovery was not achieved, suggesting ChABC is not sufficient on its own [START_REF] Harris | Chondroitinase ABC enhances pericontusion axonal sprouting but does not confer robust improvements in behavioral recovery[END_REF]. Alternatively, injection of ChABC in the spinal cord of rats after stroke does promote recovery of limb function [START_REF] Soleman | Delayed treatment with chondroitinase ABC promotes sensorimotor recovery and plasticity after stroke in aged rats[END_REF].

Approaches for disrupting PNNs in vivo more precisely have used either GAGbinding molecules or GAG surrogates. To target CSPGs for treatment in a mouse tauopathy model, injection of Cat-316, which is a CS-specific monoclonal antibody, into perirhinal cortex was found to reverse early memory deficits [START_REF] Yang | Antibody recognizing 4-sulfated chondroitin sulfate proteoglycans restores memory in tauopathy-induced neurodegeneration[END_REF]. This approach is hypothesized to block interactions between PNN GAGs and signaling proteins such as Sema3A or Otx2. Blocking Otx2-PNN interaction by another approach has been shown to reverse amblyopia in adult mice: infusion into visual cortex of a small 15-residue peptide based on the Otx2 GAG-binding motif results in transiently reduced PNN assembly with permanent functional recovery [START_REF] Beurdeley | Otx2 binding to perineuronal nets persistently regulates plasticity in the mature visual cortex[END_REF]. GAG mimics are an alternative approach for sequestering signaling proteins or disrupting PNN structure. A synthetic CS-E hexasaccharide was found to reduce Otx2 and PNN levels when infused in mouse visual cortex [START_REF] Despras | Toward libraries of biotinylated chondroitin sulfate analogues: from synthesis to in vivo studies[END_REF]. The peptide SICHI binds to polyanionic GAGs and was found to block GAG-Sema3A interactions, although in vivo activity has yet to be demonstrated [START_REF] Corredor | Cationic Peptides and Peptidomimetics Bind Glycosaminoglycans as Potential Sema3A Pathway Inhibitors[END_REF].

TBIs are often accompanied by increased sensitivity of PV cells to oxidative stress often coupled with reduced PNNs resulting in reduced inhibitory tone [START_REF] Hsieh | Trajectory of Parvalbumin Cell Impairment and Loss of Cortical Inhibition in Traumatic Brain Injury[END_REF][START_REF] Kim | TGFβ signaling is associated with changes in inflammatory gene expression and perineuronal net degradation around inhibitory neurons following various neurological insults[END_REF][START_REF] Härtig | Damaged Neocortical Perineuronal Nets Due to Experimental Focal Cerebral Ischemia in Mice, Rats and Sheep[END_REF]. This suggests treatment with antioxidants or PNN-inducing molecules, such as Otx2, may provide a neuroprotective role to reduce post-TBI symptoms [START_REF] Hsieh | Trajectory of Parvalbumin Cell Impairment and Loss of Cortical Inhibition in Traumatic Brain Injury[END_REF]. Stroke recovery has also been showed to involve decreased PNNs through subtle changes in metzincins and their inhibitors in both rat models and human patients [START_REF] Quattromani | Extracellular Matrix Modulation Is Driven by Experience-Dependent Plasticity During Stroke Recovery[END_REF].

Interestingly, these changes were enhanced by multi-sensory stimulation in the rat model and occurred in both injury site and throughout the brain, suggesting systemic treatment may be beneficial. On the other hand, the potential side-effects of too much plasticity is observed in rat models of epilepsy [START_REF] Pollock | Metalloproteinase inhibition prevents inhibitory synapse reorganization and seizure genesis[END_REF]. PNN degradation accompanies anatomical reorganization and the development of seizures. Treatment with doxycycline, which broadly inhibits MMP activity, prevented PNN breakdown and rewiring and attenuated seizures. It is highly likely that specific components of PNNs are implicated. Finally, a promising approach to specifically target GAG-protein interactions is the use of cell-permeable small-molecule modulators of sulfotransferase activity: an inhibitor of Chst15 decreased CS-E levels in vitro and reversed CSPG-mediated inhibition of axon growth [START_REF] Cheung | Discovery of a Small-Molecule Modulator of Glycosaminoglycan Sulfation[END_REF].

Concluding remarks

PNNs exert several physiological functions such as ion buffering, physical barrier and signal transduction that influence synaptic plasticity and neuronal activity.

Attesting to their vital importance, environmental or genetic disruption of PNN assembly may lead to pathologies such as schizophrenia, bipolar disorder and addictions. On the other hand, changes in PNN assembly can happen in response to altered brain activity as a consequence of brain injury, addiction behaviors or neurogenerative diseases. In either case, PNNs are an attractive therapeutic target.

While enzymatic disruption of PNNs has provided valuable insights, there is a need for more precise tools that target specific PNN components or PNN interactors. Indeed, greater understanding of the mechanisms behind PNN heterogeneity will provide fundamental insight into PNN functions at the cellular level, in neuronal circuits and in brain physiology. 

  the 6 th position (GlcA-6SGalNAc) by the chondroitin 6-O-sulfotransferase C6ST-1 (Chst3). These two monosulfated CS can be sulfated a second time to provide either CS-D or CS-E. The CS-E subtype (GlcA-4S,6SGalNAc) is made by GalNAc 4sulfate 6-O-sulfotransferase GalNac4S-6ST (Chst15) which sulfates the 6 th position of GalNAc in CS-A. The CS-D subtype (2SGlcA-6SGalNAc) is derived from CS-C by sulfation of the 2 nd position of GlcA by the CS2S/UST enzyme.

Figure 1 :

 1 Figure 1: Sources of PNN components. Neurons, oligodendrocytes, astrocytes, and cerebrospinal fluid (CSF) provide PNN build blocks and interacting proteins: GAGs and PGs (green), linkage proteins (red), metalloproteases (blue) and signaling proteins (purple). Each cellular source provides specific molecules (unique or shared) which converge as a PNN surrounding the neuron.

Figure 2 :

 2 Figure 2: GAG composition and modification. A. GAGs can contain galactose (Gal), iduronic acid (IdoA), glucuronic acid (GlcA), N-acetylgalactosamine (GalNAc) and N-acetylglucosamine (GlcNAc). B. The various paired combinations of these units provide the disaccharide building blocks for the named GAGs. C. The chondroitin sulfate motif repeated n times has three possible sulfation sites (blue) that require specific enzymes (labeled blue arrow). Enzymes required for add either glucuronic acid or N-acetylgalactosamine are indicated.

Figure 3 .

 3 Figure 3. Complexity and variability of the lectican family. Members of the lectican family include aggrecan, versican (with splice variants V0, V1, V2 and V3), neurocan and brevican. They are composed of a core protein that contains three possible globular domains (G1, G2 and G3) and is decorated with covalently attached chondroitin sulfate GAGs, which can be few or hundreds in number. Keratan sulfate GAG can also be attached to aggrecan. Non-covalent linkage between core protein and hyaluronan is mediated by Hapln family proteins. Hyaluronan is synthesized by three different transmembrane hyaluronan synthases (HAS1/2/3) that have different properties (indicated on the left side). The proteoglycans can be modified at several sites through cleavage by metalloproteinases (ADAMTS and MMP families).
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