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Abstract 
 

The complex organization and trajectory of development of the central nervous system (CNS) 

depends not only on cell-cell interactions but also on interactions of cells with the extracellular 

environment. The extracellular environment in the CNS contains an organized network of proteins, 

glycans and glycoproteins and comprises what is called the CNS extracellular matrix (ECM). 

Components of this ECM are dynamically regulated not just during development but are also involved in 

various neurobiological processes in the adult. They are implicated in normal nervous system physiology 

as well as in nervous system disease and pathology. A complete understanding of the CNS therefore, 

requires an understanding of the composition, structure and function of the neural ECM also. 

 Our laboratory focuses on a specialized substructure of the neural ECM, called perineuronal nets 

(PNNs). PNNs are conspicuous structures within the neural ECM and are thought to be key regulators of 

neuronal plasticity. Traditionally their role has been demonstrated in regulating forms of plasticity seen 

during development, but recent work has implicated PNNs in other forms of learning and plasticity across 

various brain regions as well. Interest in these structures has been further peaked by studies linking their 

alterations to a variety of neurological and neuropsychiatric diseases such as Alzheimer’s disease and 

schizophrenia. However, despite this growing interest in PNNs, the mechanisms by which they modulate 

neural functions are poorly understood. The limited mechanistic understanding of PNN function is 

derived primarily from the fact that there are no existing models, tools or techniques that specifically 

target them without also disrupting the surrounding neural ECM. Therefore, a rigorous investigation of 

PNN function to date has not been possible. Our inability to specifically target PNNs is driven by an 

incomplete of understanding of their molecular composition and structure. While PNNs comprise of many 

known ECM components which are broadly expressed in the CNS ECM, PNNs appear clearly distinct 

from their surroundings. They are highly ordered and stable and show a regular organization and 

geometry not present in the diffuse neural ECM. The exact molecular mechanisms by which various PNN 

components come together and aggregate on the cell surface to form these structures however, is not 
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clearly known. The primary goal of our laboratory has therefore been to determine the molecular 

structure, composition and formation of PNNs.  

Through our work described in chapters 2 and 3 of this thesis, we were able to develop a new model 

of PNN structure. In our proposed model, PNN components are bound to the cell surface by two distinct 

types of interactions, one dependent on the classical HA scaffold of PNNs and the other mediated by a 

complex formed by the ECM glycoprotein tenascin-R (TNR) and the chondroitin sulfate proteoglycan 

receptor protein tyrosine phosphatase zeta (RPTPz). Our work also allowed us to provide evidence that 

PNN components are immobilized on the neuronal surface by a GPI-linked mechanism. We identify the 

GPI-linked protein contactin-1 (CNTN1) as a key receptor molecule for PNNs. To our knowledge, this is 

the first ever identified receptor for PNNs. We feel that our findings presented here give us important 

insight into PNN structure and represent the initial important steps in understanding the formation of this 

unique ECM subcompartment. 
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1.1. The extracellular matrix in the central nervous system 

The human central nervous system (CNS) contains of hundreds of billions of neurons and glial cells. 

Neurons are further divided into several different subtypes and classes and the proper functioning of the 

nervous system requires not only the generation of this astonishing number of cells and cellular subtypes, 

but also their migration to specific locations, expression of their characteristic markers and the formation 

and refinement of their connections to each other. This complex architecture of the nervous system is 

determined by recognition mechanisms that involve cell - cell interactions and also interactions of cells 

with their extracellular environment, a compartment organized by the neural extracellular matrix (ECM). 

The ECM in the CNS is a three-dimensional organized macromolecular network of proteins, glycans and 

glycoproteins and occupies the space between neurons, glia and other cells. It provides a scaffold for cells 

to adhere to and therefore, plays a structural and mechanical role in the CNS. In addition, a large number 

of ECM components are dynamically regulated both throughout development and during adulthood. The 

ECM by organizing the extracellular environment regulates the availability of growth and differentiation 

factors for cells. For instance, neural stem cells, neurons and glia express receptors that mediate their 

interactions with ECM components and leads to the activation of various signal transduction pathways 

coordinating cell functions like proliferation and migration and determining their morphological and 

biochemical properties. Thus, it has become clear now that the ECM is more than just a passive substance 

in the CNS and plays a major role in determining the complex organization of the nervous system. 

Understanding the diversity of the ECM is therefore critical for understanding how the CNS forms and 

carries out its functions. 

The ECM in the CNS is not homogenous, but, instead, its composition varies across brain areas and 

within subcompartments found within the brain. Many of the fibrous proteins like collagen, elastin and 

fibrillin abundantly expressed in the ECM of non-neural tissues is absent or present only in small amounts 

in the neural ECM (Rutka et al., 1988; Sanes 1989; Ruoslahti, 1996). Instead, the ECM in the CNS is 

highly enriched in carbohydrates, proteoglycans and glycoproteins. The composition of the CNS ECM 

depends on the role it plays in the different areas of the brain and therefore, a clear understanding of the 
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makeup of the ECM in different brain areas/compartments is the first step towards understanding the roles 

of the ECM in the CNS. The neural ECM can be broadly classified into three compartments viz. the 

basement membrane or basal lamina, the interstitial matrix and perineuronal nets. Each of these ECM 

types is discussed below. 

 

1.2. Types of extracellular matrix in the central nervous system 

The ECM in the CNS can be divided into three principal compartments depending on where they are 

located.  These three compartments are the basement membrane or basal lamina, the interstitial matrix 

and perineuronal nets ( Lau et al., 2013) (Fig. 1.1).  

Basement membranes (BM) or basal lamina represent widely distributed ECM structures that coat the 

basal aspect of epithelial and endothelial cells and surround muscle, fat, and Schwann cells (Lau et al., 

2013). BMs are organized, thin bands of ECM structures which first appear during early embryogenesis 

and play a role in tissue and organ morphogenesis and help maintain function in the adult animals (Barros 

et al., 2011; Arulmoli et al., 2015; Long and Huttner, 2019). BMs act as surfaces to provide points of 

attachment for cells lending structural support to tissues and interact with transmembrane cell surface 

receptors to propagate cues from the outside of the cell to the interior in order to regulate cell behavior 

like polarity. Mutations adversely affecting expression BM components are associated with 

developmental arrest at different stages as well as postnatal diseases of muscle, nerve, brain, eye, skin, 

vasculature, and kidney (for review see Yurchenko, 2011). In the CNS, BMs are found below the pial 

surface and around brain blood vessels. Disruption of the pial BM has severe effects on brain 

development and leads to aberrant neuronal migration, loss of the laminar structure of the cortex and 

formation of neuronal ectopias (Hu et al., 2010). In the retina, BMs are present at the interface of the 

neural retina and vitreous body and between the retinal pigmental epithelium and choroid. Disruptions in 

the BM lead to several retinal pathologies like diabetic retinopathy, age related macular degeneration and 

retinopathy of prematurity. BMs are also found around blood vessels in the brain.  Here they serve as a 

boundary between the endothelial cells and brain parenchyma and play a vital role in maintaining the 
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blood brain barrier. BMs assemble through binding interactions among laminins, type IV collagens, 

nidogens and members of the heparan sulfate proteoglycans (perlecan and agrin) (for reviews see, 

Yurchenco, 2011; Varshney et al., 2015).  

Among the different neural ECM types, BM is the only one whose composition is the closest to that 

found in the ECM of non-neural tissue or periphery. Many of the components of the peripheral ECM such 

as collagens, laminins, nidogen are found expressed in BMs. However, the rest of the ECM in the brain 

has a composition that is very distinct from BMs and the peripheral ECM with many of the above-

mentioned components being absent or present only in very small amounts. The unique composition of 

the remaining ECM and lack of any electron dense material between brain cells led early investigators to 

go so far as consider that there is no ECM in the CNS  (Zimmermann and Dours-Zimmermann, 2008). 

We now know that the extracellular space in the CNS is occupied by ECM rich in glycoproteins, 

proteoglycans and a glycosaminoglycan called hyaluronic acid or hyaluronan (HA). The remaining CNS 

ECM comprises of two more compartments called the Interstitial matrix (IM) and perineuronal nets 

(PNNs) and is discussed below.  

The IM represent the ECM present in the brain parenchyma and neuronal surface and are not tightly 

associated with the BM. The IM is the largest of the neural ECM compartments and occupies a large 

portion of the volume of the extracellular space in the CNS and an even greater proportion during 

development (Barros et al., 2011, Lau et al., 2013). It is likely that it plays a key role in development as 

many of its constituents are critical for developmental processes. The structural and functional role of the 

neural IM has however, not been investigated thoroughly and future work exploring the IM in detail 

might elucidate its role in development and CNS physiology.  

The third compartment of the neural ECM constitutes Perineuronal nets (PNNs). PNNs are distributed 

throughout the CNS and are present around the cell bodies and proximal dendrites of only particular 

subsets of neurons (Matthews et al., 2002). PNNs represent a condensed heterogenous complex made up 

of carbohydrates in the form of glycosaminoglycans (GAGs), along with proteoglycans and glycoproteins 

(Deepa et al., 2006; Giamanco et al., 2010; Giamanco and Matthews, 2012). They appear as a mesh or net 
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like covering on the surface of neurons and have been shown to play a number of roles in CNS 

physiology from restricting plasticity, regulating learning and memory to protecting neurons from 

oxidative stress (Morawski et al., 2004, Gogolla et al., 2009; Suttkus et al., 2012; Slaker et al., 2015; Eill 

et al., 2020).  

As mentioned before the composition of the IM and PNNs is quite different from the BM and 

peripheral ECM. A more detailed description of the composition of these two ECM compartments is 

given below.  

 

1.3. Composition of the interstitial matrix and perineuronal nets 

The IM and PNNs are highly enriched in the GAG, HA (for reviews see Barros et al., 2011; Lau et 

al., 2013). The current structural model of these ECM compartments revolves around a scaffold made up 

of HA which provides a substrate for the other components to bind. HA is an unusual polysaccharide with 

a simple chemical structure but extraordinary biochemical and biophysical properties. It is a partially 

negatively charged, unbranched carbohydrate, composed of repeating disaccharide units of glucuronic 

acid and N-acetyl glucosamine ([-b(1,4)-GlcUA-b(1,3)-GlcNAc]n) (for reviews see Weigel and 

DeAngelis, 2007; Weigel, 2015). Under normal conditions each HA strand consists of nearly 2,000-

25,000 disaccharide units giving it a molecular weight of 103-104 kDa and an extended length of 2-25µM 

(for reviews see Toole, 2000;  Toole, 2004). It is a member of the GAG family, but unlike other GAGs 

such as chondroitin sulfate (CS) and heparan sulfate (HS), HA is not attached to a core protein in the form 

of a proteoglycan and occurs independently. Also, unlike CS and HS, it does not contain any sulfate 

groups. The synthesis of HA is conspicuous among GAGs and in general is quite unique. HA is 

synthesized on the inner surface of the plasma membrane of the cell and extruded out as a continually 

growing sugar chain by three distinct, but related, HA synthases (HAS1-3) (Philipson and Schwartz, 

1984; Prehm, 1984). This mechanism of synthesis possibly allows the HA chain to reach such immense 
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sizes without having detrimental effects on cell health and allows this molecule to long chains that form 

the backbone structure of the IM and PNNs.   

HA is partially negatively charged and interacts with and organizes water greatly influencing the 

hydration and physical properties of the tissues it surrounds. In concentrated solutions the HA strands 

become entangled and trap water in a continuous porous meshwork. The mutual repulsion of charged 

groups allows the HA molecules to swell and display elastic properties. When external pressure is applied 

the hydrated HA molecule contracts, springing back once the force is removed giving resilience and 

malleability to many tissues it surrounds. Thus, HA plays a critical role in determining the mechanical 

properties of the ECM in the CNS (for reviews see Toole, 2000; Toole, 2004, Zimmermann et al. 2008). 

HA is ubiquitously present in the body and in most tissues and cells HA interacts with cell surface 

receptors, like CD44 and RHAMM (receptor for Hyaluronic-acid-mediated motility). These interactions 

allow HA to induce the transduction of a range of molecular signals (Kamikura et al., 2000; Oliferenko et 

al., 2000). However, these receptors appear to play minor roles in HA physiology in the CNS. Instead, in 

the CNS it is the lectican family of CSPGs appear to be the major interacting partners for HA. 

The lectican family of chondroitin sulfate proteoglycans (CSPGs) consisting of aggrecan, versican, 

brevican and neurocan are the major class of HA-binding proteins in the CNS. Interestingly all four 

lecticans are expressed in the CNS, and two of them, brevican and neurocan are believed to be CNS-

specific, perhaps reflective of the unique importance of lecticans in the ECM of the CNS. All members of 

this family share similarities in structure with globular N- and C- terminal domains attached to a central 

carbohydrate attachment region (Fig.1.2). The N-terminal globular domain (G1) consists of an 

immunoglobulin (Ig) - like loop and two link protein-like tandem repeats. These repeats are called 

proteoglycan tandem repeat (PTR) domains or link modules. Aggrecan has an additional G2 domain 

which has the two link modules but missing the Ig-like loop. This extra G2 domain might confer specific 

properties to aggrecan not seen in the other members. However, the exact function of this additional G2 

domain in aggrecan function remains to be determined (for reviews see Bitanihirwe and Woo, 2014). The 

N-terminal domains are homologous to the HA-binding proteins such as the cartilage link protein 
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(CRTL1/HAPLN1) and CD44 and binds HA forming HA- lectican complexes (Neamess et al., 1987; 

Fosang and Hardingham, 1989; Kohda et al., 1996). The central carbohydrate attachment region of the 

lecticans display a high degree of variability and as a result the number CS chains on these proteins are 

also variable. For example, aggrecan which has the longest carbohydrate attachment regions typically 

shows ~120 CS chains, whereas brevican has the shortest and exhibits ~3 or no CS chains. The variation 

in the length of the central carbohydrate attachment region and glycosylation provides lectican family 

members with different molecular properties and is hypothesized to influences the nature and functions of 

the different family members ( for review see, Yamaguchi, 2000). The extensive glycosylation with CS 

chains creates in a negatively charged environment and like HA allows proteoglycans to retain water 

imparting compressive resistance in tissues (for review see, Toole, 2004). The sulfation pattern of GAGs 

on proteoglycans also undergo changes during development and possibly allows the maintenance of 

various growth factors stores around cells in order to modulate paracrine signaling as the animal matures 

(Miyata et al., 2012).  The C-terminal globular domains (G3) of the lecticans consists of one or two EGF 

repeats, a C-type lectin domain and a CRP-like domain. The terminal globular domains of the members 

are highly conserved across all members of this family. The C-terminal G3 domain of lecticans is able to 

bind a variety of molecules including other glycoproteins such as Tenascin-R (TNR) and glycolipids 

(Aspberg, 1995; Aspberg et al., 1997; Lundell et al., 2004).  

Another key component in the formation of IM and PNNs is the link protein family. The members of 

this family are thought to stabilize the interaction of the lecticans with HA. Link proteins comprise of an 

N-terminal immunoglobulin module followed by two link modules also known as proteoglycan tandem 

repeat domains or PTR domains with each of the two link modules capable of independently binding HA. 

Interestingly, these link modules or PTR domains are homologous to the G1 and G2 domains found in 

lecticans. Link proteins along with HA and the lecticans are able to form large multimolecular aggregates 

and large dense arrays of alternating aggrecan and link protein molecules along a central HA filament can 

be seen using an electron microscope (Morgelin et al., 1995; Lundell et al., 2004). The formation of HA-

lectican complex in the presence of link proteins has been shown to be more stable (Lundell et al., 2004). 
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HA-lectican-link protein aggregates do not dissociate significantly at physiological ionic strength and pH 

and also display increased thermal stability providing support for the role of link proteins in stabilizing 

the complex formed by HA and lecticans. In mammals, the link protein family contains four members, 

hyaluronan and proteoglycan link protein 1-4 (Hapln1-4). Hapln1 is also known as cartilage link protein 

1 (Crtl1). Its expression however is not limited to cartilage and is found in brain and other tissues. Two of 

the four link protein genes (Hapln2/Bral1 and Hapln4/Bral2) are restricted in expression to the brain and 

central nervous system and HAPLN3 was widely expressed (Oohashi et al., 2002; Spicer et al., 2003; 

Bekku et al., 2010, 2012). Strikingly, all four Hapln genes are located immediately adjacent to the four 

lectican core protein genes creating four pairs of lectican-Hapln genes within the mammalian genome 

(Spicer et al., 2003). The adjacent positions of the Hapln and lectican genes supports a hypothesis that the 

first Hapln gene arose as a partial gene duplication event from an ancestral lectican gene. There is also 

some degree of coordinated expression of each of the gene pairs which might be useful as link proteins 

play a role in stabilizing the interaction of the lecticans with HA.  

Lecticans bind HA through their N-terminal globular domains but are also capable of binding a 

variety of other molecules with their C-terminal end. Members of the tenascin family of ECM 

glycoproteins are known to bind the C-terminal of lecticans. This family include five different members, 

Tenascin-C (TNC), Tenascin-R (TNR), Tenascin-W (TNW), Tenascin-X (TNX), and Tenascin-Y (TNY). 

The members are characterized by a common modular structure. They have a cysteine-rich N-terminal 

region with heptads of hydrophobic amino acids, followed by a varying number of epidermal growth 

factor (EGF)- like domains and fibronectin type III (FN III)- like repeats, and a C-terminal region 

homologous to fibrinogen (for review see, Pesheva and Probstmeier, 2000). Among the members TNC 

and TNR are expressed in the developing and adult nervous system. They are implicated in differentiation 

(Pesheva et al., 1993, 1997; Rigato et al., 2002), cell migration (Becker et al., 2003), neuritogenesis 

(Faissner et al., 1994; Garwood et al., 1999; Rigato et al., 2002) axon growth and regeneration and 

wound healing. TNC and TNR exist as hexameric and trimeric structures respectively through the linking 

of their N-terminal domains. This multimeric association allows them to act like bridge or adapter 
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molecules between different ECM components. As mentioned before lecticans are capable of binding HA 

and these HA- lectican complexes are stabilized by link protein.  TNC and TNR have been shown to form 

networks of link protein stabilized lectican-HA complexes. Thus, these proteins might play an important 

role in organizing and assembling the neural ECM.  

The identification of TNR as a ligand for the lecticans and their ability to bind HA and therefore form 

a molecular bridge between HA and TNR has led to hypothesis of the lecticans playing a key role in 

organizing neural ECM.  Interestingly immunohistochemical studies have demonstrated that this set of 

ECM molecules (HA, lectican, TNR) is enriched in conspicuous ECM compartments called PNNs 

(Lundell et al., 2004; Morawski et al., 2014). PNNs though made up of many components also expressed 

in the IM, appear clearly distinct from their surroundings. They are highly organized structures a display 

regular geometry not present in the ECM elsewhere. However, how various ECM components aggregate 

together to form these structures is not well understood. The goal of this thesis is to understand the 

mechanism by which various ECM components interact with each other to for this unique ECM 

compartment.   

 

1.4. Perineuronal nets are a specialized subcompartment of the neural extracellular matrix 

PNNs were first described by Camillo Golgi, more than a century ago in April 1898, in his 

communication to the Società Medico Chirurgica in Pavia, as a peculiar, “delicate covering, mainly 

reticular in structure, but also in the form of tiny tiled scales or an interrupted envelope…”, on cell bodies 

and proximal dendrites of nerve cells (Celio et al., 1998). In his opinion this envelope was not a neuronal 

structure, but rather was a kind of corset of ‘neurokeratin’, which was responsible to impede the spread of 

nervous currents from cell to cell (Celio et al., 1998). At the time, Golgi’s findings were dismissed as an 

artefact of staining and these structures remained largely neglected for the next one hundred years (Celio 

et al., 1998). We now know that this reticulum or scales on the surface of neurons is a genuine entity in 

neurocytology and represents a complex ECM structure which have both neuronal and glial contributions 

and have come to be known as perineuronal nets (PNNs). Interest in PNNs was reignited by the 
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development of monoclonal and polyclonal antibodies that provided an unprecedented ability to study 

these enigmatic structures (Hockfield and McKay, 1983; Zaremba et al., 1989; Guimarães et al., 1990; 

Lander et al., 1997).  

Decades of detailed studies have determined that that most regions of the CNS contain cells 

surrounded by PNNs but there is regional heterogeneity on which neuronal subtypes are coated with these 

structures. In the cortex PNNs are highly enriched surrounding parvalbumin expressing, fast-firing 

GABAergic interneurons (Brückner et al., 1993; Härtig et al., 1999). In the spinal cord PNNs are found 

surrounding a high percentage of motor neurons and on a significant subset of sensory neurons (Matthews 

et al., 2002). In various other brain structures such as the amygdala, reticular nucleus of thalamus, the 

inferior colliculus and deep cerebellar nuclei PNNs surround both excitatory and inhibitory cells 

(Matthews et al., 2002, Carulli et al., 2020). This wide distribution of PNNs across brain structures and 

cell types has made it difficult to discern PNN function. However, despite this variability, clues as to their 

role in the CNS can be derived from common underlying features of all PNNs across various brain 

regions and cell types.  

PNNs appear postnatally during development coincident with the transition from the juvenile to 

adolescent state (Pizzorusso et al., 2002; Gogolla et al., 2009). Importantly in a number of key areas their 

appearance marks the closure of a period of enhanced developmental plasticity in the animal’s 

maturation. For example, in the visual cortex there is compelling evidence for the role of PNNs in 

restricting plasticity and modulating the maturation and stabilization of synapses in the developing visual 

cortex (Pizzorusso et al., 2002, 2006). Indeed, enzymatic digestion of PNN components reactivates 

juvenile plasticity in the visual cortex of adult rats.  

Additionally, a major driver in PNN formation is neuronal activity. Decreased neuronal activity in 

early postnatal life leads to the attenuated formation of these structures. In the cat visual system, PNNs 

have been studied by looking at the expression pattern of the monoclonal antibody Cat-301, an 

established marker of PNNs, in the lateral geniculate nucleus of the thalamus and the visual cortex. In 

both these brain structures the intensity of staining and the number of Cat-301 reactive neurons was 
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markedly reduced in sensory deprived animals reared in the dark (Guimarães et al., 1990). Subsequent 

studies by Lander et al. corroborated these findings using two more PNN antibodies Cat-315 and Cat -316 

(Lander et al., 1997).  These monoclonal antibodies Cat-301, Cat-315 and Cat -316 have all been found to 

detect specific glycoforms of aggrecan, a key component of PNNs (Matthews et al., 2002; Giamanco, et 

al., 2010; Giamanco and Matthews, 2012). Work from the Matthews’ lab using the mouse somatosensory 

cortex has provided us with a clearer understanding of the temporal appearance of PNNs and the role of 

neuronal activity during early development in their formation. Sensory deprivation between postnatal day 

0 and 30 by unilateral whisker trimming in mice resulted in a significant reduction in the number of Cat-

315 positive PNNs in layer IV of the barrel cortex corresponding to the deprived hemisphere. Importantly 

this effect was not observed when the whisker trimming was carried out in mature animals after day 30, 

thereby demarcating the critical time window in early development for PNN formation in the mouse 

barrel cortex and establishing the role of sensory input in proper PNN formation (McRae et al., 2007). It 

should be noted here that in spite of differences in the number of Cat-315 positive PNNs in the barrel 

cortex due to sensory deprivation the number of PNNs as determined by Wisteria floribunda agglutinin 

(WFA) was not changed. In much of existing literature WFA has been used as a marker for PNNs and it 

is assumed that all PNNs are WFA positive. WFA is a lectin that detects a CS epitope dependent on the 

lectican, aggrecan and is widely used as a PNN marker (Brückner et al., 1993; Härtig et al., 1999; 

Carstens et al., 2016; Carulli et al., 2020). It is important to recognize that PNNs represent a molecularly 

heterogenous species and there exists WFA-negative PNNs (Matthews et al., 2002; Galtrey and Fawcett, 

2007; Irvine and Kwok, 2018; Sigal et al., 2019). Moreover, elimination of WFA does not necessarily 

indicate the loss of all PNN components from the surface of cells (Dityatev et al., 2007; Giamanco et al., 

2010). Thus, a thorough understanding of PNN structure, distribution and function warrants the use of 

additional markers for PNN components such as antibodies against PNN components like aggrecan core 

protein to label them.  

While the role of PNNs as critical modulators of developmental plasticity in the CNS has been well 

established, a large amount of work over the last two decades have also pointed to the other roles PNNs 
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likely play in neuronal physiology and functions. For example, PNN expression in the amygdala is 

thought to play a role in consolidating fear memories. The appearance of PNNs in this brain region 

coincides with a developmental switch in the animal’s ability to retain fear memories (Gogolla et al., 

2009). PNNs in the medial pre-frontal cortex are theorized to play a role in drug seeking behavior (Slaker 

et al., 2015). PNNs have been shown to restrict plasticity in the hippocampus (Carstens et al., 2016) and 

PNNs modulate motor learning in the cerebellum (Carulli et al., 2020).  Multiple lines of evidence also 

point to the role of PNNs in in neuropsychiatric and neurodegenerative conditions. Alterations in PNNs 

are associated with schizophrenia, bipolar disorder and autism spectrum disorders, and in mouse models 

of neurodegenerative diseases disrupting PNNs has been shown to help improve cognitive function 

(Miyata et al., 2007). Indeed, in addition to regulating developmental plasticity in the cortex a large 

amount of work has also demonstrated the role of PNNs in regulating learning, plasticity and normal CNS 

physiology across various brain regions(Cabungcal et al., 2013; Romberg et al., 2013; Spatazza et al., 

2013; Végh et al., 2014; Xue et al., 2014; Allen et al., 2017; Steullet et al., 2017). However, we still do 

not clearly understand how PNNs regulate this wide range of functions in the CNS.    

There are a number of theories for the potential mechanisms by which PNNs might modulate 

plasticity in the CNS and also play other roles in normal nervous system physiology. PNNs have been 

shown to bind the orthodenticle homeobox 2 (OTX2) homeoprotein. OTX2 regulates the maturation of 

PV neurons and binding of OTX2 to PNNs has been shown to be necessary for restricting plasticity in 

adults. By infusing a synthetic peptide which blocks the OTX2 binding site on PNNs directly into the 

visual cortex of adult mice, researchers were able to reopen juvenile forms of plasticity in these animals 

(Beurdeley et al., 2012). HA based ECM on the neuronal surface has been shown to regulate the lateral 

diffusion of receptors and exchange between synaptic and extrasynaptic regions (Frischknecht et al., 

2009). PNNs are excluded from points of synaptic contact and PNN geometry puts them in a unique 

position to impede the lateral mobility of receptors on the neuronal surface and regulate their numbers at 

synapses. Also, PNN component brevican has been shown to control cellular and synaptic forms of 

plasticity by regulating the localization of potassium channels and AMPA receptors (Favuzzi et al., 2017) 
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and eliminating PNNs has been shown to alter the ratio of excitatory and inhibitory synapses (Gottschling 

et al., 2019). PNNs also bind the axon guidance protein semaphorin 3A (SEMA3A). SEMA3A is capable 

of binding the CS motifs on the lecticans and other CSPGs thereby bringing these inhibitory molecules 

into close association with synapses on the surface of the cell and consequently allowing PNNs to 

regulate synapse formation. Interestingly, disrupted PNNs in mice lacking specific PNN components can 

no longer bind SEMA3A (Dick et al., 2013; Vo et al., 2013). Taken together these data suggest that PNN 

structural integrity might play a role in synapse formation. Further PNNs might act as a physical barrier 

between the neuron and extracellular space. PNNs are highly negatively charged and might act as a local 

buffering reservoir for ions. PNNs are enriched around fast-spiking, parvalbumin (PV)-containing 

GABAergic interneurons within many brain regions (Brückner et al., 1993; Dityatev et al., 2007). It has 

been hypothesized that the high negative charge on PNNs might allow it to act as a local buffering system 

to prevent cationic changes in the extracellular environment. The negatively charged GAG chains on 

PNNs can also allow them to bind redox active Iron (Fe3+) and PNN positive neurons have been shown to 

be less susceptible to oxidative stress (Morawski et al., 2004; Suttkus et al., 2012). Investigations in 

dissociated cultures have also demonstrated that PNN bearing neurons are less susceptible to amyloid 

protein neurotoxicity (Miyata et al., 2007). Thus, PNNs might play a vital role in neuroprotection in the 

CNS.  

Despite a large number of theories, the precise physiological roles of PNNs have remained quite 

elusive. We believe this is primarily derived from the fact that we do not have a clear understanding of 

PNN molecular composition and structure. This limited understanding of PNN molecular composition 

and structure has greatly limited our ability to design tools and strategies to specifically manipulate and 

target PNNs and thereby gain insight into their functions. The goal of my work is to understand PNN 

structure and how various PNN components assemble together to on the surface of neurons to form this 

ECM sub compartment. We feel that understanding PNN molecular composition and structure will help 

us develop new tools and techniques to target them more precisely, thereby allowing us to clearly 
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understand their role in the CNS. We have discussed the various components of the IM and PNNs above. 

In the following section we summarize what is known about the roles of these molecules in PNNs. 

 

1.5. Molecular composition and structure of perineuronal nets 

PNNs represent a complex heterogenous highly aggregated substructure of the neural ECM on the 

surface of particular subsets of neurons. PNNs are organized and regular in appearance and display a kind 

of geometry not observed in other ECM compartments. Many PNN components are broadly expressed in 

the ECM but PNNs appear clearly distinct from their surroundings. The exact molecular mechanisms by 

which various PNN components come together to form this unique ECM compartment is very poorly 

understood. We have seen that the lecticans and HA along with TNR play a key role in organizing ECM 

structures in the brain. PNNs are highly enriched for these molecules (Weber et al., 1999a; Brückner et 

al., 2000). The importance of HA in PNN formation has been demonstrated by a number of studies. PNN 

components are eliminated by hyaluronidase treatment in brain slices (Deepa et al., 2006) and indicates 

that HA forms a backbone for various PNN components to attach to. In addition to these in vivo studies, 

formation of PNNs have been demonstrated in organotypic cultures (Brückner et al., 2000) and also in 

dissociated neurons (Reimers et al., 2007). Disrupting HA in these models leads to reduced PNN staining 

and provides additional support for the central role of HA in PNN formation (Miyata et al., 2005; 

Giamanco et al., 2010; Giamanco and Matthews, 2012). 

PNN composition has been elaborated further by recent work the in the deep cerebellar nuclei and 

spinal cord and the lectican family of CSPGs, TNR, link proteins along with HA have been shown to be 

the building blocks of PNNs (Carulli et al., 2006; Deepa et al., 2006; Galtrey et al., 2008; Carulli et al., 

2010a). Immunoreactivity for lecticans and link proteins colocalizes with HA in PNNs. The interactions 

of HA lecticans and link proteins have been demonstrated in other kinds of ECM and it is likely that these 

molecules form similar ternary structures in PNNs (Fig. 1.1). Among the lecticans, aggrecan is perhaps 

the most specific for PNNs (Giamanco et al., 2010; Rowlands et al., 2018). Aggrecan is expressed by 

neurons surrounded by PNNs in an activity dependent manner. Its expression is coincident with PNN 
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formation and follows the same trajectory as PNN development. Recent work has also demonstrated that 

aggrecan is critical for maintaining PNNs in vivo (Giamanco et al., 2010; Rowlands et al., 2018). As 

noted above, link proteins play a role in stabilizing the binding of lecticans to HA. Among the four known 

members of the link protein family, HAPLN1 expression is upregulated prior to PNN formation and mice 

lacking HAPLN1 have disrupted PNN morphology (Carulli et al., 2010a; Kwok et al., 2010). In fact, 

these mice also show a reduction in the number of PNN positive cells in the cortex. Therefore, HAPLN1 

appears to play a key role in the formation of PNNs. A deficiency of HAPLN4 has also been shown to 

affect staining for PNN component brevican in the cerebellum but staining for other PNN markers was 

not altered in these mice.  

The C-terminal lectin domain of the lecticans is capable of binding a variety of molecules, like the 

tenascins (Aspberg, 1995; Aspberg et al., 1997; Lundell et al., 2004). Staining for TNR colocalizes with 

PNN markers and in fact, and recent work has shown that TNR is essential for the normal development of 

PNNs (Brückner et al., 2000a; Haunsø et al., 2000; Morawski et al., 2014). It is interesting to note that 

individual TNR molecules can form trimers through interaction of their N-terminal domains. Therefore, 

TNR can exist as a multivalent structure and act as an adapter molecule binding different PNN 

components. Electron microscopic studies have shown that TNR can cross link lectican-HA complexes 

and thus, forms complex ternary structures (Lundell et al., 2004). Therefore, TNR might play a key role 

in organizing various other components to form PNNs (Fig. 1.1).  

Individual PNN components have been well characterized with numerous binding partners and have 

been shown to interact with each other. However, the molecular mechanisms by which they come 

together and form the regular ordered structure of PNNs is poorly understood. The lecticans are key 

organizers of the ECM in the CNS but all the members except for aggrecan are expressed in the general 

ECM which does not show the regular ordered distribution of components seen in PNNs. Similarly, the 

organization of the ECM is thought to depend on TNR but like the lecticans TNR is not PNN specific 

either.  Additionally, HAPLN1 is broadly expressed in the ECM as well. Therefore, a mechanistic 

understanding of PNN structure and formation is lacking. Furthermore, PNNs are extremely stable and 
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closely associated with the neuronal surface but all PNN components identified to date are secreted 

proteins without any membrane anchoring domains. The mechanisms by which PNNs bind the cell 

membrane is unknown. We feel, that understanding how various PNN components interact to form the 

regular, ordered structure of PNNs and the mechanism(s) by which they bind to the cell surface will be 

key to understanding PNN structure and formation. A number of genetic models and enzymatic tools 

already exist to study PNNs. They have provided valuable insight into PNN structure and formation. 

However, they also have significant problems and have raised many more questions. A brief discussion of 

detailing them is given below.   

 

1.6. Tools and Genetic models for studying PNNs. 

The current working model of the PNNs centers around the interaction of the lectican family of 

CSPGs with a scaffold made up of HA. PNNs have been studied using enzymatic methods. Digesting 

away HA with hyaluronidase has been demonstrated to eliminate PNN staining from the surface of the 

cell in brain sections, organotypic cultures and dissociated neurons (Deepa et al., 2006; Giamanco et al., 

2010; Giamanco and Matthews, 2012). At physiologic pH hyaluronidase is not specific for digestion of 

HA and also cleaves CS chains. Further, HA is not specific to PNNs and is found expressed in the broad 

ECM in the CNS and disruption with hyaluronidase also affects the ECM in general. Therefore, it has 

been difficult to specifically understand the role HA in PNNs. The most common method of disrupting 

PNNs has been by the use of bacterial ChABC, an enzyme capable of degrading CS chains on PNN 

components. ChABC treatment has been shown to disrupt PNNs and eliminates staining for WFA in in 

vivo as well as in in vitro models. ChABC is also capable of digesting away the HA backbone of PNNs 

and as such, also affects any HA based ECM structure in the application area thus, having broad effects 

on the general ECM (Howell et al., 2015) making it difficult again to understand PNN function. 

Moreover, even though ChABC treatment affects PNNs, it does not necessarily eliminate them (Deepa et 

al., 2006). These two factors have made it difficult to precisely determine PNN function in these studies.   
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The principal CSPGs in PNNs are the lecticans. Lecticans are thought to play a key role in binding 

PNN components to the cell surface (Rowlands et al., 2018). Mice carrying disruptions in each member 

of the family exist and have been key in providing us an understanding of the contribution of these 

molecules to PNN structure. Among the lecticans aggrecan is the most specific to PNNs. Cartilage matrix 

deficiency mice (cmd mice) carry a spontaneous mutation in the aggrecan gene. These, mice die at birth 

due to respiratory failure (Rittenhouse et al., 1978; Kimata et al., 1981; Watanabe et al., 1997). Since they 

die at birth it has been difficult to assess the role of aggrecan in PNN formation in these mice. However, 

mice heterozygous for the mutation (cmd het) are viable and can be used to generate homozygous mutant 

embryos for in vitro and ex vivo studies. WFA and aggrecan reactive PNNs are lost in both dissociated 

neurons and organotypic cultures from the homozygous mutant pups suggesting the elimination of PNNs. 

But pericellular aggregates of HA and other PNN markers such as HAPLN1, TNR, brevican are observed 

to be still present in these models, suggesting that PNNs can still form in the absence of aggrecan 

(Giamanco et al., 2010; Rowlands et al., 2018). Recent work by Rowlands et al., however, indicates that 

aggrecan is key component for the formation of PNNs. Using a conditional knockout mouse, they 

demonstrated a loss of aggrecan is associated with the loss of WFA and other PNN markers such 

HAPLN1, TNR, versican and neurocan. These contradicting findings might be due to the use of different 

model systems in these two studies. While PNNs can form in dissociated neurons and organotypic 

cultures in the absence of aggrecan, maintenance of PNNs in vivo might require the expression of this 

CSPG (Giamanco et al., 2010; Rowlands et al., 2018). PNNs appear unaffected in brevican knockout and 

neurocan knockout mice (Brakebusch et al., 2002; Gottschling et al., 2019). Neurocan deficient mice, 

however, show reduced late phase long term potentiation and brevican knockout animals have impaired 

maintenance of hippocampal long-term potentiation, indicating that these PNN components might play a 

role in regulating this form of synaptic plasticity (Zhou et al., 2001). Versican knockout mice die at 

embryonic day 10.5 (E10.5) due to cardiac defects (Mjaatvedt et al., 1998) and the role of versican in 

PNN formation remains to be determined.   
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 The role of TNR in PNN formation and structure has been investigated. Tnr KO mice are viable and 

show disrupted PNN morphology (Weber et al., 1999; Brückner et al., 2000a; Haunsø et al., 2000; 

Morawski et al., 2014). While PNNs in WT mice appear regular and organized, Tnr KO animals have 

irregular, discontinuous and aggregated PNNs. These animals also showed a reduction in the levels of 

other PNN components HA, neurocan and brevican and a complete loss of RPTPζ indicating that TNR 

might play a key role in binding these components to the neuronal surface in PNNs. Tnr KO mice also 

show reduced perisomatic inhibition, decreased axonal conduction velocity, increased excitatory synaptic 

transmission and defects in long-term potentiation (Saghatelyan et al., 2001). However, in addition to 

disruption of PNNs, loss of TNR broadly affects the neural ECM. As such even though TNR seems to 

play a key role in these processes, the role of PNNs in determining these properties of the cell is difficult 

to ascertain. More importantly, even though PNNs appear disrupted in these mice, aggregates of PNN 

components still formed around the correct cell types in these animals indicating that TNR is not critical 

for initiating the formation of PNNs in neurons.  

PNN formation is associated with the upregulation HAPLN1. Mice lacking HAPLN1 die at birth. As 

such researchers have developed a rescue transgenic line in which HAPLN1 is expressed in cartilage but 

not in the CNS (Carulli et al., 2010a). These mice have attenuated PNN structures and reduced number of 

cells decorated by PNNs as compared to WT mice. HAPLN1 is thought to stabilize the interaction of 

lecticans with the HA scaffold and might play a key role in capturing and binding CSPGS to the HA 

scaffold of PNNs. These mice also maintain juvenile levels of ocular dominance plasticity well into 

adulthood indicating that HAPLN1 plays a role in regulating developmental plasticity in the visual cortex. 

It is important to note, that as with the Tnr KO, PNNs in mice lacking HAPLN1 also persist around the 

correct cell types indicating that the critical component required for initiating PNN formation is not 

HAPLN1.  

One possibility is that the GAG, HA is key to forming PNNs. PNN formation is associated with the 

upregulation of HA synthases (Carulli et al., 2007; Carulli et al., 2010b, Galtrey et al., 2008; Kwok et al., 

2010) and the importance of HA in PNNs has also been demonstrated in a number of studies. Digesting 
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away HA with hyaluronidase leads to an elimination of PNN markers from the surface of the cell and 

disrupted binding of lecticans to the HA scaffold results in attenuated PNN structure. In mammals, HA is 

synthesized by three HA synthases (HAS1-3). The enzyme responsible for synthesis of HA in PNNs 

though, has not been determined. Knockout animals for HA synthases exist. The HA staining in the Has1 

KO mice brains is essentially indistinguishable from their WT counterparts (Arranz et al., 2014). Mice 

with mutations in the Has2 gene die at E9.5-10 due to cardiac and vascular abnormalities (Camenisch et 

al., 2000). A conditional knockout exists (Has2CKO). Has2CKO mice show diminished HA staining in the 

cortex and an almost total loss of HA along major fiber tracts, such as the corpus callosum and the 

cingulum bundle. However, an effect on PNN formation in these mice have not been reported. Has3 KO 

display a pronounced reduction in the level of HA in the hippocampus and these mice are prone to 

seizures (Arranz et al., 2014). Expression this enzyme singly has been shown to form a diffuse matrix 

around the cell in in vitro models using HEK-293 cells (Kwok et al., 2010).  Interestingly, addition of 

other PNN components HAPLN1 and aggrecan to HEK-293 cells expressing Has3 resulted in the 

formation of condensed PNN like pericellular aggregates around the cell (Kwok et al., 2010). These 

results have led to theories that it might be HAS3 that is responsible for synthesizing HA in PNNs and 

binding it to the cell surface. PNNs however, appear intact in Has3 KO mice (Arranz et al., 2014). This 

could be due to a number of reasons. Firstly, the three HA synthases were knocked out individually in this 

study. It is possible that the enzymes show redundancy in PNN formation and thus, knocking them out 

individually did not result in PNN disruption. Alternatively, HA in PNNs might be synthesized by an 

unidentified HA synthase. We feel, understanding how the HA scaffold is synthesized in PNNs and the 

mechanism of how it attaches to the cell surface will be key to understanding PNN formation and 

structure.  

Thus, we see that even though a number of enzymatic tools and genetic models exist to study PNN 

function, these methods lack specificity and do not allow us to target and manipulate PNNs precisely. We 

feel that this lack of precise tool arises primarily from our lack of understanding of the structure of this 

heterogenous ECM complex. The overarching goal of our lab therefore has been to determine PNN 
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structure more clearly and understand how various PNN component assemble together to form these 

structures, in order to develop strategies to target and manipulate them specifically thereby enabling us to 

understand their role and function in the CNS clearly. 

 

1.7. Conclusion and goals of this thesis  

PNNs represent unique substructures of the neural ECM and are a heterogenous complex of 

proteoglycans, glycoproteins and GAGs. They are thought to restrict plasticity in the CNS and play a 

critical role in the maturation and stabilization of synapses. Understanding the role of PNNs in the CNS 

will be crucial in understanding the mechanisms that restrict plasticity in the developing nervous system 

and in general how neural circuits are formed. Additionally, PNNs are thought to buffer ions, act as a 

barrier between the neuron and extracellular space, bind developmental and molecular cues and also 

protect neurons from oxidative stress. The precise function of PNNs has however been elusive. This is 

primarily due to the fact that we do not understand how various PNN components interact with each other 

to form these structures on the neuronal surface and as a result we cannot manipulate or target them 

precisely. Existing strategies to disrupt PNNs have relied heavily on the enzymatic digestion of PNN 

GAG chains by ChABC. While ChABC can digest the CS chains on PNN components as well as digest 

away the HA backbone affecting PNNs, it has many downsides. Firstly, most PNN components including 

HA are expressed in the ECM in general. ChABC treatment broadly affects any local HA based ECM 

structures thus making it difficult to determine the role of PNNs in the CNS specifically. Secondly even 

though ChABC treatment affects PNNs, it does not necessarily eliminate them (Deepa et al. 2006). Thus, 

again making it difficult to precisely tease out PNN function. The genetic models for PNN disruption 

have provided valuable insight into how PNNs are formed but as in manipulation with ChABC, they also 

exhibit broad effects on the general ECM presenting the same problems in determining PNN function. 

Therefore, we feel that a more thorough understanding of PNN structure and the mechanisms by which 

PNN components come together and aggregate on the surface of the neuron will be critical to developing 

strategies to target and manipulate this ECM subcompartment specifically and thereby enabling us to 
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understand PNN function more precisely. It is interesting to note that PNNs are unusually stable 

structures but PNN components to date have been secreted molecules. Even in mouse models carrying 

specific disruptions in PNN components, PNNs even though altered in structure form around the correct 

cell types. These findings point to the importance of understanding how PNN components bind to the 

neuronal surface and we feel that identifying a receptor for PNNs is key to understanding PNN structure 

and formation and being able to target them precisely.  

To this end, the following goals have been addressed in this thesis: 

1. To determine the mechanism(s) by which various PNN component bind to the surface of the 

cell.  

2. To determine how various PNN components aggregate together on the surface of neurons to 

form these structures. 

Through our recent work we have also determined the role of the CSPG, receptor protein tyrosine 

phosphatase – zeta (RPTPζ) in PNN formation.  RPTPζ is a well-established interacting partner for TNR 

and as the name suggests it is a receptor type protein tyrosine phosphatase and is encoded by the Ptprz1 

gene. RPTPζ is highly enriched in the CNS and staining for RPTPζ has been shown to colocalize with 

other PNN components (Haunsø et al., 1999, 2000). Also, even though, RPTPζ is drastically different in 

structure from the lectican family of CSPGs they are both known to bind to the same complement of cell 

surface receptors and cell adhesion molecules (Milev et al., 1998; Peles et al., 1998). As mentioned 

above, the lecticans are key organizers of PNNs. Given the structural dissimilarity but close association 

with the lecticans, RPTPζ might also play a role in integrity and assembly of PNNs as well. RPTPζ is 

expressed by the Ptprζ1 (Ptprz1) gene. To our surprise we found that Ptprζ1 KO mice have disrupted 

PNN structure. Our work detailed in chapters 2 and 3 show that RPTPζ is critical for proper PNN 

structure formation and PNN components are immobilized on the cell surface by two distinct types of 

interactions, one as in the classical model of PNN structure dependent on scaffold or backbone made up 

of HA and the other dependent on a complex formed by RPTPζ and TNR. This is the first direct 

demonstration of the role of RPTPζ in PNN structure formation.  
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Full length RPTPζ consists of an N-terminal region with high similarity to the enzyme carbonic 

anhydrase, followed by a fibronectin type III repeat (FNIII) (Peles et. al., 1998, Garwood et al., 2003, 

Lamprianou et al., 2011). The FNIII domain in turn is linked to a long, extracellular, cysteine-free spacer 

region and finally, the spacer is connected to the cell through a transmembrane region to two intracellular 

C-terminal cytoplasmic phosphatase domains. Alternative spicing gives rise to either the full-length 

receptor form RPTPζ or the secreted form phosphacan, containing only the extracellular protein domains. 

Two additional short isoforms are also known to exist, a short receptor and short secreted version 

(Garwood et al., 2003, Fig. 1.3). While we had hoped that the full-length transmembrane receptor form 

was critical for PNN formation, we found that the disruption in PNN component seen in Ptprz1 KO 

cultures could be recovered by adding the secreted variant of RPTPζ, known as phosphacan to the cells. 

While this was interesting, the identity of the cell surface receptor for PNNs still remained elusive. We 

went on to identify that the TNR-RPTPζ complex is bound to the cell surface by a GPI-linked receptor 

protein. Our further work detailed in chapter 3 identified contactin-1 (CNTN1) as the primary GPI-linked 

receptor in PNNs. To our knowledge this is the first time a receptor for PNNs has been identified. 

In summary, we feel that the findings presented in this thesis give us important insight into PNN structure 

and in the future will allow us to develop strategies to target them specifically thereby allowing us to 

understand their function in the CNS clearly.  
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Figure 1.1 

Types of extracellular matrix (ECM) in the central nervous system (CNS). (A) The ECM in the CNS can 

be broadly classified into three compartments: the basement membrane (BM), the interstitial matrix (IM) 

and perineuronal nets (PNNs). The composition of the IM (B) and PNNs (C) is distinct from the BM and 

ECM found in non-neural tissues. The IM and PNNs contains large amounts of the glycosaminoglycan, 

hyaluronic acid (HA), which acts like a scaffold molecule for other components like the lectican family of 

CSPGs to attach to. The interaction of HA with the lecticans is thought to be stabilized by link proteins 

and the HA-lectican complexes are crosslinked to each other and other ECM molecules by members of 

the tenascin family of ECM glycoproteins.  Tenascin-R (TNR) is the principal tenascin family member 

found in PNNs and is depicted here. PNNs appear as a net or mesh on the surface of particular subsets of 

neurons and remain closely associated with neuronal surface. The mechanisms by which various ECM 

molecules come together to form these distinct structures and associate with the cell membrane is not 

clear and understanding them is a goal of this thesis.  
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Figure 1.2 

There are four members of the lectican family of CSPGs: aggrecan, versican, neurocan and brevican. 

These family members are homologous and all them have globular N- and C- terminal domains with a 

central carbohydrate attachment region. The N-terminal globular G1 domain of the lecticans are capable 

of binding HA through their HA binding domains. The G1 domain is comprised of an Ig like loop and 

two link modules. Interestingly these are the same domains found in the link protein family (HAPLN1-4) 

of proteins and allows them to bind to HA as well. Aggrecan has an additional G2 domain at its N 

terminus comprising of two link modules circled here in red. The function of this domain is not clear and 

may be responsible for any additional specific properties of aggrecan. The central region of the lecticans 

contains a variable number of attached GAG or CS chains. Vertical bar in versican indicates alternate 

usage of GAG attachment region in different isoforms. The C-terminal G3 domains consists of epidermal 

growth factor (EGF) like domains, lectin domain and complementary regulatory protein (CRP) domain 

and is capable of binding tenascin-C and tenascin-R.  
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Figure 1.3 

Schematic representation of different splice variants of receptor protein tyrosine phosphatase -z (RPTPz). 

RPTPz is known to exist as four different variants, a full-length long receptor form, a short receptor form, 

a secreted variant called phosphacan and a short secreted variant called phosphacan short isoform (PSI). 

All forms share a common N-terminal carbonic anhydrase domain and a fibronectin type III (FNIII) 

domain. All the forms except PSI also contain a spacer region. The full-length receptor and phosphacan 

have an additional GAG attachment region. The two receptor forms also contain a single pass 

transmembrane domain and two cytoplasmic protein tyrosine phosphatase domains.  
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Chapter 2 
 
The protein tyrosine phosphatase RPTPz/phosphacan is critical for perineuronal net structure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter has been modified from a publication. See, Eill, G. J.*, Sinha A.*, Morawski 
M.,Viapiano M.S., Matthews R.T. (2020) “The protein tyrosine phosphatase RPTPz/phosphacan is 
critical for perineuronal net structure,” Journal of Biological Chemistry, 295(4), pp. 955–968. doi: 
10.1074/jbc.RA119.010830. 
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2.1 Abstract 

Perineuronal nets (PNNs) are conspicuous neuron specific substructures within the extracellular 

matrix of the central nervous system that have generated an explosion of interest over the last decade. 

These reticulated structures appear to surround synapses on the cell bodies of a subset of the neurons in 

the central nervous system and play key roles in both developmental and adult brain plasticity. Despite 

the interest in these structures and compelling demonstrations of their importance in regulating plasticity, 

their precise functional mechanisms remain elusive. The limited mechanistic understanding of PNNs is 

primarily because of an incomplete knowledge of their molecular composition and structure and a failure 

to identify PNN specific targets. Thus, it has been challenging to precisely manipulate PNNs to rigorously 

investigate their function. Here, using mouse models and neuronal cultures, we demonstrate a role of 

receptor protein tyrosine phosphatase zeta (RPTPz) in PNN structure. We found that in the absence of 

RPTPz, the reticular structure of PNNs is lost and phenocopies the PNN structural abnormalities observed 

in tenascin-R knockout brains. Furthermore, we biochemically analyzed the contribution of RPTPz to 

PNN formation and structure, which enabled us to generate a more detailed model for PNNs. We provide 

evidence for two distinct kinds of interactions of PNN components with the neuronal surface, one 

dependent on RPTPz and the other requiring the glycosaminoglycan hyaluronan. We propose that these 

findings offer important insight into PNN structure and lay important groundwork for future strategies to 

specifically disrupt PNNs to precisely dissect their function.  

 

2.2 Introduction 

Studies over the past two decades have identified the important and perhaps fundamental role for the 

neural extracellular matrix (ECM) in regulating neuronal plasticity in the central nervous system (CNS). 

For example, manipulation of the neural ECM disrupts developmental ocular dominance plasticity in the 

primary visual cortex and modulates learning and memory in multiple regions within the brain 

(Pizzorusso et al., 2002; Gogolla et al., 2009; Romberg et al., 2013). Indeed, alterations and/or 
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disruptions of the neural ECM are associated with a number of neuropsychiatric disorders and 

neurodegenerative diseases (Viapiano and Matthews, 2006; Pantazopoulos et al., 2010, 2015; Mauney et 

al., 2013; Yang et al., 2015). Importantly, these studies primarily attribute these functions to a unique and 

enigmatic neural ECM substructure called the perineuronal net (PNN). 

PNNs are conspicuous reticular ECM formations that ensheathe limited but specific subsets of 

neurons in the CNS (Brückner et al., 1993; Celio, Spreafico, Biasi, et al., 1998). These highly aggregated 

ECM structures surround the cell body and proximal neurites of ensheathed neurons but appear to be 

excluded from sites of synaptic contact thereby giving them a lattice-like or net-like appearance. Early 

work noted that expression of PNNs in primary sensory cortices, such as visual and somatosensory 

cortex, is activity dependent and that the timing of their appearance is consistent with closure of 

developmental critical periods such as the critical period for ocular dominance plasticity (Hockfield et al., 

1990; Lander et al., 1997). Furthermore, in the cortex, PNNs are particularly enriched surrounding 

parvalbumin expressing interneurons, which are known to be key regulators of developmental plasticity. 

Therefore, it is hypothesized that PNNs may be important regulators of developmental plasticity in the 

developing cortex. 

Previous work showed that PNNs are particularly enriched in the glycosaminoglycan hyaluronan 

(HA) and hyaluronan-binding chondroitin sulfate proteoglycans (CSPGs). The presence of highly 

aggregated CSPGs in PNNs has received particular attention because CSPGs are notoriously inhibitory 

molecules in the CNS and a major barrier to regeneration in the injured nervous system (McKeon et al., 

1991; Niederöst et al., 1999; Bradbury, 2002). Therefore, the appearance of CSPG enriched structure 

surrounding synapses coincident with closure of the period of heightened developmental plasticity led to 

the hypothesis that these structures likely inhibit synaptic plasticity. Consistent with this hypothesis more 

recent studies demonstrated that, indeed, disruption of the neural ECM and PNNs in the visual cortex 

restores juvenile ocular dominance plasticity in mature rodent brain (Pizzorusso et al., 2002). Importantly 

these findings suggest that ECM and PNN disruption alone is sufficient to reopen juvenile plasticity, 

indicating that these are critical regulators of neural plasticity.  



 50 

The body of work linking PNNs to developmental plasticity (Pizzorusso et al., 2006; McRae et al., 

2007; Balmer et al., 2009) is quite compelling, however; an evergrowing list of studies now links PNNs 

to a vast array of neural functions and pathologies. Of particular interest are prominent roles for PNNs in 

other forms of plasticity such as learning and memory. An explosion of recent work demonstrated that 

manipulating the ECM and PNNs in multiple brain regions including the amygdala, hippocampus, cortex, 

and striatum significantly alters learning and memory (Gogolla et al., 2009; Lee et al. , 2012; Romberg et 

al., 2013; Végh et al., 2014; Xue et al., 2014; Slaker et al., 2015). Although these results are quite 

striking and exciting for the field, a mechanistic understanding of PNN function has been surprisingly 

elusive. We still do not understand what the precise function of PNNs is nor how they modulate plasticity. 

In addition, there are conflicting findings from different labs with PNN manipulations that further 

highlight the limits of our understanding of this structure (Giamanco et al., 2010; Rowlands et al., 2018). 

The limited mechanistic understanding of PNN function is derived primarily from an incomplete 

understanding of its molecular composition and structure and, in turn, the inability to specifically disrupt 

PNNs without disrupting the surrounding ECM. For example, much of the work identifying roles for 

PNNs in various forms of plasticity has relied on enzymatic digestion with chondroitinase ABC 

(ChABC). This treatment impacts PNNs but does not necessarily eliminate the structure, and even 

disrupts the surrounding ECM (Deepa et al., 2006). Additionally, genetic models disrupting specific PNN 

components have provided insight into their function, but also typically impact the surrounding neural 

ECM. Therefore, the goal of this study is to provide a more complete understanding of PNN structure 

toward the ultimate goal of developing more precise strategies to specifically disrupt PNNs to better study 

their function. 

In this study we detail a novel role for receptor protein tyrosine phosphatase zeta (RPTPz) in the 

structure of PNNs. Utilizing mouse models and neuronal cultures, we demonstrate RPTPz is critical for 

the proper formation of PNNs. Further analysis using molecular and biochemical techniques shows PNNs 

are bound to the neuronal surface through two distinct mechanisms, one requiring hyaluronan and the 
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other RPTPz. Overall, our data provide novel insights into the structure and formation of PNNs to 

ultimately develop tools to precisely determine PNN function.  

 

2.3 Results  

2.3.1 PNNs are disrupted in Ptprz1 KO adult mice  

A detailed understanding of PNN function has been elusive due in large part to an incomplete 

understanding of their composition and structure. In this regard the role of RPTPz in PNNs is intriguing 

because although it has been localized to PNNs, its role in these structures has never been thoroughly 

studied. Although virtually all other proteins identified in PNNs are secreted proteins, the full-length 

isoform of RPTPz is a large transmembrane protein and thereby could provide a key anchor point for 

PNNs to the neuronal cell surface. Furthermore, RPTPz is a phosphatase and could also serve a signaling 

function in PNNs. Finally, RPTPz is known to interact with other key PNN components such as TNR and 

could provide a key link to the other components in this structure. Therefore, we investigated PNN 

structure in Ptprz1 KO mice. Of note, the nomenclature surrounding the protein products of the Ptprz1 

gene, RPTPz and phosphacan, in the literature is somewhat confusing. This largely stems from various 

laboratories isolating the proteoglycan using different monoclonal antibodies. As such RPTPz is also 

known by DSD-1, 6B4, 3F8, and RPTPz. It is now generally accepted that the receptor form be described 

as RPTPz, to match its gene Ptprz1 (Ptprz1). Therefore, in this article, we will designate all protein 

isoforms of the Ptprz1 gene as RPTPz and specifically name the secreted variant phosphacan where 

relevant. 

Before investigating PNN structure, we confirmed the loss of RPTPz of our Ptprz1 KO mice through 

immunostaining using RPTPz-specific antibody 3F8 in adult cortical sections (Fig. S1A). 3F8 staining 

was essentially eliminated in the brains of the knockout animals confirming the validity of this model. We 

subsequently immunostained cortical sections of PND 90 brains with the most well-established markers 

of PNNs, antibodies directed against aggrecan and the lectin WFA. In WT brains, PNNs had the typical 
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highly organized lattice structure on a subset of neurons in the cortex. However, PNNs in the KO brains 

appeared altered in structure and less organized than their WT counterparts. Upon closer observation, we 

noted that although typical PNN staining reveals bridge like strings interconnecting foci along the 

neuronal surface that create discrete gaps or holes that give a netlike appearance, these “bridges” seemed 

largely absent in the KO brains (Fig. 2.1). Interestingly PNNs in brains from heterozygous mice seemed 

largely unaffected. In the KO animals, however, instead of the intricate, lattice-like structure as seen in 

WT, PNN components aggregated on the neuronal surface, creating prominent foci. Despite this disrupted 

structure, interestingly, PNN areal and cell specific distribution remained unaffected in Ptprz1 KO mice. 

In addition, we found this disruption occurred as early as PND 21 (Fig. S2.1B). From these data, we 

concluded RPTPz is necessary for proper formation of PNNs from early in mammalian development 

through maturity. 

To quantify the disrupted PNN phenotype, we analyzed two aspects of PNN staining: PNN intensity 

and PNN spatial distribution on the neuronal surface. Cortical brain slices were stained with WFA and 

individual PNN bearing neurons were imaged and analyzed across the Ptprz1 brains (WT, n = 4 animals, 

55 PNNs; Het, n = 3 animals, 26 PNNs; KO, n = 4 animals, 43 PNNs). From our initial observations, we 

found that disrupted Ptprz1 KO PNNs had large areas devoid of PNN staining, possibly because of 

component aggregation and collapse of the stringlike interconnections (Fig. 2.2A). To quantify this 

observation, we first developed a binary gap analysis as described in “Experimental procedures” (Fig. 

2.2). A binary process converts any image of varying pixel intensity to black and white using an unbiased 

calculated threshold, making it a useful analysis tool to assess the empty space of an image (Fig. 2.2B). Of 

particular interest, the binary image of control PNNs distinctly shows the well-defined gaps and regular 

lattice-like structure of PNNs. In Ptprz1 KO mice, however, the gaps are no longer well-defined and PNN 

staining appears aggregated and discontinuous leading to gaps or large areas of no PNN staining. After 

calculating the black/white pixel count ratio, we found no significant difference between Ptprz1 WT and 

Het PNNs (data not shown), therefore the data sets were combined. In Ptprz1 KO PNNs, however, we 
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found a significantly higher black/white pixel count ratio (p = 1.09 x 105, Student’s t test), confirming 

greater areas of no PNN staining (Fig. 2.2C). 

The above method effectively describes the ratio of PNN containing regions to regions devoid of 

PNN staining on the surface of neurons between Ptprz1 WT/Het and Ptprz1 KO animals. However, in 

addition to this, PNN staining from the Ptprz1 KO neurons appears discontinuous and aggregated in 

contrast to the more regular, continuous staining seen in Ptprz1 WT/Het animals. To quantify this element 

of PNN structure we developed a PNN peak or node analysis. This method takes into account the 

difference in spatial distribution and clustering of PNN staining on the cell surface between the different 

groups. As before we utilized WFA as a marker for PNNs. We determined the sharpness of PNN peaks 

seen on the neuronal surface using the local maxima function in ImageJ (Fig. 2.2 D and E). The more 

continuous and regular WFA staining of the Ptprz1 WT/Het group resulted in significantly higher number 

of nodes or peaks in this genotype. The aggregated staining of the Ptprz1 KO PNNs led to detection of 

significantly fewer nodes (p = 0.0009, Student’s t test), which also appeared more isolated than in Ptprz1 

WT/Het animals (Fig. 2.2F). The average prominence of PNN nodes over their surrounding space in the 

Ptprz1 KO PNNs was also significantly higher compared with Ptprz1 WT/Het PNNs (p = 0.014, 

Student’s t test) (Fig. 2.2G). Both these data indicate the regular continuous structure of PNNs in the 

Ptprz1 WT/Het animals and the broken discontinuous PNN staining seen in Ptprz1 KO cells. The 

increase in the average prominence levels of WFA peaks in the Ptprz1 KO PNNs further points to the 

isolated nature of PNN nodes and the loss of connections between them in the Ptprz1 KO animals.  

2.3.2 ECM components remain bound to disrupted PNN structures in Ptprz1 KO mice  

Although our data indicate that proper PNN structure is disrupted in Ptprz1 KO mice, the impact of 

RPTPz on the other known PNN components remains unclear. To further define how RPTPz contributes 

to the underlying structure of PNNs, we stained cortical sections of adult Ptprz1 mice with PNN markers 

WFA, aggrecan, HAPLN1, neurocan, brevican, and TNR, and further quantified for fluorescent intensity 

(Fig. 2.3A). Although staining with all components showed the same aggregate PNN structure found with 

aggrecan and WFA, all ECM components, including TNR, remained bound to PNNs in Ptprz1 KO mice. 
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Quantifying the various PNN components, and accounting for sex, we found no significant ECM intensity 

difference between Ptprz1 WT (n = 9; 3 males, 6 females) and Ptprz1 Het (n = 12; 6 males and 6 females) 

mice for most of the PNN components. When compared with Ptprz1 KO mice (n = 14; 4 males, 10 

females), we only found significant losses in WFA (p = 6.53 x 105, Student’s t test) and aggrecan (p = 

0.01) whereas no significant losses were seen for all other PNN components analyzed.  

Expression of aggrecan and hyaluronic and proteoglycan link protein 1 (HAPLN1) in the cortex of 

Ptprz1 mice was analyzed via Western blot analysis (n = 3 per genotype) (Fig. 3B). Similar to IHC 

results, aggrecan protein levels in the cortex were significantly reduced in Ptprz1 KO mice (p = 0.03, 

Student’s t test), while HAPLN1 protein levels remained unchanged (p = 0.64). To ensure aggrecan loss 

did not occur at the transcription level, we performed an RT-PCR analysis and found no significant 

changes in gene expression across all Ptprz1 (data not shown). From these analyses, we conclude that 

although important for proper structural formation, the loss of RPTPz does not affect the overall 

localization of ECM components to the PNN surface.  

2.3.3 The PNN disruption in Ptprz1 KO mice phenocopies the PNN disruption in tenascin-R KO mice  

We next sought to determine a mechanism in which RPTPz anchors PNNs to the surface. We noted 

that the PNN phenotype we observed in the Ptprz1 KO brains looked remarkably similar to the phenotype 

found previously in Tnr KO brains (Weber et al., 1999; Brückner et al., 2000). Additionally, TNR is of 

particular interest because it is a high-affinity binding partner of RPTPz (Barnea et al., 1994; Xiao et al., 

1997; Milev et al., 1998). To confirm our observations, we obtained PFA-fixed PND 90 adult brains of 

Tnr WT and Tnr KO mice and directly compared the PNN phenotype to Ptprz1 KO mice (Fig. 2.4). 

Staining with WFA and aggrecan antibody, PNNs in Tnr WT resembled a typical lattice-like structure as 

observed with Ptprz1 WT/Het PNNs. The lattice-like structure of controls was completely absent and 

replaced by areas of aggregation. More importantly, these phenotypes were indistinguishable from PNNs 

in Ptprz1 KO mice. From these data, we concluded RPTPz likely interacts with TNR to mediate PNN 

structure.  
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2.3.4 PNN component aggrecan is immobilized on the cell surface by a distinct HA- and EDTA-sensitive 

interaction  

Previous work has identified and demonstrated the importance of TNR, HAPLN1, and the lectican 

CSPGs, aggrecan, neurocan, and brevican, in the proper formation of PNNs (Grumet et al., 1994; Milev 

et al., 1998; Weber et al., 1999; Brückner et al., 2000; Haunsø et al., 2000; Zhou et al., 2001; Brakebusch 

et al., 2002; Matthews et al., 2002; Deepa et al., 2006; John et al., 2006; Giamanco et al., 2010; Kwok et 

al., 2010; Giamanco and Matthews, 2012; Morawski et al., 2014; Suttkus et al., 2014; Morawski and 

Sonntag, 2018). We have found PNNs to be disrupted in Ptprz1 KO mice. However, the exact mechanism 

by which these components bind together to form PNNs is not clear. To better understand the mechanism 

of binding of PNN components we established a biochemical release assay to measure binding of 

aggrecan to the neuronal cell surface. Aggrecan is the best PNN component for this analysis because it is 

the most PNN-specific component and recently has been shown to be perhaps the key CSPG in PNN 

formation (Rowlands et al., 2018). Our finding of the potential interaction between RPTPz and TNR in 

PNN structure led to our hypothesis that we should be able to disrupt this element of PNN structure by 

chelating calcium. The interaction between RPTPz and TNR is Ca2+ dependent and, subsequently, the 

interaction of TNR with aggrecan also depends on Ca2+. Therefore, we reasoned that treatment with 

EDTA would disrupt this entire complex and if this complex were involved in PNN cell surface binding, 

would enhance the release of aggrecan. In addition, current models of PNN structure suggest that 

aggrecan is immobilized to the cell surface by interacting with the PNN backbone made up of the 

glycosaminoglycan HA (Haunsø et al., 2000; Brakebusch et al., 2002; Morawski and Sonntag, 2018). 

Therefore, we reasoned digestion of HA should also increase the release of aggrecan. If both mechanisms 

are independently involved in the binding of aggrecan to the neuronal membrane then we hypothesized 

that in the Ptprz1 and Tnr KO brain, aggrecan release would depend only on HA. To test this hypothesis, 

we isolated membranes from adult mouse brains and assessed the release of aggrecan by HA digestion in 

WT, Ptprz1 KO, and Tnr KO tissue (Fig. 2.5). We found that there is very little release of aggrecan from 
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brains of WT mice (15 ± 9%). In contrast, there was significant difference in release of aggrecan among 

the groups (one-way ANOVA F(2,7) = 14.94, p = 0.003). Both Ptprz1 KO brains (42 ± 4%, p = 0.0340) 

and Tnr KO brains (58 ± 13%, p = 0.0024) showed greater release as compared with WT. Interestingly, 

the vast majority of aggrecan was released from WT brains in our ChABC in conjunction with EDTA 

treatment assays (82 ± 7%). Ptprz1 KO brains (87 ± 19%) and Tnr KO (80 ± 27%) brains also showed an 

increase and similar levels of aggrecan release to WT brains when treated with both ChABC and EDTA. 

These data indicate that in WT mice aggrecan is immobilized on the cell surface by a dual interaction 

which is sensitive to HA digestion and EDTA, respectively. Attachment of aggrecan in either Ptprz1 KO 

or Tnr KO brains is compromised and the EDTA-sensitive mechanism of aggrecan binding is lost. These 

data along with the fact that aggrecan is similarly solubilized in our biochemical release assay from 

Ptprz1 KO and Tnr KO brains suggest that these two proteins are involved in aggregating this CSPG to 

the cell surface via the same mechanism. We next proceeded to further test the role of RPTPz and TNR in 

immobilizing aggrecan to the cell surface.  

2.3.5 TNR and RPTPz are both required to bind aggrecan to the cell surface  

The role of TNR in proper formation of PNNs is well-known and has been demonstrated in a number 

of systems, including brain slices, organotypic cultures, and dissociated neurons from Tnr KO mice 

(Brückner et al., 2000; Matthews et al., 2002; Giamanco and Matthews, 2012). Here we show RPTPz 

disruption phenocopies the PNN structural deficit found in the Tnr KOs. Because RPTPz and TNR are 

high-affinity ligands for each other, we hypothesize these proteins interact in mediating PNN structure. 

To more thoroughly characterize the binding of aggrecan to the cell surface through RPTPz and TNR, we 

endeavored to recapitulate the effect in HEK293 cells, a cell line that does not form PNNs endogenously 

(Fig. 2.6). We found that adding aggrecan alone or aggrecan and TNR does not result in binding the 

CSPG to the cell (Fig. 2.6A–C). This is not completely surprising as TNR is a secreted glycoprotein and 

does not contain any transmembrane domains to anchor it to the cell surface. Thus, its primary role is 

likely involved in the crosslinking PNN components but does not immobilize them on the cell. We then 
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tested whether the binding of TNR to the cell surface can be mediated by RPTPz by expressing a 

construct containing the TNR binding domain of RPTPz in the HEK293 cells (Fig. 2.6D–F). We found 

that in the presence of TNR, cells expressing RPTPz formed pericellular aggregates of aggrecan (Fig. 

2.6D). Furthermore, HEK293 cells did not bind aggrecan when only RPTPz was expressed but required 

the presence of TNR. These results demonstrate that both these two proteins are required to bind aggrecan 

to the cell surface. Interestingly, adding HA to these cells further enhanced staining and the netlike 

appearance of the structure highlighting the importance of HA in the aggregating PNN components to the 

cell surface (Fig. 2.6F).  

2.3.6 Ptprz1 KO neurons show disrupted PNN distribution and distinct biochemical properties in culture 

as compared with WT neurons  

Dissociated neuronal cultures present an attractive model to study binding of PNN components to the 

neuronal surface. This model system allowed us to perform biochemical analysis in live cells. We 

therefore utilized dissociated neuronal cultures to more thoroughly assess the role of RPTPz in binding 

PNN components to the cell surface. Cultures were derived from E16 CD1 WT and Ptprz1 KO mice and 

were positive for PNN marker aggrecan (Fig. 2.7A and E). However, staining in the Ptprz1 KO cells 

appeared disrupted and reduced in intensity as compared with the WT cultures, indicating the role of 

RPTPz in binding PNN components to the cell surface. Our previous findings have shown that the 

interaction of aggrecan with the cell surface is mediated by RPTPz and TNR. Further, this interaction 

depends on two kinds of mechanisms, being sensitive to HA digestion and Ca2+ ions, respectively. To 

determine the binding mechanism of aggrecan to cell surface and the role of RPTPz in PNN formation we 

treated neuronal cultures from WT and Ptprz1 KO mice acutely with ChABC and/or EGTA. There are 

significant effects of genotype (F(1,16) = 69.57, p = 0.0001) and treatment (F(3,16) = 36.46, p = 0.0001) 

as well as interaction (F(3,16) = 5.479, p = 0.0088) on aggrecan staining when analyzed by two-way 

ANOVA. Tukey’s post hoc testing (Fig. 2.7I) showed that acute treatment with ChABC alone had only a 

moderate effect on the release of aggrecan from WT cultures (Fig. 2.7B) (55 ± 2%, p = 0.0042). In 
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contrast, the effect of ChABC treatment was dramatically enhanced in Ptprz1 KO cultures and led to a 

virtually complete loss of aggrecan staining in these cells (Fig. 2.7F) (14 ± 3%, p = 0.0202). Further, this 

effect of ChABC treatment was significantly different between the two genotypes (p = 0.0015). EGTA 

treatment alone only had a small effect on aggrecan staining in both WT (Fig. 2.7C) (79 ± 11%, p = 

0.3788) and Ptprz1 KO cultures (Fig. 2.7G) (84 ± 19%, p = 0.9958). Interestingly, the combination of the 

two treatments, i.e. ChABC in conjunction with EGTA, led to almost complete loss of aggrecan in WT 

(Fig. 2.7D) (11 ± 2%, p = 0.0001) as well as Ptprz1 KO cultures (Fig. 2.7H) (9 ± 2%, p = 0.0137). These 

findings confirm our previous result and indicate that PNN component aggrecan is immobilized on the 

cell surface via two interactions, being sensitive to ChABC and a loss of Ca2+ ions, respectively. Further 

they indicate that the Ca2+ dependent interaction is mediated by RPTPz and is compromised in the Ptprz1 

KO animals.  

2.3.7 Phosphacan and tenascin-R cooperate to stabilize PNN components to the neuronal surface  

Currently, we have shown that TNR remains bound to PNNs in Ptprz1 KO mice. If RPTPz does 

indeed anchor PNNs through TNR, we would expect RPTPz to remain present on PNNs in Tnr KO mice. 

To test this hypothesis, we stained for RPTPz in cortical sections from Tnr WT and Tnr KO mice (Fig. 

2.8A). Intriguingly RPTPz, although prominent in Tnr WT, was greatly diminished on Tnr KO PNNs 

consistent with previous studies (Haunsø et al., 2000). This suggests TNR expression is needed to 

maintain RPTPz on the neuronal surface of PNNs. This made us investigate which specific isoform of 

RPTPz is required for PNN structure in an effort to better understand the molecular composition of 

PNNs. 

To clarify which Ptprz1 isoform, RPTPz or phosphacan, serves to anchor PNNs to the neuronal cell 

surface, we turned to our culture model system. To differentiate between isoforms, we purified soluble 

phosphacan from P4 mouse brains and exogenously added it to Ptprz1 WT and KO neuronal cultures. If 

only the receptor form RPTPz anchored PNN structures, we would not expect the exogenous addition of 

phosphacan to have any affect in our PNN culture model system. Phosphacan was added to Ptprz1 
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cultures starting at 3 DIV. Cultures were then fixed at 9 DIV and immunostained for PNN components 

aggrecan, neurocan, and TNR (Fig. 2.8B).  

In Ptprz1 WT cultures, aggrecan and neurocan tightly coated a population of neuronal cell bodies 

and proximal neurites, whereas in Ptprz1 KO neuronal cultures, aggrecan and neurocan indiscriminately 

aggregated on neuronal surfaces, losing most discernable cell surface structure. Although TNR was also 

spatially disrupted in Ptprz1 KO cultures, its expression on the neuronal surface was greatly diminished. 

After phosphacan addition to Ptprz1 KO cultures, the aggregated aggrecan and neurocan phenotype and 

reduced expression of TNR in Ptprz1 KO cultures remarkably recovered to control conditions. To 

quantify the recovery of PNN structures in Ptprz1 KO neurons we utilized aggrecan staining and peak 

node/analysis as previously described. Addition of phosphacan to Ptprz1 KO cultures was sufficient to 

restore the spatial distribution of PNN components on the cell surface making them appear more 

continuous and less isolated (Fig. 2.8C and D). Further, the average isolation index or mean prominence 

of PNN peaks was significantly lower in the Ptprz1 KO cultures with phosphacan addition as compared 

with Ptprz1 KO cultures alone (p = 0.002, two-tailed Student’s t test) (Fig. 2.8E). These data indicate that 

phosphacan, not RPTPz, serves as an anchor to maintain proper spatial distribution of ECM components 

in vitro and, therefore, is likely the key Ptprz1 isoform that maintains the PNN lattice-like structure. Of 

particular interest, because of the soluble nature of phosphacan, it must bind to an unknown membrane 

embedded receptor to anchor PNNs. Considering the above data, we conclude TNR stabilizes the binding 

of the soluble form phosphacan to this unknown receptor on the neuronal surface and it is this binding 

and the interaction between both proteins that is critical for the intricate PNN lattice-like structure.  

 

2.4 Discussion  

Understanding and defining the molecular composition and structure of PNNs are a critical step 

toward unlocking their function. In the current study, we demonstrate a novel and unique role for the 

CSPG RPTPz in the structure of PNNs. We show that in cooperation with TNR, RPTPz provides a key 
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link to the neuronal surface, thereby generating the netlike or lattice-like structure of PNNs. These studies 

enabled us to create a new model of PNN structural composition that will direct more precise 

investigation of PNN function. 

PNNs were first described over a century ago by Camillo Golgi and even though more than a hundred 

years of PNN research have passed, their structure and exact molecular com- position has remained 

elusive. These structures form a subcompartment of the neural ECM but are clearly distinct from the 

surrounding matrix (Milev et al., 1994; Deepa, et al., 2006). They are highly ordered and stable and 

demonstrate a unique geometry which is absent in the broader ECM (Lander et al., 1997; Härtig et al., 

1999; Arnst et al., 2016). PNNs look like a mesh covering the surface of particular subsets of neurons. 

This mesh-like appearance derives from the fact that PNN components are excluded from points of 

synaptic contact on the neuronal soma (Hockfield and McKay, 1983). We show here that this ordered 

distribution of PNNs on the neuronal surface depends on RPTPz. In particular, there is a specific loss of 

the reticular structure of PNNs in Ptprz1 KO animals. Interestingly, most PNN components remain bound 

to the surface of the appropriate neurons in Ptprz1 KO animals but they no longer have a netlike structure. 

This is the first direct demonstration that RPTPz is critically involved in PNN structure.  

We noted that the altered PNNs in Ptprz1 KO animal brains seemed to significantly phenocopy 

disruptions previously found in Tnr KO mice (Brückner et al., 2000a; Haunsø et al., 2000; Morawski et 

al., 2014). Our results suggest that these two PNN components are a part of the same binding mechanism 

immobilizing PNNs and a loss of either leads to disruption and loss of staining of their components. 

RPTPz is a known high-affinity ligand for TNR (Xiao et al., 1997; Milev et al., 1998; Peles et al., 1998). 

We therefore sought to better understand the biochemical nature and order of TNR and RPTPz binding 

within PNNs. Our studies here and the work of others (Brückner et al., 2000) show that in TNR-deficient 

brains, RPTPz staining is reduced in PNNs, suggesting TNR is perhaps responsible for recruiting RPTPz 

to PNNs. In contrast, in primary neuronal cultures from RPTPz knockout brains TNR is dramatically 

reduced in netlike structures. Furthermore, in studies in HEK293 cells we found that RPTPz was 
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necessary to recruit TNR and other PNN components to the cell surface. Therefore, overall, our data 

suggest a cooperative mechanism by which TNR and RPTPz contribute to cell surface binding of PNNs.  

It is of particular interest that, even though PNNs are disrupted in mice lacking RPTPz or TNR, the 

total number and distribution of PNNs in the cortex is not obviously changed. One possible explanation 

for this is that a key component for PNN formation, the glycosaminoglycan HA, is still expressed by 

these cells and this could be another nucleating molecule for the formation on PNNs. The current 

structural model of PNNs revolves around the lectican family of CSPGs binding to HA, which acts as 

backbone for PNN formation. The entire structure of HA and CSPGs is then crosslinked by TNR. Future 

studies will evaluate if knocking out both TNR and RPTPz leads to a more pronounced phenotype to 

determine whether they functionally depend on each other. In our biochemical assays, the absence of 

RPTPz or TNR left PNN components susceptible to release by digesting away the HA backbone, in 

contrast to WT tissue that required disruption of both the HA backbone and TNR/ RPTPz interaction. 

Further, the interaction between HA and CSPGs is stabilized by the protein HAPLN1 (Tsifrina et al., 

1999; Monslow et al., 2003). In mice carrying null alleles for HAPLN1, the interaction between CSPGs 

and HA is thought to be destabilized. PNNs in these Hapln1 KO mice appear attenuated but the 

disruption is distinct from the structurally deficient PNNs of the Tnr KO mice (Brückner et al., 2000; 

Haunsø et al., 2000; Bekku et al., 2003; Carulli et al., 2010a, 2010b). 

Our findings along with existing data on PNN structure suggest that PNN components are 

immobilized on the neuronal surface by two distinct interactions. One dependent on TNR and RPTPz 

being sensitive to Ca2+ ions and the other dependent on HAPLN1 and the HA backbone, susceptible to 

enzymatic digestion of HA. These findings enabled us to create a new and more refined model of PNN 

structure (Fig. 2.9). In this model, lectican CSPGs are bound to the HA backbone and stabilized by 

HAPLN1. These CSPGs are then crosslinked to RPTPz by TNR, which acts as an adapter protein 

between the two arms. Our data suggest that this interaction of the CSPGs with TNR and RPTPz is 

responsible for the mesh-like appearance of PNNs and an absence of this interaction leads to the 
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discontinuous and aggregated phenotype of PNNs seen in the Tnr KO and Ptprz1 KO mice. It should be 

noted that RPTPz exists in multiple forms, splice isoforms and proteolytic cleavage products (51–53). We 

have also shown that PNN component–binding can be partially recovered by adding the soluble form of 

RPTPz (phosphacan) to dissociated neurons derived from Ptprz1 KO mice and these “rescued” neurons 

showed recovered binding of PNN components to the neuronal cell surface. Our data suggest that 

phosphacan interacts with TNR and binds PNNs to the neuronal surface. A question therefore remains for 

a receptor that binds phosphacan to the neuron. RPTPz is known to interact with several cell surface 

adhesion molecules, including Ng- CAM, N-CAM, and Nr-CAM, as well as other cell surface molecules 

like contactin (Lamprianou et al., 2012). It remains to be determined how soluble RPTPz remains 

attached to the cell surface, as a goal of future studies. In addition, we cannot formally rule out the 

possibility that the receptor form of RPTPz plays a role in net structure in vivo. In fact, humans do not 

make a secreted form of RPTPz and therefore further studies will be needed specifically targeting the 

receptor form to determine its specific role in PNNs. Our work also suggests that a key nucleating event 

of PNN formation involves cell surface HA; defining how HA attaches to the neuronal cell surface may 

provide a further key to understanding PNN specificity and structure (Haunsø et al., 2000; Giamanco et 

al., 2010; Morawski and Sonntag, 2018).  

 

2.5 Experimental procedures  

Animals: Mice lacking the Ptprz1 gene (Ptprz1 KO) were generated as described previously (Harroch et 

al., 2000) and received from Dr. Sheila Harroch (Department of Neuroscience, Institute Pasteur, Paris, 

France). Tenascin-R knockout (Tnr KO) adult brains (Weber et al., 1999)  used for 

immunohistochemistry and biochemistry experiments were from Dr. Morawski’s laboratory. For neuronal 

cultures, in addition to Ptprz1 KO mice, timed pregnant CD-1 WT mice were purchased from Charles 

River Laboratories (Wilmington, MA). All experiments followed the protocols approved by the 

Institutional Animal Care and Use Committee of Upstate Medical University.  
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Antibodies: Mouse anti-phosphacan (3F8) antibody was obtained from the Developmental Studies 

Hybridoma Bank. Mouse anti–tenascin-R 619, sheep anti-neurocan, and goat anti-HAPLN1 was 

purchased from R&D Systems (Minneapolis, MN). Rabbit anti- B756, which detects amino acids 420 – 

433 of rat brevican (Blosa et al., 2016). Rabbit anti-aggrecan and mouse ß -actin were both purchased 

from MilliporeSigma (Burlington, MA). Mouse anti-aggrecan was purchased from Bio-Rad Laboratories. 

Fluorescein labeled WFA was purchased from Vector Laboratories (Burlingame, CA).  

Preparation of homogenates and soluble and insoluble fractions: Brain homogenates for the aggrecan 

release assays were derived from postnatal day 90 (PND 90) Ptprz1 WTs and Ptprz1 KOs. Tissue was 

homogenized in 150 mM sodium chloride and 50 mM Tris with EDTA-free protease inhibitor tablets 

(Roche, 1 tablet in 10 ml buffer) in a Potter-Elvehjem homogenizer. Homogenates were centrifuged at 

8000 x g for 10 min at 4 °C. The supernatant was then removed, the pellet washed once and then 

resuspended in 1 ml buffer. A Bradford (Bio-Rad) assay was performed, and protein concentrations were 

adjusted to 2.5 mg/ml. Samples were treated with 2 µl chondroitinase ABC (Sigma-Aldrich) per 500 µl of 

sample and/or 1 mM EDTA for 8 h. Samples were centrifuged again at 8000 x g for 10 min to separate 

soluble released fraction from insoluble pellet and prepared for Western blotting. 

For analysis of overall expression of ECM components by Western blotting, PND 90 brains were 

homogenized in 5 volumes of 25 mM Tris (pH 7.4) containing protease inhibitor mixture, EDTA-free, 

and processed for analysis. 

Primary cortical cultures: Neuronal primary cultures were prepared as described previously (Giamanco et 

al., 2010). Briefly, cortices of embryonic day (E) 16 CD-1 WT or Ptprz1 KO embryos were removed and 

digested in 0.25% trypsin-EDTA (Thermo Fisher Scientific). Mixed cells were filtered and suspended in 

Neurobasal medium with 3% B27, 1x GlutaMAX and 1x penicillin-streptomycin (Thermo Fisher 

Scientific). Cells were then plated at a density of 2.1 x 106 on coverslips (500 µl /per well) precoated with 

poly-D-lysine (50 µg/ml) and laminin (5 µg/ml) (Sigma-Aldrich) in a 24-well dish. To remove glia, cells 

were treated with 5 µM cyotosine arabinoside (AraC, Sigma-Aldrich) at 1 day in vitro (DIV). The 
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medium was then changed at 3 DIV to remove AraC and given a half change at 6 DIV. Cells were 

maintained at 37 °C 5% CO2 until fixation.  

Phosphacan was purified by anion exchange chromatography. Briefly, the soluble fraction, from PND 

4 CD-1 mouse brain, was filtered using a PVDF 0.22 µm filter, brought to a 0.5 M NaCl concentration, 

and run through a 1 ml HiTrap-Q HP column using a peristaltic pump connected to an Amersham 

Biosciences Pharmacia RediFrac fraction collector (GE Healthcare Life Sciences). Sample was eluted 

over a continuous gradient of 0.5 M NaCl to 2.0 M NaCl over 10 column volumes and collected as 250 µl 

fractions. Phosphacan-rich fractions, identified by dot blot analysis, were pooled and concentrated using 

100,000 MWCO Concentrators (AmiconUltra, EMD Millipore). Approximately 250 ng of purified 

phosphacan was added to Ptprz1 KO cultures after the first medium change at 3 DIV and 125 ng was 

added after the half- medium change at 6 DIV and analyzed at 9 DIV. When noted, coverslips were 

treated with 10 µl ChABC for 30 min and/or 2.5 mM EGTA for 15 min. Coverslips were fixed and 

subsequently processed for immunocytochemistry.  

Immunocytochemistry and immunohistochemistry: Primary cortical cultures plated on coverslips were 

fixed at 9 DIV in cold 4% phosphate-buffered paraformaldehyde (PFA) with 0.01% glutaraldehyde, pH 

7.4. Cells were then blocked-in screening medium (DMEM, 5% FBS, 0.2% sodium azide) for 1 h, before 

adding primary antibodies overnight at 4°C. The following day, Alexa Fluor– conjugated secondary 

antibodies (Thermo Fisher Scientific) in screening medium were added to the cells for 2 h before 

mounting the coverslips with ProLong Antifade Kit (Thermo Fisher Scientific). Cell nuclei were 

visualized with Hoechst solution (Thermo Fisher Scientific) diluted in 1x PBS. For 

immunohistochemistry on tissue sections, PND 90 Ptprz1 and Tnr (all genotypes) mice were 

transcardially perfused with cold PBS (Thermo Fisher Scientific) prior to fixation with 4% PFA. Brains 

were postfixed overnight in 4% PFA before changing to a 30% sucrose solution diluted in phosphate 

buffer with 0.2% sodium azide. Using a cryostat, brains were cut as free-floating sections at 40 µm and 

placed in phosphate buffer with 0.2% sodium azide. Sections were blocked 1 h at room temperature and 

then stained in either 5% milk in TBST with 1% Triton X-100 (mouse anti-tenascin-R 619, sheep anti-
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neurocan, rabbit anti-brevican) or screening medium with 1% Triton X-100 (WFA, mouse anti-aggrecan, 

goat anti-HAPLN1, and mouse anti-phosphacan). Tissue sections were additionally stained with Hoechst 

solution to visualize nuclei before being mounted on glass slides. Both cells and tissue were imaged using 

an epi-fluorescent Zeiss Imager.A2 with Nikon Elements software package. Final images were gathered 

and formatted using ImageJ software and assembled into figures using Adobe Illustrator CC 2019.  

SDS-PAGE and Western blotting: Protein concentrations were determined by Bradford assay before gel 

electrophoresis. For detection of CSPGs, brain lysates were treated with 2 µl ChABC (Millipore Sigma, 

C3667, 0.1mU/ µl) for 8 h at 37 °C to remove chondroitinase sulfate side chains and allow proper gel 

migration. SDS-polyacrylamide gels, used at either 4 –12% or 6 –15% gradient, were transferred to 0.45 

µm nitrocellulose membranes. Western blotting was conducted as described previously (Viapiano et al., 

2003). Briefly, blots were placed in blocking buffer composed of 5% milk in low-salt TBST and then 

incubated in primary antibody overnight. Blots were then incubated in HRP-conjugated secondary 

antibodies (The Jackson Laboratory, Bar Harbor, ME) and exposed using SuperSignal West Pico 

Chemiluminescent Substrate or Super- Signal West Femto Chemiluminescent Substrate (Thermo Fisher 

Scientific). Blots were imaged using ChemiDoc MP sys- tem (Bio-Rad) or using Premium X-ray film 

(Phenix Research Products, Candler, NC).  

Quantification and statistical analyses: The binary gap analysis was used to quantify regions devoid of 

PNN. For analysis, high magnification z-stack images (0.25 µm steps, 63x magnification) of PNNs, 

visualized with WFA, were taken throughout the PND 90 adult somatosensory cortex (Bregma, -2.46 

mm) of Ptprz1 strain mice. To better visualize PNN surface structure, nets were flattened using the Z-

project, max intensity function on ImageJ (Mutterer and Rasband, 2012; Schindelin et al., 2012). Once 

flattened, a fixed region excluding the PNN periphery (~25 µm2) was cropped from the estimated center 

of the PNN and thresholded to obtain a binary (black and white) image to analyze the PNN surface. The 

black/white pixel count ratio for each PNN was determined using the histogram function and averaged for 

each genotype.  
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PNN peak or node analysis was used to quantitatively describe the PNN aggregation seen on the 

surface of neurons in Tnr KO and Ptprz1 KO mice. Z-projected images of the PNN were processed using 

the local maxima function of ImageJ to identify peaks (nodes) of intense PNN staining. Once the nodes 

were identified, an ad hoc algorithm was used to measure the average distance between those nodes and 

the difference in intensity between the nodes and their surrounding space on the cell surface (node 

prominence) The number of unique nodes and their mean prominence was plotted for each genotype.  

The quantification of ECM components in Ptprz1 KO was assessed through immunohistochemistry (IHC) 

and Western blot analysis. For IHC, adult coronal sections approximately at Bregma -2.46 mm were 

stained to detect the PNN-specific components aggrecan, WFA (detects CS chains, dependent on 

aggrecan expression) and HAPLN1, and the PNN-associated components brevican, neurocan, and 

tenascin-R (TNR). For quantification of specific net components, 10x large stitch images, processed by 

the Nikon Elements software, were taken of the cortex of Ptprz1 KO and WT mice. The pixel intensity of 

each specific PNN component was determined by taking a region of interest of the cortex and using the 

measure function of ImageJ. To quantify nonspecific PNN markers (brevican, neurocan, and TNR), a 

region of interest and intensity measurement was taken of a sample set of individual PNNs (average of 25 

PNNs per animal) throughout the adult cortices (images taken at 20x). PNN pixel intensity was then 

averaged for each genotype and significance determined using an unpaired Student’s t test, p = 0.05. To 

produce bar graphs, data were normalized and scaled.  

Western blot analysis was used to further quantify the PNN- specific components aggrecan and 

HAPLN1. Cortices were specifically taken from Ptprz1 KO and WT mice, homogenized using a Potter 

Elvehjem homogenizer. Samples were centrifuged at 8000g to obtain soluble and insoluble fractions. 

Insoluble fractions were separated on a 4 –12% SDS-polyacrylamide gel and transferred to nitrocellulose 

for blotting. Western blots for aggrecan and HAPLN1 expression were imaged using ChemiDoc MP 

system (Bio-Rad) and analyzed in ImageJ. Expression was determined by taking the average ratio of 

PNN-specific component intensity to ß-actin intensity for each genotype. Differences were found 

significant at p = 0.05 (unpaired Student’s t test or analysis of variance (ANOVA) with Tukey’s post hoc 
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analyses as appropriate). Graphs and charts were plotted using GraphPad Prism 7/8 or in RStudio 

statistical software.  
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Figure 2.1  

Perineuronal nets are disrupted in Ptprz1 KO adult mice. Cortical sections from PND 90 adult Ptprz1 KO 

and WT mice were stained with antibodies against aggrecan and the lectin WFA (Wisteria floribunda 

agglutinin) to detect PNNs. In littermate WT and Het, typical lattice-like PNN structures were observed. 

In addition, there were no discernable differences in structure between the two genotypes. However, 

PNNs in sections from Ptprz1 KO mice the lattice-like PNN structure is lost with aggrecan and 

subsequently WFA staining appearing aggregated on the neuronal surface. Scale bar, 10 µm.  
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Figure 2.2 

PNNs from Ptprz1 WT or Ptprz1 Het mice are distinct from those derived from Ptprz1 KO animals. 

PNNs from PND 90 adult WT, Het, and KO mice were stained with WFA and quantified. WT and Het 

animals showed no statistically significant difference in any of the following analyses and were grouped 

together as WT/Het. (A) PNNs from WT/Het appear brighter and show regular mesh-like PNN 

appearance whereas KO PNNs show decreased WFA intensity and a disrupted staining pattern. (B) shows 

a magnified view of the surface of the cells in A converted to binary images. C, KO animals showed 

significantly higher black/white pixel ratio, indicating an increased area devoid of PNN staining (p = 1.09 

x 105, two-tail Student’s t test, S.D. for error bars). (D), representative image of WT/Het and KO PNNs 

for PNN node/peak analysis at varying prominence levels. Yellow color dots represent nodes/peaks of 

highest prominence (more isolated) followed by green, blue, and black. (E) representative surface 

intensity profile of PNNs from WT/Het and KO animals. WT/Het PNNs show greater number of peaks as 

compared with KO PNNs. KO PNNs also appear more isolated with sharper peaks. (F) WT/Het PNNs 

showed significantly higher number of peaks as compared with Ptprz1 KO PNNs (p = 0.0009, two-tailed 

Student’s t test, S.D. for error bars). G, the average isolation index of PNN peaks (represented here as the 

mean prominence level of all the peaks) was significantly higher in KO PNNs as compared with WT/Het 

PNNs (p = 0.014, two-tailed Student’s t test, S.D. for error bars) indicating the fewer and more sharp 

peaks in case of the KO animals. Binary image analysis and PNN peak/node analysis were carried out on 

WT (n = 4 animals, 55PNNs), Het (n = 3 animals, 26PNNs), KO (n = 4animals, 43PNNs). Images in (B) 

are 5 µm x 5 µm. Scalebar, 5 µm.  
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Figure 2.3  

PNN component analysis of the Ptprz1 KO and WT mice. (A) to understand the role of RPTPz on PNN 

components, cortical sections of PND 90 adult Ptprz1 KO and WT mice were stained with markers WFA, 

aggrecan, HAPLN1, neurocan, brevican, and TNR. Despite following the disrupted structure shown with 

WFA and aggrecan, ECM components remain bound to PNNs in the Ptprz1 KO. PNN component IHC 

intensities were quantified (as described in the “Experimental procedures” section), showing a significant 

loss of only WFA (p = 6.53 x 105) and aggrecan (p = 0.01) in Ptprz1 KO mice (KO, n = 14 animals; 

WT/Het, n = 21 animals), whereas there were no significant differences with other PNN markers. Scale 

bar, 10 µm. (B) to confirm partial loss of specific PNN components, we analyzed aggrecan and HAPLN1 

protein expression, via Western blotting, from the cortex of Ptprz1 KO and WT mice (n = 3 per genotype, 

no significant differences between WT and Het). In the PND 90 adult cortex, aggrecan protein was 

significantly decreased in Ptprz1 KO (p = 0.03), whereas there were no significant differences in 

HAPLN1expression (p = 0.64, Student’s t test, S.D. for error bars).  
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Figure 2.4 

PNN disruption in Ptprz1 KO mice phenocopies the PNN disruption in Tnr KO mice. Tnr knockout is 

known to disrupt PNN structure and is a well-known binding partner of RPTPz. We hypothesized the 

PNN phenotype in Ptprz1 KO mice might be a phenocopy of PNN structure in Tnr KO mice. Staining 

with PNN markers aggrecan and WFA on WT PND 90 cortices showed a typical lattice-like PNN 

structure. However, PNNs in Ptprz1 KO showed identical aggregated PNN structures to Tnr KO mice. 

Scale bar, 10 µm.  
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Figure 2.5 

Membrane binding of the key PNN component aggrecan is biochemically altered in Ptprz1 KO and Tnr 

KO mice brains. Brain homogenates were treated with ChABC to remove the hyaluronan backbone of 

PNNs or chondroitinase in the presence of EDTA (ChABC EDTA) and centrifuged to obtain soluble 

release (R) and insoluble pellet (P) fractions. (A) Western blot- ting image showing release of PNN 

marker aggrecan into soluble phase from brain homogenates of WT, Ptprz1 KO, and Tnr KO mice by 

ChABC treatment alone and ChABC EDTA treatment. The release of aggrecan into the soluble fraction 

required ChABC treatment in addition with EDTA in WT brain homogenates. Aggrecan was released 

more readily with just ChABC treatment in Ptprz1 KO and Tnr KO animals. (B) quantification showing 

ratio of the soluble release fraction (R) to total aggrecan levels (soluble release (R) + insoluble pellet (P)) 

in WT, Ptprz1 KO, and Tnr KO mice. There was a statistically significant difference in the release of 

aggrecan among the three genotypes as determined by one-way ANOVA (F(2,7) = 14.94, p = 0.0030). A 

Tukey’s post hoc test showed that aggrecan was released much more readily in Ptprz1 KO mice (42 ± 

0.04%, p = 0.0340) as well as in Tnr KO mice (58 ± 13%, p = 0.0024) compared with WT mice (15 ± 

9%) when treated with just ChABC. There was no significant difference in aggrecan release between 

Ptprz1 KO and Tnr KO brains. Treatment with ChABC alongside EDTA led to almost complete release 

of aggrecan into the soluble release fraction in all genotypes. The ratio of release to total in Ptprz1 KO, 

Tnr KO and WT mice was not significantly different among the genotypes in the ChABC with EDTA 

treatment group. (B) bars in graphs represent percentage release ± S.D.  
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Figure 2.6 

RPTPz and TNR are both required for binding aggrecan to the cell surface and binding of aggrecan is 

enhanced by presence of HA. Exogenous aggrecan was added to HEK293 cells in the presence of TNR 

and/or RPTPz. HA was expressed in the system and the cells were fixed and stained to detect bound 

aggrecan on the cell surface. (A) HEK293 cells do not express PNN component aggrecan on their own. 

(B) adding aggrecan exogenously to HEK293 cells does not lead to binding on the cell surface. (C) 

Adding aggrecan and TNR does not lead to binding of aggrecan. (D) aggrecan binds to the cell surface 

when both RPTPz and TNR are present. (E) presence of RPTPz alone is not able to bind aggrecan to the 

cell surface. (F) expressing HA in (D) i.e. in presence of both RPTPz and TNR enhances binding of 

aggrecan. These data indicate that the binding of aggrecan to the cell surface depends on both RPTPz and 

TNR and binding is enhanced in the presence of HA. Scale bar, 10 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 96 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 

No addition aggrecan 

aggrecan 
TNR 

aggrecan 
TNR 

RPTPz 

aggrecan 
RPTPz 

aggrecan 
TNR 

RPTPz 
HA 



 97 

Figure 2.7 

Digestion of HA is sufficient to eliminate staining for PNN component, aggrecan in Ptprz1 KO neurons. 

Neurons derived from E16 WT and Ptprz1 KO mice were treated with ChABC to digest HA and/or 

EGTA to chelate calcium. Both WT as well as Ptprz1 KO neurons were positive for aggrecan at 9 DIV (A 

and E). Digesting away the HA backbone of PNNs lead to a relatively minor reduction of aggrecan 

staining in the WT cultures (B). However, in contrast, Ptprz1 KO cultures with HA digestion showed a 

dramatic reduction in aggrecan staining (F). Acute treatment with EGTA alone resulted in only a minor 

loss of aggrecan staining in both the genotypes (C and G). A combination of the above treatments i.e. 

digesting away HA in conjunction with EGTA treatment resulted in virtually a complete loss of PNN 

component staining in both WT and Ptprz1 KO cultures (D and H). To quantify these findings, the ratio 

of aggrecan intensity was calculated for WT and Ptprz1 KO cultures and is presented here in a graphical 

form (I). Analysis by two-way ANOVA showed significant differences by genotype (F(1,16) = 69.57, p = 

0.0001), treatment (F(3,16) = 36.46, p = 0.0001), and interaction between the two (F(3,16) = 5.479, p = 

0.0088). Most importantly although Tukey’s post hoc test showed significant loss of aggrecan staining 

with ChABC alone in both WT and KO cells (p = 0.0042 and p = 0.0202, respectively), there was 

significantly more loss in the KO cells compared with WT cells (p = 0.0015). A combination of ChABC 

and EGTA treatment resulted in a significant loss of aggrecan in both genotypes as compared with their 

respective untreated conditions (WT p = 0.0001, Ptprz1 KO p = 0.0137) but no significant differences 

between genotypes. EGTA alone had no significant effect of aggrecan staining. These findings indicate 

that in WT cells PNN components are attached to the cell surface by two mechanisms, being HA 

dependent and calcium sensitive, respectively. These interactions are compromised in Ptprz1 KO 

cultures, and PNN components are immobilized on the neuronal surface only in a HA-dependent manner. 

Bars in graphs represent relative aggrecan intensity to untreated condition of the corresponding genotype 

± S.D. (B) Scale bar, 10 µm.  
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Figure 2.8 

Phosphacan and TNR cooperate to stabilize PNN components to the neuronal surface. (A) in PND 90 

adult cortical sections from Tnr KO mice, RPTPz (3F8) was largely reduced in PNNs (detected with anti-

aggrecan antibodies) compared with WT mice. Of note, HAPLN1 still persists on PNNs in Tnr KO mice. 

Scale bar, 10 µm. (B) cortical cultures derived from E16 WT and Ptprz1 KO were fixed at DIV 9 and 

stained with PNN components, aggrecan, neurocan, and TNR. We observed a distinct disruption of these 

components in Ptprz1 KO neuronal cultures when compared with WT. In addition, TNR expression is 

largely reduced in Ptprz1 KO neuronal cultures. To determine which Ptprz1 isoform contributes to PNN 

structure, we purified the soluble form, phosphacan from PND 4 mouse brains through anion exchange 

chromatography. Purified phosphacan (0.25 µg) was added to Ptprz1 KO neuronal cultures at 3 DIV. 

Cells were fixed and stained at 9 DIV for PNN components. Intriguingly, exogenous phosphacan 

seemingly recovered disrupted ECM to resemble WT morphology and expression, suggesting an 

unknown phosphacan receptor is important for PNN structure. Combining the above data, we conclude 

TNR stabilizes the binding of the soluble isoform phosphacan to an unknown receptor on the neuronal 

surface. Scale bar, 10 µm. We quantified this using PNN node/peak analysis. (C) representative images of 

Ptprz1 KO and Ptprz1 KO + phosphacan nodes or peaks at varying prominence levels. Yellow color dots 

represent nodes of highest prominence (more isolated) followed by green, blue, and black. D, 

representative surface intensity profile of PNNs. E, the average isolation index of PNNs represented by 

the mean prominence of peaks is significantly less in Ptprz1 KO + phosphacan PNNs (n = 12 PNNs, 3 

cultures) compared with Ptprz1 KO cells (n = 12 PNNs, 4 cultures) indicating a decrease in the sharpness 

of PNN nodes or peaks with phosphacan addition in Ptprz1 KO neuronal cultures (p = 0.002, two-tailed 

Student’s t test, S.D. for error bars). Scale bar, 10 µm. 
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Figure 2.9 

Proposed novel PNN structural model. We propose a two-arm model for PNNs, in which each arm is 

uniquely attached to the cell surface. On one arm is HA-mediated cell surface binding to an unknown 

receptor. The other arm depends on the complex between tenascin-R (TNR) and the secreted Ptprz1 

isoform phosphacan. Our data suggest TNR and phosphacan stabilize each other to bind to an unknown 

receptor. In addition, this complex is also dependent on the divalent ion Ca2+. 
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Figure S2.1 

3F8 antibody specifically detects RPTPζ in the adult. (A) Adult cortical sections from WT/Het mice 

stained with an antibody directed against RPTPζ (3F8) shows colocalization of RPTPζ with the PNN 

marker, aggrecan. Of note, RPTPζ is also highly expressed in the surrounding ECM. The specificity of 

detection of RPTPζ by 3F8 is shown by the absence of staining in Ptprz1 KO mice. Scale bar, 25 μm. (B) 

Ptprz1 KO PNNs are disrupted early in development. To determine whether RPTPζ was required for 

proper PNN formation early in net development, we examined PNNs in cortical sections from PND 21 

littermate WT/Het and Ptprz1 KO mice using markers aggrecan and WFA. The beginning of the typical 

PNN lattice-like structure was observed in sections of WT/Het mice, however an aggregated structure, 

similar to mature mice, was still apparent in PNNs of Ptprz1 KO mice. Scale bar, 10 μm. 
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3.1 Abstract 

Perineuronal nets (PNNs), are conspicuous neuron-specific substructures within the neural 

extracellular matrix (ECM). PNNs have received a growing amount of interest as key regulators of 

plasticity in the central nervous system (CNS). Traditionally their role has been demonstrated in 

regulating developmental plasticity. Recent studies have also shown alterations in PNNs in a variety of 

neurological and neuropsychiatric diseases linking them to these conditions. However, despite this 

growing interest in PNNs, the mechanisms by which they modulate neural functions are poorly 

understood. The limited mechanistic understanding of PNNs is derived from the fact that there are no 

existing models, tools or techniques that specifically target them without also disrupting the surrounding 

neural ECM. Therefore, a rigorous investigation of their function to date has not been possible. The 

inability to specifically disrupt PNNs is derived primarily from the lack of our understanding of their 

molecular composition and structure. Many components found in the broader neural ECM are also found 

in PNNs but PNNs appear clearly distinct from the surrounding environment. In contrast to the 

surrounding ECM, PNNs are highly ordered and stable structures that form postnatally, coincident with 

brain maturation on a unique subpopulation of neurons. In our previous study we show that PNN 

components are immobilized on the cell surface by two distinct mechanisms, one dependent on the HA 

backbone of PNNs and the other mediated by a complex formed by receptor protein tyrosine phosphatase 

zeta (RPTPz) and tenascin-R (TNR). RPTPz exists as transmembrane and secreted forms and while we 

initially hypothesized that the transmembrane form of RPTPz was involved in PNN structure, we instead 

found that it is a secreted variant that plays a role in organizing PNN components on the cell surface. 

While this is interesting, this finding meant that a receptor or binding mechanism for PNNs to the 

neuronal surface still remained elusive. In this study we further explore the interactions of various PNN 

components that give rise to this unique structure. Furthermore, we identify that the TNR-RPTPz 

complex in PNNs is bound to the cell surface by a GPI-linked receptor protein. We demonstrate that 

contactin-1 (CNTN1) is the primary GPI-linked receptor protein that binds the TNR-RPTPz complex to 
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the cell surface in PNNs. CNTN1 represents the first identified PNN receptor. We feel that our results 

presented here give us further insight into the various interactions of PNN components on the cell surface 

and offer new strategies and targets to manipulate PNNs and better understand their function. 

 

3.2 Introduction 

The acquisition of mature, differentiated neuronal properties in the central nervous system (CNS) 

takes place over an extended but defined period. Some of the very last events in neuronal development 

occur during a circumscribed period in postnatal life when the mature anatomical and physiological 

properties of neurons are acquired. Importantly the neural extracellular matrix (ECM) plays a critical role 

in this maturation process, in particular a subcompartment of the matrix called perineuronal nets (PNNs). 

PNNs are a conspicuous component of the neural ECM occurring around the cell bodies and proximal 

dendrites of only particular subsets of neurons in the central nervous system (CNS). Prior to the 

expression of PNNs, the nervous system is highly plastic and changeable, but coincident with the 

appearance of these structures, adult neuronal physiology is acquired and plasticity noticeably diminished. 

PNN expression is not just coincident with neural maturation but compelling evidence over the last two 

decades has demonstrated key roles PNNs play in regulating the closure of this period of early 

developmental plasticity in the CNS (Pizzorusso et al., 2002, 2006; Carulli et al., 2010a, 2010b; 

Vorobyov et al., 2013). 

While PNNs are established critical modulators of developmental plasticity in the CNS, work over the 

last decade has led to a broadened perspective on the roles PNNs likely play in neuronal physiology and 

functions. For example, PNN expression in the amygdala is thought to play a role in retaining fear 

memories and PNNs in the medial pre-frontal cortex are theorized to regulate drug seeking behavior 

(Gogolla et al., 2009; Xue et al., 2014; Slaker et al., 2015). PNNs have also been shown to restrict 

plasticity in the hippocampus and to modulate motor learning in the cerebellum (Carstens et al., 2016; 

Carulli et al., 2020)s.  Multiple lines of evidence also point to the role of PNNs in in neuropsychiatric and 

neurodegenerative conditions. Alterations in PNNs are associated with schizophrenia, bipolar disorder 
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and autism spectrum disorders, and in mouse models of neurodegenerative diseases disrupting PNNs has 

been shown to help improve cognitive function. Indeed, in addition to regulating developmental plasticity 

in the cortex a large amount of work has also demonstrated the role of PNNs in regulating learning, 

plasticity and normal CNS physiology across various brain regions (Pantazopoulos et al., 2010; Lee et al., 

2012; Romberg et al., 2013; S. A. Mauney et al., 2013; Végh et al., 2014; Steullet et al., 2017; Carulli et 

al., 2020).  

Despite the explosion of work detailing the contribution of PNNs to neuronal functions, the precise 

mechanisms by which they mediate these functions has remained elusive. There are a number of theories 

hypothesizing the potential physiological mechanisms by which PNNs may modulate neuronal functions. 

For example, work suggests PNNs may regulate the intrinsic excitability of neurons or play a role in 

controlling the localization and diffusion of receptors on the neuronal surface (Dityatev et al., 2007; 

Frischknecht et al., 2009; Favuzzi et al., 2017). Additionally, PNNs have been shown to play a role in 

regulating neurite outgrowth by binding and localizing molecular cues and also in protecting neurons 

from oxidative stress (Morawski et al., 2004; Dick  et al., 2013; De Winter et al., 2016). However, 

despite this increasing amount of evidence demonstrating the role of PNNs in CNS physiology, a 

mechanistic understanding of PNN function has been elusive, and there is currently no universally 

accepted hypothesis for how PNNs modulate neuronal physiology.  

This incomplete understanding of PNN function primarily arises from the lack of our understanding 

of PNN structure and molecular composition. PNNs have been shown to be highly enriched in the 

glycosaminoglycan, hyaluronan (HA) and chondroitin sulfate proteoglycans (CSPGs). In the current 

model of PNN structure HA is organized and perhaps bound to the cell surface by a family of HA-binding 

CSPGs called the lecticans (Nieduszynski et al., 1980; Watanabe et al., 1997; Giamanco et al., 2010). 

The interactions of the lectican family members with HA is in turn stabilized by members of the HA link 

protein family (HAPLNs) (Bekku et al., 2003, 2010, 2012; Spicer et al,. 2003; Kwok et al., 2010). A 

glycoprotein tenascin-R (TNR) also interacts with the lecticans and contributes to PNN structure 

(Aspberg, 1995; Aspberg et al., 1997; Weber et al., 1999; Brückner et al., 2000; Morawski et al., 2014). 
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However, how these various PNN components come together on the surface of neuronal surface to form 

these structures is not clear. The incomplete understanding of PNN molecular composition and structure 

has made it to date nearly impossible to precisely and specifically target and disrupt them. As such, their 

function also has remained elusive.  

One of the primary sources of our limited understanding of PNNs is due to the reliance of the field on 

enzymatic manipulation of PNNs to investigate these structures. Most studies have relied heavily on the 

use of the enzyme chondroitinase ABC (ChABC) to investigate PNN function. As mentioned before 

PNNs are highly enriched in CSPGs and HA. While ChABC is known for its ability to cleave chondroitin 

sulfate (CS) chains, it also degrades HA and therefore disrupts the very backbone of most of the ECM in 

the brain. Thus, making it difficult to dissect out PNN function from the role of the broad ECM present in 

the CNS. In addition, PNNs are extremely stable structures (Deepa et al., 2006) and ChABC treatment 

does not necessarily eliminate the binding of key PNN components to the surface of PNN-bearing 

neurons. Thus, again making it difficult to clearly determine the role of these structures in the CNS. 

Genetic models disrupting PNN components exist and have provided valuable insight into their function, 

but they also typically exhibit broad effects on the surrounding neural ECM thus, again making it difficult 

to clearly establish PNN function. The goal of our lab has therefore been to provide a more complete 

understanding of PNN structure and ultimately develop more precise strategies to specifically disrupt 

them, thereby, enabling us to better understand their role in CNS function and in development.  

In our recent work we identified a novel role for receptor protein tyrosine phosphatase zeta (RPTPz) 

in PNN structure (Eill et al. 2020, detailed in chapter 2). Our work showed in the absence of RPTPz the 

reticular structure of PNNs is lost demonstrating the importance of this protein in PNN development. 

Furthermore, we demonstrated that the RPTPz phenocopied the PNN disruption seen in Tnr KO mice 

providing evidence that these two proteins form a complex that is critical for PNN structure. This work 

gave us the opportunity to gain a more detailed understanding of PNN structure and enabled us to 

demonstrate that PNN components are immobilized on the neuronal surface by two distinct mechanisms. 
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One mediated by TNR and RPTPz and the other dependent on the HA backbone of PNNs. Both RPTPz 

and TNR are necessary for the lattice or net-like appearance of PNNs and the absence of either leads to 

disrupted and aggregated PNN structures. However, to our surprise, we found that a secreted splice 

variant of RPTPz, called phosphacan, and not a membrane bound form was critical for PNN structure. 

While this was interesting and gave us important insight into PNN formation, the identity of the cell 

surface receptors for PNNs, which are critical to identify in order to understand PNNs structure remained 

elusive. 

Nonetheless from our previous work we generated a new model of PNN structure in which the 

lectican CSPGs are bound to a HA backbone and stabilized by HAPLN1, the lecticans are crosslinked to 

RPTPz by TNR which acts as an adapter molecule between the HA mediated and RPTPz mediated 

binding of PNN components (Fig. 3.1). Furthermore, our work suggested that secreted RPTPz was critical 

for recruiting TNR to the neuronal cell surface, and therefore, identifying its cell surface receptor in PNNs 

is critical in order to better understand PNN structure (Fig. 3.1 inset). Here we identified that a cell 

surface receptor for the RPTPz/TNR complex in PNNs is a GPI-linked protein. In addition, we identify 

the key GPI-linked protein responsible for binding RPTPz and the RPTPz/TNR complex in PNNs is 

contactin-1 (CNTN1). Furthermore, through a combination of biochemistry and cell culture we gain much 

deeper insights into the interactions between the RPTPz/TNR/CNTN1 complex in PNNs. Importantly 

CNTN1 represents the first identified PNN receptor that has ever been determined. We feel that our 

findings presented here provide novel insights into the structure and formation of PNNs and offer new 

strategies to manipulate them and better understand their function 

 

3.3 Results: 

3.3.1 PNN component binding is dependent on the soluble form of RPTPz, phosphacan. 

In our previous studies we showed that PNN structure is disrupted in mice carrying null alleles for the 

CSPG RPTPz (Ptprz1 KO mice). Our further analysis showed that these results phenocopied the 
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disruption of PNNs found in the Tnr knockout mice. TNR is a known ligand of RPTPz and through our 

work we hypothesized that RPTPz and TNR form a complex, that is in turn critical for PNN structure. 

What remained elusive from these studies was how this complex is bound to the surface of neurons and 

how it contributes to the reticular structure of PNNs. While TNR is a secreted protein, there are both 

transmembrane and secreted forms of RPTPz. In our previous work we found that when a soluble variant 

of RPTPz, phosphacan, was purified from mouse brain and added to neuronal cultures derived from 

Ptprz1 KO animals, that PNN structures were rescued (Fig. 2.8, detailed in chapter 2). Therefore, these 

data argue that it is the secreted form of RPTPz that is critically involved in PNN structure. However, 

since this work relied on phosphacan purified from mouse brain that could have also contained other PNN 

components, our first goal here was to determine if PNN structure could be rescued by a recombinant 

secreted construct of RPTPz.  

A secreted RPTPz expression construct fused to the Fc region of human IgG was generated to be 

utilized in these studies, RPTPz-WT-Fc (provided by Dr. Samuel Bouyain, University of Missouri). This 

construct was expressed transiently in HEK-293 cells and the media was subsequently collected and 

concentrated and added to neuronal cultures. In neuronal cultures derived from Ptprz1 KO animals we 

found PNN staining, detected with the classic PNN marker aggrecan, appeared discontinuous and 

aggregated as we had shown in previous work. In contrast staining in wildtype neurons appears much 

more reticular, regular and organized. Importantly when RPTPz-WT-Fc was added to knockout cultures, 

PNNs became more reticular, organized and regular like PNNs in wildtype cultures. These studies added 

to our confidence that indeed it is the secreted from of RPTPz, phosphacan, that contributes critically to 

PNN structure (Fig. 3.2).  

3.3.2 PNN components are immobilized on the cell surface, in part, by a GPI-linked mechanism. 

In our previous work we were able to partially recapitulate PNN structure in a non-neuronal cell line, 

HEK-293 cells, by the sequential addition of PNN components (Fig. 2.6, detailed in chapter 2). These 

studies suggested that when RPTPz is bound to the cell surface, it recruits TNR to the cell surface. TNR 
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in turn recruits aggrecan to the cell surface. And therefore, with just these three components, the 

rudimentary structure of PNNs begin to form. Therefore, we believe determining how the secreted from 

of RPTPz is bound to the neuronal surface in PNNs is critical towards understanding PNN neuronal cell 

surface binding and structure. RPTPz is a known binding partner of several cell surface adhesion 

molecules like Ng-CAM, N-CAM and Nr-CAM, as well as other cell surface molecules like CNTN1 

(Barnea et al., 1994; Grumet et al., 1994; Milev et al., 1994, 1998; Bouyain and Watkins, 2010). Many of 

these interactions are developmentally relevant, but, interestingly, a subset of known RPTPz binding 

partners are linked to the cell membrane by a GPI-anchor. Therefore, in order to narrow down the number 

of possible receptors for RPTPz in PNNs, we decided to evaluate first whether RPTPz is bound to the 

neuronal surface by a GPI-anchored receptor protein. 

We utilized dissociated neuronal cultures and biochemical release assays to determine if indeed 

RPTPz is bound to the cell surface by a GPI-anchored receptor. Our recent work showed that the binding 

of the key PNN component aggrecan to the cell is dependent on two different kinds of interactions, one 

dependent the HA backbone of PNNs, susceptible to enzymatic digestion of HA and the other one 

involving the complex formed by TNR and RPTPz and dependent on calcium (Ca2+) ions. If RPTPz is 

bound to the cell surface by a GPI-anchored receptor protein, we reasoned that treatment with ChABC 

and cleavage of the GPI-anchor with phosphatidylinositol specific phospholipase-C (PIPLC) should also 

eliminate aggrecan from the cell surface.  

We found that in dissociated neuronal cultures from WT mice, treatment with ChABC, EGTA, or 

PIPLC alone had a relatively small effect on aggrecan staining. Consistent with previous studies, 

combining these ChABC and EGTA treatments led to an almost complete elimination of aggrecan from 

the cell surface (12 ± 7%, p = 0.0004, Tukey’s post hoc testing). Interestingly a combination of ChABC 

and PIPLC also led to an almost total loss of aggrecan staining (17 ± 9%, p < 0.007, Tukey’s post hoc 

testing). These data strongly indicate that the RPTPz/TNR complex is bound to the neuronal surface in 

PNNs by a GPI-linked protein (Fig. 3.3A, B).  
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Importantly, however, the results for TNR bound in PNNs differed from the aggrecan results. In our 

previous studies we investigated Ca2+ chelation for the disruption of the RPTPz-TNR complex in PNNs 

because both the interactions of TNR with aggrecan and the interaction of RPTPz with TNR are 

published to be Ca2+ dependent. Therefore, we believed Ca2+ chelation would disrupt the entire complex. 

However, here we found that the combination of ChABC and EGTA did not lead to a significant 

reduction in TNR levels in PNNs (96 ± 12%, p > 0.999, Tukey’s post hoc testing). In contrast treating 

cells with ChABC and PIPLC profoundly reduced TNR staining (14 ± 10%, p = 0.001, Tukey’s post hoc 

testing) (Fig. 3.3A, C). Our interpretation of these results is that while indeed the interaction of TNR and 

aggrecan is Ca2+ dependent, the interaction of TNR and RPTPz is perhaps not, and therefore TNR is 

retained on the cell surface via RPTPz when treated with EGTA.  Overall, our results here indicate that 

the TNR-RPTPz complex is bound to the cell surface by a GPI-linked mechanism. In addition, they 

provide important insight into the interactions within the aggrecan-RPTPz-TNR complex in PNNs. 

3.3.3 Membrane binding of key PNN component aggrecan depends on the HA backbone, Ca2+ ions and a 

GPI-anchor. 

In order to verify our findings above in vivo and more clearly understand the mechanisms by which 

PNN components bind to the cell membrane we utilized our above biochemical release assay on brain 

homogenates. The CSPG aggrecan is the most specific identified PNN component and thought to play a 

key role in PNN formation (Giamanco et al., 2010; Giamanco and Matthews, 2012; Rowlands et al., 

2018). As such, we decided to look at the release of aggrecan into the soluble phase from isolated 

membrane fractions in our assay (Fig. 3.4). Our previous data and findings above indicate that aggrecan is 

bound to the neuronal surface by its interaction with the HA backbone of PNNs and also by a Ca2+ 

dependent interaction with the TNR-RPTPz complex (Eill et al. 2020). We reasoned that if indeed this 

complex is bound to the cell membrane by a GPI-anchored receptor protein that we would be able to 

release aggrecan from the insoluble membrane fraction into the soluble phase using PIPLC in place of 

Ca2+ chelation. 
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Membrane fractions from PND 45 Ptprz1 WT mouse brains were isolated and treated them with 

ChABC to digest away the HA backbone and/or EDTA to chelate Ca2+ ions and/or PIPLC to disrupt the 

any GPI links. Samples were centrifuged to obtain soluble release (R) and insoluble pellet (P) fractions 

and aggrecan release was analyzed by Western blots (Fig. 3.4A). We found significant differences in the 

release of aggrecan among the various treatment groups (one-way ANOVA F(6,16) = 61.31, p < 0.0001) 

(Fig. 3.4B). There was partial release of aggrecan by ChABC treatment alone (54 ± 5%, p < 0.0001).  

However, a combination of ChABC and EDTA led to an almost complete release of aggrecan into the 

soluble phase (79 ± 7%, p < 0.0001). Treating cells with ChABC along with PIPLC in order to disrupt the 

GPI mediated binding of RPTPz to the cell surface, in place of EDTA resulted in the majority of aggrecan 

being released into the soluble phase (86 ± 6%, p < 0.0001). Release of aggrecan by both ChABC and 

EDTA (p < 0.0001) and the ChABC and PIPLC treatment ((p < 0.0001) was significantly higher than by 

ChABC treatment alone suggesting that in addition to the HA backbone of PNNs, aggrecan is bound to 

the cell membrane in Ca2+ dependent mechanism as well as by interacting with a GPI-anchored protein 

and that they both form part of the same binding mechanism of aggrecan to the cell.  EDTA (30 ± 3%, p < 

0.0141) and PIPLC (44 ± 3%, p < 0.0001) treatment alone had significant effects on aggrecan release as 

well, indicating the role of these interactions in binding aggrecan to the cell surface. Combining these two 

treatments did result in a significant release of aggrecan as compared to the untreated group (55 ± 5%, p < 

0.0001). However, the release was not significantly greater than in each of the individual treatment 

conditions. Furthermore, treatments with EDTA, PIPLC or a combination of the two were not 

significantly different from treatment with ChABC alone. These findings together suggest that aggrecan is 

bound to the cell membrane by two distinct mechanisms being sensitive to ChABC on one hand and 

being dependent on Ca2+ ions and a GPI-anchor on the other (Fig. 3.4B).  

3.3.4 PNN structure can be disrupted by functionally blocking contactin-1.  

As noted above PNN components are bound to the cell surface two different mechanisms depending 

on the HA backbone of PNNs and a complex formed by TNR and RPTPz. We hypothesize that RPTPz is 
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bound to the surface of the cell via a GPI-linked protein and consequently binds the entire complex to the 

cell surface. Interestingly the cell adhesion molecule, CNTN1 is a key GPI-anchored binding partner for 

RPTPz. The association between RPTPz and CNTN1 plays an important role in nervous system 

development. As such, we first wanted to determine if the interaction of RPTPz with CNTN1 contributed 

to PNN structure and formation.  

In order to neutralize the interaction of CNTN1 with any protein, a known function blocking anti-

CNTN1 polyclonal antibody (goat IgG, final concentration of 2.5 µg/ml) (Mikami et al., 2009) was added 

to dissociated neurons derived from WT mice. The binding of key component aggrecan as a marker for 

PNN structural regularity was assessed using our PNN peak/ node analysis (Eill et al., 2020). Briefly, 

aggrecan staining nodes or peaks were identified using the local maxima function in ImageJ and the 

difference in intensity between the nodes and their surrounding space on the cell surface (isolation index 

or mean node prominence) was determined using an ad hoc algorithm. Aggrecan staining on untreated 

cells appeared regular and organized. The staining pattern in these cells appeared continuous with PNN 

peaks or nodes connected by bridge like internode staining (Fig. 3.5A). Cells treated with the CNTN1 

neutralizing antibody however, showed disrupted PNN structures (Fig. 3.5A). PNN peaks in cultures 

where interaction with CNTN1 was blocked were significantly more prominent and isolated. The staining 

for aggrecan appeared discontinuous and aggregated and resembled PNNs from RPTPz deficient cultures 

(mean node prominence untreated = 15.81 ± 3.16, antiCNTN1 ab = 23.06 ± 5.89, p < 0.0001, unpaired 

two-tailed t test) (Fig. 3.5C). This finding indicates that CNTN1 is required for proper binding of PNN 

components to the neuronal surface and is responsible for the regular lattice formation seen in untreated 

cells. It also shows us that binding of PNN components can be disrupted by blocking their interactions 

with CNTN1.  

3.3.5 PNN structure depends on RPTPz binding to CNTN1 and TNR. 

Our findings above indicate that recombinant soluble form of RPTPz (RPTPz-WT-Fc) is capable of 

restoring disrupted PNN structure in cultures from Ptprz1 KO mice (Fig. 3.6A,B). We have also seen that 
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the RPTPz binding protein, CNTN1 plays a key role in PNN structure. We wanted to verify that the 

interaction of RPTPz with CNTN1 is key to PNN structure and formation. Accordingly, we utilized a 

mutant form of RPTPz incapable of binding CNTN1. RPTPz is known to bind CNTN1 through its b-

hairpin loop in its carbonic anhydrase like domain (Bouyain et al. 2010). An expression construct for a 

mutant form of the secreted RPTPz, missing this b-hairpin loop and fused to the Fc region of human IgG 

was generated (RPTPz-bdel-Fc, provided by Dr. Samuel Bouyain, University of Missouri). This mutant 

form cannot bind CNTN1 and we tested whether it was capable of restoring the disrupted PNN structure 

seen in Ptprz1 KO cultures. RPTPz-bdel-Fc was expressed transiently in HEK-293 cells and the media 

was subsequently collected, concentrated and added to Ptprz1 KO neuronal cultures. We utilized our 

PNN peak/ node analysis to quantitatively assess any changes in PNN structure (Fig. 3.6E). Addition of 

RPTPz-WT-Fc conditioned media effectively reduced the average aggrecan staining peak or node 

prominence in Ptprz1 KO cultures (Fig. 3.6E, Ptprz1 KO untreated = 26.15 ± 7.29, Ptprz1 KO RPTPz-

WT = 19.55 ± 3.19, F(3,76) = 3.387, p = 0.022, ordinary one-way ANOVA, RPTPz-WT-Fc p = 0.014, 

Tukey’s post hoc testing) indicating that the secreted WT RPTPz plays a key role in binding aggrecan to 

the neuronal surface. Addition of RPTPz-bdel-Fc however, was unable to recover aggrecan staining in 

Ptprz1 KO neuronal cultures (Fig. 3.6C). In contrast to RPTPz-WT, PNNs in RPTPz-bdel-Fc treated 

cultures continued to appear discontinuous and aggregated. Our peak/ node revealed that there were no 

significant differences in the mean prominence of aggrecan peaks in these cultures as compared to the 

untreated Ptprz1 KO cells. (Fig. 3.6E, Ptprz1 KO untreated = 26.15 ± 7.29, Ptprz1 KO, RPTPz-bdel = 

23.91 ± 7.29, p = 0.40, one-way ANOVA, Tukey’s post hoc testing). These findings indicate binding of 

RPTPz to CNTN1 is critical for maintaining proper PNN structure. 

In our previous studies we have seen that TNR is required for binding aggrecan to cell surface and 

therefore, is necessary for proper PNN formation and structure (Fig. 2.6, detailed in chapter 2). The 

CSPG, RPTPz is required to recruit TNR to the cell surface. RPTPz subsequently interacts with CNTN1 

and binds the entire complex of PNN components to the cell. In order to verify the central role of RPTPz 
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between TNR and CNTN1, utilized a mutant form of the secreted RPTPz fused to the Fc region of human 

IgG and carrying mutations in three key residues required for binding to TNR designated RPTPz-AAA-

Fc (expression construct for RPTPz-AAA-Fc provided by Dr. Samuel Bouyain, University of Missouri). 

As before, HEK-293 cells were used to transiently express the RPTPz-AAA-Fc construct and conditioned 

media from these cells subsequently collected and concentrated in order to add to Ptprz1 KO neuronal 

cultures. We reasoned that if the interaction of RPTPz and TNR is essential to PNN structure and 

component binding, treating Ptprz1 KO cultures with RPTPz-AAA-Fc should not be able to recover the 

altered aggrecan staining seen in these cells. In contrast to RPTPz-WT, aggrecan staining in RPTPz-AAA 

treated cultures continued to appear discontinuous and aggregated (Fig. 3.6D). Our peak/ node revealed 

that there were no significant differences in the mean prominence of aggrecan peaks in these cultures as 

compared to the untreated Ptprz1 KO cells. (Fig. 3.6E, Ptprz1 KO untreated = 26.15 ± 7.29, Ptprz1 KO, 

RPTPz-AAA = 22.59 ± 8.09, p = 0.90, one-way ANOVA, Tukey’s post hoc testing). Our findings here 

verify our model of PNNs in which lecticans are bound to the HA backbone of PNNs and crosslinked to 

phosphacan by TNR. Phosphacan in turn interacts with CNTN1 which is bound to the cell membrane by a 

GPI-anchor. 

3.3.6 Mutant forms of RPTPz unable to bind to CNTN1 or TNR disrupt PNN structure  

Our results indicate that the interaction of RPTPz with both TNR and CNTN1 is required for proper 

PNN structure and formation. We wondered, if indeed these interactions are crucial to proper PNN 

component binding and structure formation, whether we could disrupt WT PNNs in culture by adding 

these mutant RPTPz forms. RPTPz-bdel-Fc and RPTPz-AAA-Fc were added to dissociated neurons 

derived from WT mice and as above in order to quantitatively assess PNN structure in these cells, the 

peak/node analysis was carried on cells stained for the PNN component aggrecan. Untreated WT cells 

showed regular and continuous aggrecan staining with intense peaks or nodes connected by prominent 

bridge like internode structures (Fig. 3.7A). Addition of RPTPz-bdel or RPTPz-AAA resulted had 

significant effects on aggrecan staining (Fig. 3.7B,C, F(2,89) = 13.24, p < 0.0001, ordinary one-way 
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ANOVA). With the addition of mutant RPTPz, aggrecan staining peaks became significantly more 

prominent and isolated (Fig. 3.7D, Mean Prominence for Untreated = 17.22 ± 3.99, RPTPz-bdel = 23.38 

± 6.03, p < 0.0001, RPTPz-AAA = 20.50 ± 3.94, p = 0.041, Tukey’s post hoc testing). Our findings here 

provide further insight into TNR-RPTPz-CNTN1 interactions in PNNs and demonstrate that this complex 

is critical for PNN structure. 

 

3.4 Discussion 

The last decade has seen an explosion of interest in roles PNNs play in normal brain physiology as 

well as speculation for roles in multiple neuropsychological and neuropsychiatric disorders and diseases. 

And yet, an incomplete understanding of PNN structure and consequently our inability to manipulate 

them specifically has been a major hurdle towards understanding their precise function in the CNS.  

PNNs form around a very specific subset of neurons and they form unusually stable structures. However, 

to date there has been no identified cell surface receptor for PNNs. Here we make a significant step 

forward in unraveling PNN structure by identify CNTN1 as the first cell surface receptor for PNNs.  

In chapter 2 we identified the CSPG RPTPz as playing a critical part in the proper formation of PNNs 

(Eill et al., 2020). Our results showed that PNN components are immobilized on the cell surface by two 

different types of interactions PNN components bind a backbone made up of HA and also interact with a 

complex formed by TNR and RPTPz. Using this model, we gained keen insight into the association of 

PNNs and PNN components with the neuronal surface. Our data indicated that a critical component for 

PNN formation, the CSPG aggrecan binds to the cell surface by interacting with HA and also by 

independently interacting with the TNR-RPTPz complex. Interestingly, we found that both TNR and 

RPTPz are required for the proper formation of PNNs and the absence of either led to the disrupted 

binding of aggrecan and TNR to the cell surface. However, RPTPz is known to exist in multiple forms, 

splice variants and proteolytic cleavage products (Garwood et al., 1999, 2003; Chow et al., 2008). While 

we had initially hypothesized that it is the receptor form of RPTPz that is critical for PNN structure 
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formation, we discovered that a secreted form, phosphacan was sufficient to recruit TNR and 

subsequently aggrecan to the cell membrane. Furthermore, this secreted form was also sufficient to 

restore disrupted PNN structure and component binding seen in Ptprz1 KO cultured neurons. Here, we 

verified that phosphacan is indeed capable of restoring PNN structure and component binding in Ptprz1 

KO cultured neurons by using a recombinant form of soluble RPTPz expressed in HEK293 cells. RPTPz 

is extensively decorated with glycans endogenously (Garwood et al., 1999, 2003). As such, it might be 

immobilized on the cell surface through interactions of its carbohydrate domains with the cell surface. 

Interestingly, the recombinant form lacks the O-glycan attachment region of endogenous RPTPz. Our 

findings here strongly indicate that a protein-protein interaction rather than a protein-carbohydrate 

interaction involving RPTPz is required for proper PNN structure and formation. Identifying a cell 

surface receptor for the secreted RPTPz therefore becomes key to understanding how this part of the PNN 

complex binds to the neuronal surface.  

RPTPz/ phosphacan has a large number of well-established ligands such as Ng-CAM, N-CAM, Nr-

CAM, CNTN1. A number of them are relevant to the proper development of the nervous system. 

However, none of them have ever been shown to directly play a role in the formation PNNs. A subset of 

RPTPz binding partners on the cell surface are GPI-linked proteins. In order to narrow down the list of 

RPTPz receptors, we first wanted to determine if the binding of PNN components to the cell surface was 

dependent on a GPI-anchored protein. We reasoned that if indeed the TNR-RPTPz complex was 

immobilized to the cell surface by a GPI-linked mechanism, a combination of digesting away the HA 

backbone and disrupting the GPI-anchor with PIPLC should release PNN components from the cell 

surface. We found we could release PNN components from the cell membrane by treatment with ChABC 

and PIPLC in both dissociated neurons and from brain lysates (Figs. 3.3 and 3.4). 

Interestingly in our previous work we had established the PNN component aggrecan is released by 

ChABC and Ca2+ chelation and as noted above here we showed we get the same effect on aggrecan when 

Ca2+ chelation is replaced by PIPLC (Eill et al., 2020, Figs 2.5, 2.7 detailed in chapter 2, Figs. 3.3, 3.4). 
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While these two treatment combinations have the same effect on aggrecan release, they have strikingly 

different effects on the release of TNR from PNNs. Studies have suggested that the interaction of TNR 

with aggrecan and with RPTPz is Ca2+dependent (Xiao et al., 1997). Given that aggrecan is released in 

the combined treatment with EGTA or EDTA, our data supports the notion that TNR interaction with 

aggrecan is indeed Ca2+ dependent. However, we believe the retention of TNR with Ca2+ chelation 

indicates its interaction with RPTPz is perhaps not dependent on Ca2+ions (Fig. 3.3). RPTPz expression is 

required for TNR to bind to the cell surface, but it remains possible that TNR binds to an additional 

receptor protein on the surface of the cell.  This additional interaction of TNR would also have to be GPI-

linked protein as we find that TNR is almost completely released by ChABC PIPLC treatment. Some 

studies have reported that TNR interacts with GPI-linked cell surface receptors related to contactin family 

(Gennarini et al., 1989; Pesheva et al., 1993) and might explain this result. It will be interesting to see 

whether TNR can bind to the cell the in RPTPz-AAA-Fc treated Ptprz1 KO cells. If TNR can still bind to 

the cell surface in these cultures, it might indicate that TNR binds to the cell surface by an additional 

mechanism and is a goal of future work.  

Having narrowed down the list of RPTPz receptors to GPI-linked proteins on the cell surface we 

decided to look at CNTN1 as a possible receptor for RPTPz. CNTN1 is a protein involved in neural 

development but has never been linked to PNNs. Furthermore, the interaction of RPTPz to CNTN1 is 

specific and RPTPz does not bind other members of contactin family (CNTN2-6) (Bouyain and Watkins, 

2010; Lamprianou et al., 2011). Thus, we decided to look at the role of CNTN1 in PNNs. In order to 

determine if CNTN1 is the receptor for RPTPz in PNNs we designed two experiments. First, we decided 

to look at the effects of blocking CNTN1 on PNN component binding and structure in our dissociated 

neuronal culture model of PNNs. We hypothesized that if the interaction of RPTPz and CNTN1 is critical 

to PNN formation and is responsible for binding the TNR-RPTPz complex to the cell surface blocking 

CNTN1 in WT neurons should disrupt PNNs and recapitulate the disruption seen in Ptprz1 KO cells. We 

found that blocking CNTN1 did indeed disrupt PNNs and led to an aggregated and irregular pattern of 
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aggrecan staining like that seen in Ptprz1 KO cells. Secondly, we have seen that disrupted PNN staining 

in Ptprz1 KO cells can be partially recovered by adding purified/recombinant RPTPz (refer to figure). We 

generated a mutant form of RPTPz incapable of binding CNTN1 (RPTPz-bdel-Fc) and looked at its 

effects on dissociated Ptprz1 KO neurons. We found that unlike the full-length recombinant WT RPTPz 

(RPTPz-WT-Fc), adding RPTPz-bdel-Fc failed to restore PNN structure and component binding in 

Ptprz1 KO neurons. Lastly, we argued that if it is the secreted form of RPTPz binding to CNTN1 that is 

responsible for PNN structure, we should be able to disrupt PNNs by adding RPTPz-bdel-Fc in WT 

neurons. Indeed, we found that adding RPTPz-bdel-Fc to WT neurons resulted in aggregated and 

irregular PNN staining.  

We have seen that mice carrying null alleles for either TNR or RPTPz have disrupted PNN structures. 

This result indicates that these two proteins are required for proper PNN formation. Also, both TNR and 

RPTPz were required to recruit PNN component aggrecan to the cell surface in HEK-293 cells (Eill et al., 

2020). This indicates that they form part of the same pathway for binding components in PNNs. However, 

this has never been directly tested in neurons. In our present study using a recombinant mutant RPTPz 

incapable of binding TNR (RPTPz-AAA-Fc) we were able to show that RPTPz binding to TNR is 

necessary for proper PNN formation. As with RPTPz-bdel-Fc, addition of RPTPz-AAA-Fc to Ptprz1 KO 

neurons failed to recover disrupted PNN component binding and structure. Similarly, it also disrupted 

PNNs when added to WT cultures. The above results taken together prove that RPTPz binds to both TNR 

and CNTN1 and both these interactions are key for proper PNN formation.  

Together our findings together with work for from other labs have enabled us to create a more 

detailed model of PNNs in which members of the lectican family of CSPGs are attached to a HA 

backbone and stabilized by HAPLN1. The CSPGs are then crosslinked to phosphacan by TNR which acts 

as an adapter molecule between PNN components bound to the HA and links them to phosphacan. Our 

findings have also demonstrated the role of CNTN1 in binding RPTPz and as a result acting as a receptor 
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for PNNs on the surface of the cell. To our knowledge this is the first demonstration of CNTN1 as a 

receptor for PNNs, moreover first demonstration of a receptor for PNNs in general (Fig. 3.8).  

It should be noted however, that CNTN1 is widely expressed in the nervous system (ref). Thus, it is 

surprising that it is a receptor for ECM structures which are present around only specific types of neurons. 

In our model of PNN structure, CNTN1 is a receptor for the complex formed by TNR and RPTPz. If 

indeed, CNTN1 is the receptor for this complex the absence of CNTN1, should result in a disrupted 

binding of this complex to the neuronal surface and therefore recapitulate the PNN disruption seen in Tnr 

KO and Ptprz1 KO mice. PNNs appear around PND 15 in mice and mature and increase in number of 

cells they decorate all the way up to ~ PND 70 (Pizzorusso et al., 2002; Gogolla et al., 2009). Cntn1 KO 

mice are born but die within two to three weeks after birth thus, making it difficult to study PNNs in these 

mice (Davisson et al., 2011). Alternatively, PNN component binding can be studied in dissociated 

cultures derived from these mice. These experiments will provide valuable insight into the role of CNTN1 

in PNN component binding and structure and therefore, is a goal of future work.  

Lastly it is interesting to note that in spite of disrupting PNN structure in our culture models using 

RPTPz mutants and CNTN1 neutralizing antibodies, staining, albeit abnormal staining, for PNN 

components persisted around the cells. These findings suggest that the seed event for PNN formation is 

not dependent on RPTPz or CNTN1. In fact, even though PNNs are disrupted in both RPTPz deficient 

and TNR deficient mice cell surface aggregates of PNN component still form around the correct cell types 

in these animals (Haunso et al., 1999, 2000, Morawski et al., 2014).  One explanation for this is that the 

seed event for PNN formation involves the cell surface HA which acts as a backbone for PNNs. 

Disrupting the binding of PNN components to the HA backbone by knocking out HAPLN1 leads to 

attenuated PNN structures which are distinct from disruption seen in RPTPz deficient and TNR deficient 

PNNs (Carulli et al., 2010a). The HAPLN1 KO animals also show a significant reduction in the number 

of PNN positive cells. Furthermore, the appearance of PNNs is associated with an upregulation of a HA 

synthase and HAPLN1 expression in the cells around which they occur. HAPLN1 possibly plays a role in 
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capturing and binding CSPGS to the HA backbone of PNNs and might explain this finding (Carulli et al., 

2010a; Kwok et al. 2010). The mechanism by which the HA backbone is attached to the cell surface 

though still remains unclear. There is speculation that the HA synthase itself might act as an anchor for 

the PNN backbone. However, knocking out individual HA synthases did not have an effect on PNN 

formation suggesting that there might be redundancy among the various HA synthases or that HA is 

synthesized in PNNs by an unknown mechanism (Arranz et al., 2014). We feel that understanding how 

the HA backbone of PNNs form and is attached to the neuronal surface will be key to understanding PNN 

structure and generating tools to manipulate them specifically thereby enabling us to clearly define the 

role of these enigmatic structures in the CNS (Haunsø et al., 2000; Zhou et al., 2001; Brakebusch et al., 

2002; Giamanco et al., 2010; Giamanco and Matthews, 2012; Eill et al., 2020).  

 

3.5 Experimental Procedures 

Animals: Ptprz1 strain mice (Ptprz1 KO and Ptprz1 WT) were generated as previously described 

(Harroch et al., 2000) and received from Dr. Sheila Harroch (Department of Neuroscience, Institute 

Pasteur, Paris, France). For neuronal cultures, in addition to Ptprz1 KO mice, timed pregnant CD-1 

wildtype mice were purchased from Charles River Laboratory (Wilmington, MA, USA).  All experiments 

followed the protocols approved by the Institutional Animal-Care and Use Committee of Upstate Medical 

University. 

Antibodies: Mouse anti-tenascin-R 619 (MAB1624) was purchased from R&D systems. Rabbit anti-

aggrecan (AB1031) was purchased from MilliporeSigma (Burlington, MA, USA).  Function neutralizing 

goat anti-contactin1 (AF904) was purchased from R&D systems. Fluorescein labeled WFA (Wisteria 

floribunda agglutinin) was purchased from Vector Laboratories Inc. (Burlingame, CA, USA). 

Preparation of Homogenates, soluble and insoluble fractions for biochemical release assay: Brain 

homogenates for release of PNN components assays were derived from postnatal day 45 (PND 45) Ptprz1 

WT brains. Tissue was homogenized in 150mM sodium chloride and 50mM Tris with EDTA-free 

protease inhibitor tablets (Roche, Indianapolis, IN, USA 1 tablet in 10mL buffer), in a Potter Elvehjem 
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homogenizer. Homogenates were centrifuged at 8,000g for 10 min at 4 °C.  The supernatant was then 

removed, the pellet washed once and then resuspended in 1 mL buffer. A Bradford (Bio-rad) assay was 

performed, and protein concentrations were adjusted to 2.5mg/mL.  Samples were treated with 2 µL 

chondroitinase ABC (Sigma-Aldrich, Saint Louis, MO, USA) and/or 5 µL PIPLC (0.1U/ µL) per 500 µl 

of sample and/or 1mM EDTA for 8 hours. Samples were centrifuged again at 8,000g for 10 min at 4 °C to 

separate soluble release (R) fraction and insoluble pellet (P) fractions and subsequently prepared for 

Western Blotting. 

Purification of phosphacan: Phosphacan was purified by anion exchange chromatography as previously 

described (Eill et al., 2020). Briefly, the soluble fraction, from PND 4 CD-1 mouse brain, was filtered 

using a PVDF 0.22 μM filter, brought to a 0.5 M NaCl concentration, and run through a 1 mL HiTrap-Q 

HP column using a peristaltic pump connected to an Amersham Pharmacia RediFrac fraction collector 

(GE Healthcare Life Science).  Sample was eluted over a continuous gradient of 0.5 M NaCl to 2.0 M 

NaCl over 10 column volumes and collected as 250 μL fractions.  Phosphacan-rich fractions, identified 

by dot blot analysis, were pooled and concentrated using 100,000 MWCO Concentrators (AmiconUltra, 

EMD Millipore). Approximately 250 ng of purified phosphacan was added to Ptprz1 KO cultures after 

the first medium change at 3 DIV and 125 ng was added after the half-medium change at 6 DIV and 

analyzed at 9 DIV. When noted, coverslips were fixed and subsequently processed for 

immunocytochemistry. 

Preparation of RPTPz-WT-Fc, RPTPz-bdel-Fc and RPTPz-AAA-Fc: Early passage HEK293 cells were 

plated on 10cm dishes and transfected with RPTPz-WT-Fc, RPTPz-bdel-Fc or RPTPz-AAA-Fc 

constructs (generously provided by Dr. Samuel Bouyain, University of Missouri). Culture media was 

changed to serum-free DMEM 24 hrs post transfection. Media was collected 48 hrs post transfection and 

concentrated using 50,000 MWCO Concentrators (AmiconUltra, EMD Millipore). Protein concentration 

was estimated using a Bradford assay (Bio-rad). 
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Primary Cortical Cultures:  Neuronal primary cultures were prepared as previously described (Giamanco 

et al., 2010).  Briefly, cortices of embryonic day (E) 16 CD-1 WT or Ptprz1 KO embryos were removed 

and digested in 0.25% trypsin-EDTA (ThermoFisher Scientific, Waltham, MA, USA).  Mixed cells were 

filtered and suspended in Neurobasal medium with 3% B27, 1X Glutamax and 1X penicillin-

streptomycin (ThermoFisher Scientific).  Cells were then plated at a density of 2.1 x 106 cells/mL on 

coverslips (500 μL/per well) pre-coated with poly-D-lysine (50μg/ml) and laminin (5 μg/ml) (Sigma-

Aldrich, Saint Louis, MO, USA) in a 24-well dish.  To remove glia, cells were treated with 5 μM 

cyotosine arabinoside (AraC, Sigma-Aldrich) at 1 day in vitro (DIV). The medium was then changed at 3 

DIV to remove AraC and given a half change at 6 DIV. Cells were maintained at 37°C/ 5% CO2 until 

fixation. When noted, coverslips were treated with 10 μL ChABC for 30 min and/or 2.5 mM EGTA for 

15min for biochemical release assay of PNN components in neurons. Coverslips were fixed and 

subsequently processed for immune-cytochemistry. 

PNN recovery in RPTPz deficient cultures: Neuronal primary cultures were prepared as previously 

described from RPTPz deficient, Ptprz1 KO mice. Purified RPTPz-WT-Fc or RPTPz-bdel-Fc or RPTPz-

AAA-Fc was added to cells at 2μg/ well of a 24 well dish at 3DIV. Additional 1μg/ well was added after 

half media change at 6DIV. Cell were fixed and analyzed at 9DIV. 

PNN disruption in CD1 WT cultures: Neuronal primary cultures were prepared as previously described 

from CD1 WT mice. Purified RPTPz-bdel-Fc (2μg/ well of a 24 well dish) or RPTPz-AAA-Fc (2μg/ well 

of a 24 well dish) or anti- CNTN1 or antibody (2.5μg/ well of a 24 well dish) was added to cells at 6DIV. 

Cell were fixed and analyzed at 9DIV. 

Immunocytochemistry: Primary cortical cultures plated on coverslips were fixed at 9 DIV in cold 4% 

phosphate-buffered paraformaldehyde (PFA) with 0.01% glutaraldehyde, pH 7.4.  Cells were then 

blocked in screening medium (DMEM, 5% FBS, 0.2% sodium azide) for 1 hour, before adding primary 

antibodies overnight at 4°C.  The following day, Alexa-fluor conjugated secondary antibodies 

(ThermoFisher Scientific) in screening medium were added to the cells for 2 hours before mounting the 
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coverslips with ProLong anti-fade kit (ThermoFisher Scientific).  Cell nuclei were visualized with 

Hoechst solution (ThermoFisher Scientific) diluted in 1x PBS. Coverslips were imaged using an epi-

fluorescent Zeiss Imager.A2 with Nikon Elements software package.  Final images were gathered and 

formatted using ImageJ software (58) and assembled into figures using Adobe Illustrator CC 2019. 

SDS-PAGE and western blotting: Protein concentrations were determined by Bradford assay before gel 

electrophoresis. 6-15% gradient SDS-polyacrylamide gels were used and transferred to 0.45 μM 

nitrocellulose membranes.  Western blotting was conducted as previously described (Viapiano, Matthews 

and Hockfield, 2003).  Briefly, blots were placed in blocking buffer composed of 5% milk in low salt 

TBST and then incubated in primary antibody overnight.  Blots were then incubated in HRP-conjugated 

secondary antibodies (The Jackson Laboratory, Bar Harbor, ME, USA) and exposed using supersignal 

west pico or femto chemiluminescent substrate (Thermo-Fisher Scientific, Rockford, IL, USA).  Blots 

were imaged using Premium X-Ray film (Phenix Research Products, Candler, NC, USA).  

Quantification and Statistical analyses: PNN component intensity was calculated by taking large scan 

images (1200µm x 900µm) from 3 different areas for each coverslip. A (64µm x 64µm) area devoid of 

PNN staining was used for background subtraction and intensity was calculated using the measure 

function of ImageJ. PNN peak or node analysis was used to quantitatively describe the PNN aggregation 

seen on the surface of neurons in cultures derived from Ptprz1 KO mice and CD-1 wildtype mice. PNN 

images (40µm x 40µm) were processed using the local maxima function of ImageJ to identify peaks 

("nodes") of intense PNN staining (Mutterer and Rasband, 2012). Once the nodes were identified, an ad-

hoc algorithm was used to measure the difference in intensity between the nodes and their surrounding 

space on the cell surface (node prominence) The mean node prominence was plotted for each genotype 

and/or treatment group.  Differences were found significant at p < 0.05 (unpaired Student's t-test or 

analysis of variance (ANOVA) with Tukey’s post-hoc analyses as appropriate) using Graphpad Prism 8 

or RStudio statistical software. 
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Figure 3.1 

RPTPz/ phosphacan binds to the cell by an unknown mechanism. Our previous work demonstrated that a 

soluble form of RPTPz, phosphacan is required for PNN component binding to the cell. However, the 

mechanism by which phosphacan binds to the cell surface is not clear (inset). Our findings suggest that an 

unknown phosphacan receptor is critical for proper PNN structure and component binding.  
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Figure 3.2 

Disrupted PNN component binding in Ptprz1 KO cultures can be recovered with phosphacan purified 

from mouse brain or recombinant phosphacan. (A) Neurons derived from E16 WT mice were positive for 

PNN component aggrecan and displayed regular and continuous staining. (B) Aggrecan staining in 

cultures from Ptprz1 KO mice were disrupted and appeared broken and aggregated. (C) Addition of 

phosphacan purified from mouse brain was able to recover aggrecan staining in Ptprz1 KO cells. (D) 

Similar to purified phosphacan, recombinant phosphacan was able to restore aggrecan binding to the cell 

as well. Scale bar, 10 µm. 
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Figure 3.3 

Treatment with ChABC and PIPLC eliminates staining for PNN components aggrecan and TNR. (A) 

Neurons derived from E16 WT mice were positive for PNN components aggrecan and TNR. Acute 

treatment with ChABC, EGTA or PIPLC alone only had small effects on aggrecan and TNR levels. 

Treatment with ChABC to digest away the HA backbone of PNNs and EGTA to chelate Ca2+ ions 

eliminated aggrecan staining but only had a minor effect on TNR levels. Treatment with ChABC and 

PIPLC eliminated both aggrecan and TNR staining. (B,C) To quantify these findings aggrecan and TNR 

intensity for the different treatment groups relative to untreated condition was calculated and is presented 

here in a graphical form. Analysis by ordinary one-way ANOVA showed significant differences in levels 

of aggrecan and TNR among different treatment groups (aggrecan F(5,18) = 9.6, p = 0.0001; TNR 

F(5,18) = 5.054, p = 0.04). Tukey’s post hoc testing showed significant loss of aggrecan but not TNR  

with ChABC and EGTA treatment (aggrecan p = 0.0004; tenascin-r p > 0.999). There was significant loss 

of both aggrecan and TNR with ChABC and PIPLC treatment (aggrecan p = 0.0007; TNR p = 0.0018). 

No significant effects were observed with ChABC, EGTA and PIPLC alone. These results indicate that 

aggrecan is immobilized on the cell surface by a HA dependent mechanism then by a Ca2+ sensitive 

interaction and further downstream by a GPI-anchor. TNR on the other hand acts as an adapter molecule 

between aggrecan and the GPI-anchor. TNR is bound to the HA backbone through its interaction with 

aggrecan and remains attached to the cell surface by the GPI-anchor when treated with ChABC EGTA.  

TNR staining is lost only when both the HA backbone and GPI-anchor is disrupted by ChABC PIPLC 

treatment. Bar in graphs represent percentage release ± S.D. Scale bar, 10 µm. 
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Figure 3.4 

Membrane binding of key PNN component aggrecan depends on the HA backbone, Ca2+ ions and a GPI-

anchor. Homogenates PND 45 WT brains were treated with ChABC to digest the hyaluronan backbone of 

PNNs and/or EDTA to chelate Ca2+ ions and/or PIPLC to disrupt any GPI-linked proteins. Samples were 

centrifuged to obtain insoluble pellet (P) and soluble release (R) fractions. (A) Western blot images 

showing release of PNN marker aggrecan into soluble phase from brain homogenates of WT mice by 

ChABC, EDTA and PIPLC treatment alone and combinations of ChABC EDTA, ChABC PIPLC, EDTA 

PIPLC treatments and Untreated control. (B) There were statistically significant differences in release of 

aggrecan across various treatment groups as determined by ordinary one-way ANOVA (F(6,16) = 61.31, 

p < 0.0001) with Tukey’s post hoc testing. Aggrecan is partially released into the soluble fraction by 

ChABC (54 ± 5%, p < 0.0001), EDTA (30 ± 3%, p < 0.0141) and PIPLC (44 ± 3%, p < 0.0001) treatment 

alone as compared to Untreated condition. However, aggrecan is almost completely released into the 

soluble phase by ChABC EDTA (79 ± 7%, p < 0.0001) and ChABC PIPLC treatment (86 ± 6%, p < 

0.0001) as compared to the Untreated group. Release of aggrecan by ChABC EDTA (p < 0.0001) and 

ChABC PIPLC treatment (p < 0.0001) was significantly greater than by ChABC treatment alone. 

Combination of EDTA PIPLC led to a significantly greater release of aggrecan than untreated group (55 ± 

5%, p < 0.0001). However, it was not significantly different from treatment with ChABC, EDTA or 

PIPLC alone. * in (B) indicates significance compared to untreated group unless denoted otherwise, # 

indicates comparison to ChABC treated group. Bar in graphs represent percentage release ± S.D. 
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Figure 3.5 

PNNs structure is disrupted when contactin-1 is neutralized in culture. Cortical cultures were derived 

from E16 WT mice. Cells were fixed at DIV 9 by and PNNs were visualized by staining with PNN 

marker, aggrecan. (A) PNNs staining appeared regular and continuous in untreated group. Addition of 

anti-CNTN1 antibody (2.5 µg at DIV 6) resulted in disrupted and aggregated PNN structures and isolated 

PNN node/peaks.  Mean prominence or isolation of PNN peaks was quantified using our PNN node/ peak 

analysis. (B) Representative surface intensity profiles of untreated and anti-CNTN1 antibody treated 

PNNs. (C) Average isolation index of PNNs represented by the mean prominence of peaks is significantly 

different between untreated (n =23 PNNs, 4 cultures) and anti-cntn1 antibody treated PNNs (n = 24 

PNNs, 4 cultures). A higher mean prominence of PNNs indicate disrupted PNN structure and an increase 

in sharpness of PNN nodes/ peaks in anti-CNTN1 antibody treated group (p < 0.0001, two-tailed 

Student’s t test). Scale bar, 10 µm. 
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Figure 3.6 

Addition of RPTPz mutants is unable to recover PNN structure in Ptprz1 KO neuronal cultures. Cortical 

cultures from E16 Ptprz1 KO mice lacking RPTPz were derived and fixed at DIV 9. (A) Binding of PNN 

component aggrecan appeared disrupted with a broken and aggregated staining pattern in Ptprz1 KO 

cultures. (B) Addition of recombinant phosphacan RPTPz-WT (2 µg per well at DIV 3) to cells was able 

to restore aggrecan binding. (C) Addition of CNTN1 binding mutant RPTPz-bdel was unable to restore 

PNNs and aggrecan staining continued to appear broken and aggregated. (D) Similarly, TNR binding 

mutant RPTPz-AAA was also unable to restore aggrecan binding to the cell surface. (E) Mean 

prominence or isolation of PNN peaks was visualized using PNN marker aggrecan and quantified using 

our PNN node/ peak analysis. Analysis by ordinary one-way ANOVA showed that the average isolation 

or prominence of PNN peaks is significantly different between groups (F(2,52) = 6.98, p = 0.002). 

RPTPz-WT treated cells (n = 19 cells, 3 cultures) showed a significantly lower mean prominence (p = 

0.001, Tukey’s post hoc testing) compared to untreated cells (n = 17 cells, 3 cultures) indicating more 

regular pattern of aggrecan staining and a decrease in node/ peak isolation (p = 0.0143). Mean 

prominence of peaks in RPTPz-bdel and RPTPz-AAA treated PNNs was not significantly different 

(RPTPz-bdel p = 0.40, RPTPz-AAA p = 0.90, Tukey’s post hoc testing) from untreated cells. Scale bar, 

10 µm.  
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Figure 3.7 

PNNs can be disrupted in WT neuronal culture by adding RPTPz mutants. Cortical cultures derived from 

E16 WT mice were fixed at DIV 9 and stained with PNN marker, aggrecan. (A) Aggrecan staining 

showed regular and continuous staining pattern in untreated group. (B) Addition of RPTPz-bdel (2 µg per 

well at DIV 6) resulted in disrupted and aggregated aggrecan staining. (C) Addition of RPTPz-AAA (2 

µg per well at DIV 6) had a similar effect and disrupted binding of aggrecan to the cell. (D) As before, 

PNN peaks were visualized using PNN marker aggrecan and their mean prominence or isolation 

calculated using our PNN node/ peak analysis. There were significant differences in the average isolation 

index of PNN peaks among the various treatment groups (F(2,89) = 13.24, p < 0.0001, ordinary one-way 

ANOVA). Average isolation index or mean prominence of PNNs was significantly higher in RPTPz-bdel 

treated (n = 37 PNNs, 7 cultures, p < 0.0001) and RPTPz-AAA treated neurons (n = 24 cells, 3 cultures, p 

= 0.041) as compared to untreated control cells (n = 31 cells, 6 cultures) indicated disrupted PNN 

structure in these groups. Scale bar, 10 µm. 
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Figure 3.8 

Proposed model of PNN structure. We propose a model for PNNs, in which lecticans are bound to the HA 

backbone and crosslinked to RPTPz by TNR. Our data suggests that it is the soluble form of RPTPz, 

phosphacan that mediates binding of PNN components to the cell surface. We present evidence that 

CNTN1 acts as a receptor for phosphacan in PNNs. To our knowledge this is the first direct 

demonstration of a PNN receptor. The mechanism by which HA binds to the cell surface is unknown and 

remains a goal of future studies. 
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Neuronal circuits across various brain regions display the remarkable property to able to change 

themselves in response to sensory input during postnatal life. These experience dependent refinements in 

neuronal connections are often restricted to a well-defined period during early postnatal development and 

once this time elapses the ability of the nervous system to reform or reshape itself is drastically lost. As a 

consequence, any mis-wired or mis-formed circuits in the developing brain such as those formed in 

neuropsychiatric disorders or neural injuries become extremely difficult to correct in later life. How these 

periods are established and the molecular mechanism which lead to their closure is largely unknown. 

Understanding these mechanisms and identifying strategies to reopen these developmental plastic periods 

it in adults are, therefore, critical to be able to treat the diseased or damaged brain.  

The neural extracellular matrix (ECM) has been shown to be a key regulator of connectivity and 

plasticity in the developing nervous system and studies have increasingly focused on a peculiar sub-

structure of the neural ECM, called perineuronal nets (PNNs) in regulating developmental changes in the 

nervous system. Unlike the diffuse ECM, which is expressed ubiquitously throughout the CNS, PNNs 

form only on specific subsets of neurons and only in specific areas of the brain. Their appearance 

coincides with the closure of the developmental plastic periods mentioned as earlier, while their formation 

is profoundly influenced by sensory experience (Guimarães et al., 1990; McRae et al., 2007; Nakamura et 

al., 2009; Carulli et al., 2010a, 2010b). These properties of PNNs have led many researchers to postulate 

their role as being a critical modulator of developmental forms of plasticity in the CNS and in restricting 

plasticity in the adults. In support of this, researchers have been able to restore juvenile forms of plasticity 

in the adult CNS by disrupting PNNs.   

Though traditionally, PNNs have been regarded as regulators of developmental forms of plasticity a 

large amount of recent work has demonstrated their role in a number of other areas. PNNs have been 

implicated in various other forms of learning and plasticity in the CNS. They are thought to play a role is 

motor learning in the cerebellum, regulate drug seeking behavior in the cortex, preserve fear memories in 

the amygdala, play a role in the integration of different kinds of sensory input in the insula and protect 

neurons from oxidative damage (Morawski et al., 2004; Miyata, Nishimura and Nakashima, 2007; 
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Gogolla et al., 2009; Suttkus et al., 2012; Mauney et al., 2013; Slaker et al., 2015; Carulli et al., 2020). 

Multiple lines of evidence have also pointed to their role in various neurodegenerative and 

neuropsychiatric conditions. However, in spite of this ever-increasing list for the role of PNNs in the 

CNS, a mechanistic understanding of PNN function has been elusive. This lack of insight primarily arises 

from our incomplete understanding of PNN structure and molecular composition. PNNs while expressing 

many components found in the diffuse matrix, appear clearly distinct from their surrounding ECM. The 

mechanisms by which various PNN components come together and aggregate on the surface of particular 

cells to form these structures, however, is poorly understood and as a result to date there are no specific 

tools or models to disrupt PNNs specifically. The primary goal of our laboratory, therefore, has been to 

understand more thoroughly PNN structure and molecular composition, with the ultimate goal of 

developing precise tools and strategies to target and manipulate PNNs specifically and understand their 

function clearly.  

The interaction of PNN components with each other and the neuronal surface has so far been unclear. 

In the work presented in this thesis, we present a model of PNN structure in which PNN components are 

immobilized on the neuronal surface by two kinds of interactions, one dependent on the classical HA 

backbone of PNNs and the other mediated by a complex formed by tenascin-R (TNR) and the major 

ECM proteoglycan receptor protein tyrosine phosphatase-ζ (RPTPz). We show for the first time that 

RPTPζ is critically involved in PNN structure, and that it plays a key role in bringing various PNN 

components to the cell surface. We demonstrate that in the absence of this proteoglycan, PNNs are 

disrupted and their structural integrity compromised. Additionally, we identify a GPI-anchored protein, 

contactin-1 (CNTN1) playing a role in PNN formation. Our findings show that CNTN1 binds the RPTPz-

TNR complex and consequently other PNN components to the cell surface. Therefore, for the first time 

we have identified a receptor for PNNs and demonstrated a mechanism by which PNNs bind to the 

neuronal surface. We feel that our findings presented in this thesis are the initial important steps towards 
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completely understanding PNN structure and thereby being able to develop tools and strategies to 

precisely target and manipulate them precisely and understand their function.    

 

4.1 RPTPz and TNR are critical for the structure and formation of PNNs. 

 RPTPz is widely expressed in the CNS and has been shown to be enriched in PNNs (Haunsø et 

al., 1999, 2000). However, the role of RPTPz in PNN structure formation is not well understood. In order 

to determine the role of RPTPz in PNNs in chapter 2 we studied PNNs in mice carrying null alleles for 

the RPTPz gene, Ptprz1. Ptprz1 KO mice showed severely disrupted PNN morphology. Instead of the 

typical lattice-like structure observed in WT animals, PNN components in the Ptprz1 KO mice were 

aggregated on the neuronal surface. The regular net like staining pattern of PNNs was abolished and 

instead these animals had large regions of the neuronal surface devoid of any PNN staining. 

Biochemically the binding of PNN components to the cell surface also appeared to be disrupted in the 

Ptprz1 KO mice. While in WT mice brains aggrecan was bound to the cell membrane in a Ca2+ dependent 

manner in addition to its interaction with HA, in Ptprz1 KO mice the Ca2+ sensitive interaction of 

aggrecan was absent. In WT tissue release of aggrecan required the disruption of the HA backbone of 

PNNs along with chelation of Ca2+ ions. In Ptprz1 KO brains aggrecan could be released by disruption of 

just the HA chains alone. The disrupted PNN component staining seen in Ptprz1 KO mice is phenocopied 

by mice lacking the ECM glycoprotein TNR (Weber et al., 1999a; Brückner et al., 2000a; Morawski et 

al., 2014). As such, we wondered whether biochemically PNN components bound to the cell surface in 

the same manner in these two mice. To test this, we obtained Tnr KO brains and found that the binding of 

PNN component aggrecan was biochemically similar between Ptprz1 KO and Tnr KO mice. As before 

with the Ptprz1 KO brains, we observed that in contrast to WT mice brains, aggrecan release only 

depended on the HA backbone in the Tnr KO brains. From our findings presented in chapter 2 we could 

determine that these two proteins form part of the same binding pathway for PNN components to the cell 

surface.  
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RPTPz is known to exist in multiple forms, splice variants and proteolytic cleavage products 

(Garwood et al., 1999; Chow et al., 2008). We had initially hypothesized that the receptor form of RPTPz 

that is critical for PNN structure formation as this could have acted as a receptor for PNNs. Instead, we 

discovered that the secreted form of RPTPz, called phosphacan actually played a critical role for PNN 

component binding to the cell surface. Therefore, a question still remained as to how phosphacan and the 

phosphacan-TNR complex binds to the cell surface and PNNs in general bind to the cell surface.  

In order to identify a cell surface receptor for PNNs we used a proximity biotinylation method (Ting 

et al., 2016a; Cijsouw et al., 2018) to label and pull down this ECM subcompartment and identified its 

proteomic content using mass spectrometry. While many of the identified components were 

developmentally relevant and involved in cell adhesion, we noticed that a group of them were GPI-linked 

cell surface proteins. In order to narrow down the list for PNN receptors we decided to first test whether 

PNN components are immobilized on the cell by a GPI-linked mechanism. We found that PNN 

components are indeed linked to the cell surface by a GPI-linked mechanism and could be disrupted by 

disrupting GPI-anchored proteins (Figs. 3.3, 3.4). Surprisingly, the top hit in our proteomic screen was 

also a GPI-linked protein, contactin-1 (CNTN1) (Table A1.1). CNTN1 is a protein involved in neural 

development but has never been linked to PNNs. Interestingly, the interaction of RPTPz to CNTN1 is 

specific and RPTPz does not bind other members of contactin family (CNTN2-6) (Bouyain and Watkins, 

2010; Lamprianou et al., 2011; Nikolaienko et al., 2016). Thus, we decided to look at the role of CNTN1 

in PNNs. By using a combination of biochemistry, cell culture and recombinant mutant RPTPz incapable 

of binding CNTN1 and TNR we were able to show that this GPI-linked protein is critically involved in 

binding the RPTPz-TNR complex and consequently PNNs to the cell surface. Through our combined 

work detailed in chapters 2 and 3 we were able to create a new model of PNN structure in which members 

of the lectican family of CSPGs are bound to backbone of HA and then crosslinked to phosphacan by 

TNR which acts as an adapter molecule between the two binding mechanisms for PNN components.  
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It is worth noting however, that CNTN1 is widely expressed in the nervous system (Davisson et al., 

2011). Thus, it is surprising that it is a receptor for ECM structures which are present around only specific 

types of neurons is a ubiquitously expressed protein like CNTN1. In our model of PNNs, we propose that 

the RPTPz-TNR complex is bound to the cell surface by CNTN1. Therefore, an absence of a binding 

mechanism for this complex PNNs should be disrupted and in fact should appear similar to the disruption 

seen in Ptprz1 KO and Tnr KO mice. The key experiment to understand the role of CNTN1 in PNN 

formation would be to look at PNNs in Cntn1 KO mice. Although, Cntn1 KO mice are born they die with 

two to three weeks after birth thus, making it difficult to study PNNs in these animals (Davisson et al., 

2011). Alternatively, CNTN1 deficient embryos can be obtained and PNNs studied in in vitro and ex vivo 

models. These experiments will provide valuable insight into the role of CNTN1 in PNN component 

binding and structure and therefore, is a goal of future work.  

Our manipulations using purified phosphacan and recombinant WT and mutant RPTPz which lack 

binding to CNTN1 and TNR respectively also shed light on the poorly understood mechanisms by which 

various PNN components interact with each other. Our findings show that phosphacan and TNR 

cooperatively recruit PNN components to the cell surface. In Tnr KO brains in addition to the loss of 

staining for various other PNN components like neurocan and brevican from the cell, staining for RPTPz 

is almost completely lost from the cell surface (Haunsø et al., 2000; Eill et al., 2020). Interestingly, in 

Ptprz1 KO mice brains TNR staining and staining for other PNN components is largely still present 

around neurons. In contrast, in cultures derived from Ptprz1 KO embryos TNR staining is significantly 

reduced. These differences between in vivo conditions and our in vitro model for PNN structure could 

play a significant role. TNR is multivalent and might be bound to the cell surface in PNNs by an 

additional mechanism. It is also worth mentioning that in our culture model the effect of the loss of 

RPTPz is drastically more severe than that observed in brain sections. In our Ptprz1 KO cultures, the 

morphology of PNN components aggrecan and neurocan were severely disrupted. In contrast, PNNs in 

Ptprz1 KO brain sections are disrupted, but not to the same degree. Thus, our neuronal culture model is 



 166 

useful for studying PNN component interactions, but it does not fully replicate the three-dimensional 

PNN structural morphology as observed in vivo. These differences between in vivo and in vitro conditions 

raise the question whether the PNN morphological differences lead to a difference in TNR binding to the 

cell surface. The more aggregated phenotype might result in masking of epitopes for binding TNR on the 

cell surface and such result in a more severe loss. TNR has also been reported to bind CNTN1 directly 

(Gennarini et al., 1989; Pesheva et al., 1993). In our experiments we also observed a small release of 

TNR with PIPLC treatment as well. As such, it will be interesting to see what happens to TNR staining in 

Ptprz1 KO cultures treated with the TNR binding deficient RPTPz-AAA-Fc. If a change in TNR staining 

is observed, it might point to the role RPTPz in priming CNTN1 or other cell surface components for 

binding TNR. Moreover, this experiment can be paired with the CNTN1 binding deficient RPTPz-bdel-

Fc and will be useful in understanding which component is responsible for recruiting TNR to the cell 

surface. Understanding the complex interaction between RPTPz and TNR will shed further light on the 

structure of this ECM subcompartment.   

 

4.2 The role of HA in PNN formation and binding to the cell 

HA is a key component for PNN structure formation (Deepa et al., 2006; Giamanco  et al., 2010; 

Giamanco and Matthews, 2012). The appearance of PNNs is associated with an upregulation of enzymes 

responsible for HA synthesis indicating the importance of this GAG in the formation of PNNs (Carulli et 

al., 2008; Carulli et al., 2010a, 2010b) and digesting away HA with hyaluronidase in brain slices leads to 

a loss of PNN markers from the surface of the cell (Deepa et al. 2006). HA acts as a scaffold for various 

PNN components like lecticans to attach to. The Lecticans are able to bind HA through their N-terminal 

HA binding domain and to TNR through their C-terminal lectin domains forming an association of HA, 

lectican and TNR (Rauch et al., 1991; Aspberg et al., 1997; Yamaguchi, 2000; Deepa et al., 2006). In 

cartilage this interaction of HA with lecticans is known to be stabilized by link proteins and HAPLN1 

likely plays a similar role in PNNs. The expression of HA leads to unusually stable interaction of CSPGs 
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with the cell surface. Prior to HA expression almost all the CSPGs in the brain can be easily released from 

the membrane fraction of brain lysates with saline. However, after expression of HA, CSPGs stably 

associated with the cell membrane and become increasingly difficult to solubilize (Deepa et al., 2006). 

The complete release of CSPGs required harsh treatment with 6M Urea or extended digestion of the HA 

backbone with hyaluronidase or ChABC. Similar results were obtained when these manipulations were 

carried out in brain sections. These findings indicate the important role of HA in binding CSPGs to the 

cell surface. The effect seen with ChABC treatment can likely be attributed to the fact that in addition to 

CS chains ChABC is also capable of digesting HA. Also, a small fraction of CSPGs remained insoluble 

even after digestion with hyaluronidase and could be solubilized with ChABC. Therefore, a portion of 

CSPGs associate with the cell membrane in a CS dependent manner (Deepa et al., 2006). The mechanism 

by which HA binds to the cell surface, however, is unclear. It is possible that HA is immobilized by a cell 

surface receptor. A number of HA receptors like CD44, LYVE-1, receptor for hyaluronan mediated 

motility (RHAMM) have been identified but none of them have been demonstrated in areas of the brain 

having PNNs. A receptor for HA in PNNs is therefore till now unidentified. A possibility is that the HA 

synthase itself that is responsible for the HA backbone synthesis of PNNs also tethers it to the cell 

surface. HA synthesis is unique among GAGs, in that it is synthesized at the plasma membrane and 

continually extruded out by a transmembrane HA synthase. HA synthases are thought to form 

transmembrane pores through which they secrete the HA molecule, and it has been hypothesized that the 

HA chain is retained at the plasma membrane by projecting through this pore. Another possibility is that 

HA is covalently bound to the cell surface. Previous work has found HA covalently bound to a protein 

named serum derived HA associated protein (SHAP) (Zhao et al., 1995; Chen et al., 1996). Moving 

forward understanding how HA binds to the cell surface will be key to understanding the structure and 

formation of PNNs.   

We have seen that HA is critical to the formation of PNNs. Therefore, another important question 

arises as to its source. In mammals HA is synthesized by HAS1-3 (Spicer and McDonald, 1998)( for 

reviews please see, Weigel, Hascall and Tammi, 1997; Weigel and DeAngelis, 2007; Weigel, 2015). 
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Previous work from our lab has demonstrated that the formation HA backbone of PNNs around neurons 

in culture following elimination of glial cells (Giamanco et al., 2010; Giamanco and Matthews, 2012). 

PNN like pericellular aggregates could form around these cells in the presence of aggrecan and 

expression of HAS3. Thus, HAS3 might be critical for the formation of PNNs. However, studies in mice 

lacking this enzyme i.e. Has3 KO mice, did not have an alteration of PNN structure (Arnst et al., 2016). 

These seemingly contradicting results could be due to redundancy among the HASs. Alternatively, this 

could be due to the presence of an unidentified HAS. A closer look at the knockout strategy for HAS3 

reveals that a short splice variant (Has3-short) is still present in these animals. HAS3-short protein lacks 

four of the six membrane associated domains of the full-length enzyme (Fig. A2.4).  Interestingly we 

found that this HAS3-short is actually capable of synthesizing HA and secreting it (Figs. A2.5,2.6).  

Therefore, not only does HAS3-short have enzymatic activity it is also capable of forming a 

transmembrane pore to secrete HA.  One way to determine the role of this HAS isoform is to knock it 

down in culture. The primary HAS in our neuronal culture model is Has3, followed by expression of 

Has1 and virtual absence of Has2 (Figs. A2.3, A2.4). Work presented in this document also shows that in 

neuronal cultures derived from mice lacking Has1 and Has3 i.e., Has-1,3-dko mice, Has2 is not 

upregulated in a compensatory mechanism (Fig. A2.3). Therefore, these cultures present an attractive 

model to test the role of Has3short in PNN formation and is a goal of future experiments. Moving 

forward understanding the role of Has3-short in the formation of PNNs and synthesis of HA will give us 

important insight into the formation of this physiologically important GAG.  
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A1.1 Introduction 

Our findings discussed in chapter 2 allowed us to create a new model of PNN structure in which PNN 

components are immobilized on the surface of neurons by two distinct kinds of interactions, one dependent 

on the hyaluronic acid or hyaluronan (HA) backbone of PNNs and the other mediated by a complex formed 

by TNR and RPTPz (Eill et al., 2020). In our model, the lectican family of CSPGs are bound to the HA 

backbone and stabilized by (HA proteoglycan link protein 1) HAPLN1. They are then crosslinked to RPTPz 

by TNR which acts as an adapter molecule between the HA mediated and RPTPz mediated binding of PNN 

components to the cell surface (Fig. 2.9). A deficiency of either TNR or RPTPz led to a disrupted binding 

of PNN components, indicating that these two components are required for proper PNN formation and 

structure (Haunsø et al., 1999, 2000; Weber et al., 1999a; Brückner et al., 2000; Morawski et al., 2014; 

Suttkus et al., 2014; Eill et al., 2020). While RPTPz does have both transmembrane and secreted forms, we 

found that the disruption seen in PNNs in cultured Ptprz1 KO neurons could be rescued by adding a secreted 

RPTPz variant. These findings suggest that it is this soluble form of RPTPz that is critically involved in 

PNN structure.  Therefore, a receptor for binding PNN components to the cell surface remained elusive. 

PNNs are extremely stable and form around only particular subsets of neurons in the CNS (Haunsø et al., 

2000; Deepa et al., 2006; Morawski et al., 2014). Therefore, identifying the receptor or binding mechanism 

by which PNN components attach to the neuronal surface is critical towards understanding their formation 

and defining their structure. In order to determine the mechanism of binding of PNN components to the cell 

surface we decided to label, biotinylate and pull down PNNs specifically and identify any cell surface 

receptors using mass spectrometry.   

 

A1.2 Results 

The N-terminal fragment of aggrecan specifically labels PNNs 

In order to pull down PNN components and any associated cell surface receptors, we first needed to be 

able to label PNNs specifically. The lectican family of CSPGs are known to bind the HA backbone of PNNs 
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through the N-terminal globular domains (Nieduszynski et al., 1980; Giamanco et al., 2010; Giamanco and 

Matthews, 2012). Among them aggrecan is the most specific for PNNs. As such we generated an expression 

construct for the N-terminal domains of aggrecan required for HA binding (aggrecan-NT) and expressed it 

in HEK-293 cells. We collected and concentrated the conditioned media from these cells and added it to 

cultured neurons. Adding aggrecan -NT for a few hours before fixation specifically labelled PNNs in 

culture. Staining for aggrecan-NT colocalized with other PNN markers and no disruption in morphology of 

PNNs was observed in the cells (Fig. A1.1). Thus, we felt confident that this construct can be used to label 

PNNs specifically in culture.   

Proximity biotinylation can be used to specifically label PNNs 

Recent proteomic advances have employed biotin-tagging of endogenous proteins to identify the 

proteome within specific cellular compartments (Ting et al., 2016; Cijsouw et al., 2018). Peroxidase-

mediated proximity labeling allows for the covalent attachment of biotin to endogenous proteins in close 

proximity to a peroxidase targeted to a cellular compartment. Peroxidase-mediated proximity labeling 

methods also have a temporal resolution of tens of seconds reducing non-specific labelling and high nm 

order spatial resolution (Ting et al., 2016; Li et al., 2019). As such, we decided to utilize this method to 

biotinylate and pull down PNNs. A HRP conjugated antibody which detects aggrecan-NT was used to target 

the peroxidase to PNNs. PNNs were biotinylated using a cell membrane impermeant biotin-AEEA-phenol 

reagent.  

We found that PNNs could be specifically biotinylated PNNs in culture using this method (Fig. A1.2A). 

Biotinylation required the presence of aggrecan-NT, the cell impermeant biotin-AEEA-phenol and 

peroxidase (in the form of HRP-conjugated antibodies against aggrecan-NT). Absence of any one 

component led to an absence of biotinylation. (Fig. A1.2A). Biotinylated proteins were pulled down using 

streptavidin beads and the levels of biotinylation assessed using western blots.  Samples from cells with all 

three components showed robust labelling with biotin while an absence of anyone led to almost no 

biotinylation. Pretreating cells with chondroitinase ABC (ChABC) which disrupts PNN component binding 

to the cell surface also led to decreased levels of aggrecan-NT binding (data not shown) and consequently 
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resulted in reduced levels of biotinylation in the sample. Labelled proteins could also be pulled down 

effectively using streptavidin beads (Fig. A1.2B).  

Identification of biotinylated PNN proteins 

The biotinylated proteins from cells treated with aggrecan-NT, biotin-AEEA-phenol and peroxidase (in 

the form of HRP-conjugated antibodies against aggrecan-NT) were purified using streptavidin beads (n = 

1). Cells treated with just biotin-AEEA-phenol and peroxidase was used as a control (n = 1). Peptides were 

generated by on-bead digestion with trypsin and analyzed by Label-Free Quantitation (LFQ) proteomics, 

which compares peptide intensities across samples. Fold change of identified protein in samples versus 

control cells was plotted against the statistical probability of their enrichment in the pull downs in a scatter 

plot (Fig. A1.3). PNNs components aggrecan, neurocan, versican and HAPLN1 were enriched in our 

samples. Along with PNN components various other proteins were also identified. Some of the identified 

proteins were intracellular proteins. This is likely due to non-specific binding to beads and leakiness of the 

reagents used. The list was manually curated to exclude intracellular proteins and the top ~50 most enriched 

proteins in our screen is presented in Table A1.1.  

 

A1.3 Discussion 

Our screen identified various PNN components. All the lecticans except brevican were present. This 

was not surprising as inhibition of glia and even treatment with AraC leads to an elimination of brevican 

from our culture model (Giamanco et al., 2012). Another PNN component that was identified is HAPLN1. 

HAPLN1 has been shown to be critical for PNN formation (Carulli et al., 2010a, 2010b). Therefore, we 

felt confident that our labelling and pull down worked. Many of the other identified proteins are 

developmentally relevant and a subset of them is GPI-linked to the cell surface. We verified that PNN 

components are indeed attached to the cell surface by a GPI-linked mechanism detailed in chapter 3. 

Interestingly our top hit was contactin-1 (CNTN1). Additionally, through or work detailed in chapter 3 we 

also verified the role of CNTN1 in PNN formation and identified it as the primary GPI-linked receptor for 

PNN components on the neuronal surface. Among other identified proteins, many of them play a role in 
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nervous system development such as neurotrophic tyrosine kinase receptor type 2 (NTRK2) which binds 

BDNF and regulates a variety of cellular processes such as survival, migration, differentiation and synapse 

formation and plexins which bind the semaphorin family of axon guidance molecules. The screen also 

identified a number of cell adhesion molecules like immunoglobulin superfamily member 21 (IGSF21) 

which regulates inhibitory presynaptic differentiation through interacting with presynaptic neurexin 2 

(NRXN2), neural cell adhesion molecule 1 (NCAM1), neural cell adhesion molecule L1 (L1CAM) and 

neuronal cell adhesion molecule (NRCAM) to name a few. Identifying the possible roles of these proteins 

in PNN formation remains a goal of future work.  

 

A1.4. Experimental Procedures 

Antibodies 

Mouse anti-V5 primary antibody conjugated to HRP (against aggrecan-NT) was purchased from Invitrogen 

and used at 1:2500. Rabbit anti-aggrecan was purchased from MilliporeSigma (Burlington, MA, USA) and 

used at 1:2000. Sheep anti-neurocan was purchased from MilliporeSigma (Burlington, MA, USA) and used 

at 1:1000.  

Primary neuronal culture 

Neuronal primary cultures were prepared as previously described (Giamanco et al., 2010).  Briefly, cortices 

of embryonic day (E) 16 CD-1 WT were removed and digested in 0.25% trypsin-EDTA (ThermoFisher 

Scientific, Waltham, MA, USA).  Mixed cells were filtered and suspended in Neurobasal medium with 3% 

B27, 1X Glutamax and 1X penicillin-streptomycin (ThermoFisher Scientific).  Cells were then plated at a 

density of 2.1 x 106 cells/mL on coverslips (500 μL/per well) pre-coated with poly-D-lysine (50μg/ml) and 

laminin (5 μg/ml) (Sigma-Aldrich, Saint Louis, MO, USA). To remove glia, cells were treated with 5 μM 

cyotosine arabinoside (AraC, Sigma-Aldrich) at 1 day in vitro (DIV).  The medium was then changed at 3 

DIV to remove AraC and given a half change at 6 DIV. Cells were maintained at 37°C/ 5% CO2 until 

fixation. Cell were plated on coverslips in a 24-well dish for immunocytochemistry or 100mm dishes for 

pull down followed by western blotting and mass spectrometry.   
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Immunocytochemistry 

Primary cortical cultures plated on coverslips were fixed at 9 DIV in cold 4% phosphate-buffered 

paraformaldehyde (PFA) with 0.01% glutaraldehyde, pH 7.4.  Cells were then blocked in screening medium 

(DMEM, 5% FBS, 0.2% sodium azide) for 1 hour, before adding primary antibodies overnight at 4°C.  The 

following day, Alexa-fluor conjugated secondary antibodies (ThermoFisher Scientific) in screening 

medium were added to the cells for 2 hours before mounting the coverslips with ProLong anti-fade kit 

(ThermoFisher Scientific).  Cell nuclei were visualized with Hoechst solution (ThermoFisher Scientific) 

diluted in 1x PBS. Coverslips were imaged using an epi-fluorescent Zeiss Imager.A2 with Nikon Elements 

software package.  Final images were gathered and formatted using ImageJ software and assembled into 

figures using Adobe Illustrator CC 2019. 

Proximity labelling of PNNs 

Cells were incubated with aggrecan- NT (2.5µg/mL) for 4hrs and then wash once with conditioned media. 

Anti V5 HRP (1:2500) wa added and incubated 2hrs at 37°C. Cells were washed with Tyrode’s buffer (145 

mM NaCl, 1.25 mM CaCl2, 3 mM KCl, 1.25 mM MgCl2, 0.5 mM NaH2PO4, 10 mM glucose, 10 mM 

HEPES (pH 7.4). Peroxidase mediated proximity biotinylation was carried out using 100 μM membrane-

impermeant biotin-AEEA-phenol (Iris Biotech),1 mM H2O2 (Sigma-Aldrich, 95321) for 1 min at room 

temperature in Tyrode’s buffer. Reaction was stopped using 10 mM sodium azide, 10 mM sodium ascorbate 

(Sigma-Aldrich, #PHR1279), 2.5 mM Trolox (Acros Organics via VWR, #200008-026). Cells were washed 

three times with using the above solution. Cells were fixed and stained or processed as below. 

Pull down of biotinylated proteins 

Neurons were collected in 1000 μL Tyrodes buffer after labelling. Cells were centrifuged at 8000g for 10 

minutes at 4°C to obtain a pellet. Pellet was lysed by resuspension in 400 μL of 1% SDS in 50 mM Tris-

HCl (pH 8.0) containing protease inhibitor cocktail (Sigma Aldrich, catalog no. P8849), 1 mM PMSF, 10 

mM sodium azide, 10 mM sodium ascorbate, and 5 mM Trolox. The sample was diluted with 1600 μL of 

1.25x RIPA lysis buffer (50 mM Tris-HCl, 187.5 mM NaCl, 0.625% sodium deoxycholate, 1.25% Triton 
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X-100) making final concentration to 1x RIPA lysis buffer (50 mM Tris-HCl [pH 8.0], 50 mM NaCl, 0.2% 

SDS, 0.5% sodium deoxycholate, 1% Triton X-100). Lysates were cleared by centrifugation at 16,000 g 

for 10 min at 4°C. Streptavidin-coated magnetic beads (DynabeadsTM M-270 ThermoFisher #65305) were 

prepared by washing twice with RIPA lysis buffer. For each lysed sample, 7.0 mg of total protein was 

incubated with 450 μL of streptavidin bead slurry overnight at 4C with gentle rotation. The beads were 

washed with 2 X 1 mL RIPA lysis buffer, 1 mL of 1 M KCl, 1 mL of 0.1 M Na2CO3, 1 mL of 2 M urea in 

10 mM Tris-HCl (pH 8.0) and then washed again with 2 x 1 mL RIPA lysis buffer. Finally, the beads were 

resuspended in 1 mL of RIPA lysis buffer for western blotting or on bead digestion. 

On bead tryptic digestion 

Proteins bound to streptavidin beads were washed with 2 x 200 μL of 50 mM Tris (pH 7.5), followed by 2 

x 200 μL of 2 M urea/50 mM Tris (pH 7.5). All buffer was removed, and then beads were resuspended in 

80 μL of 2 M urea/50 mM Tris (pH 7.5) containing 1 mM DTT and 0.4 mg trypsin. Beads were incubated 

with trypsin for 1 hr at 25°C while shaking at 1000 rpm. Afterward, the supernatant was removed transferred 

to a fresh tube. The streptavidin beads were washed again with 2 x 60 μL of 2 M urea/50 mM Tris (pH 7.5), 

and the washes were combined with the on-bead digest supernatant. The eluate was reduced with 4 mM 

DTT (final concentration) for 30 min at 25C with shaking at 1000 rpm. The samples were alkylated with 

10 mM iodoacetamide and incubated for 45 min in the dark at 25C while shaking (1000 rpm). An additional 

0.5 mg of trypsin was added to the sample and the digestion was completed overnight at 25C with shaking 

at 700 rpm. After overnight digestion, the sample was acidified to pH < 3 by adding formic acid (FA) to a 

final concentration of ~ 1% FA and sent for mass spectrometry.  

SDS-PAGE and western blotting 

Protein concentrations were determined by Bradford assay before gel electrophoresis. 6-15% gradient 

SDS-polyacrylamide gels were used and transferred to 0.45 μM nitrocellulose membranes.  Western 

blotting was conducted as previously described (Viapiano, Matthews and Hockfield, 2003).  Briefly, blots 

were placed in blocking buffer composed of 5% milk in low salt TBST and then incubated in primary 

antibody overnight.  Blots were then incubated in HRP-conjugated secondary antibodies (The Jackson 
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Laboratory, Bar Harbor, ME, USA) and exposed using supersignal west pico or femto chemiluminescent 

substrate (Thermo-Fisher Scientific, Rockford, IL, USA).  Blots were imaged using Premium X-Ray film 

(Phenix Research Products, Candler, NC, USA).  

Mass Spectrometry 

Label free quantification (LFQ) mass spectrometry: Quantitation (LFQ) mass spectrometry was used to 

identify the proteomic content of the samples. 
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Figure A1.1 

Aggrecan-NT can be used to specifically label PNNs. Neurons from E16 CD1 WT mice were incubated 

with 2µg aggrecan-NT for 4 hours at DIV 9 prior to fixation. Aggrecan-NT bound to the cell surface 

specifically to PNNs and colocalized with a known PNN component, HAPLN1. Scale bar, 10 µm. 
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Figure A1.2 

Peroxidase mediated proximity biotinylation could be used to specifically label PNNs. (A) staining for 

biotin colocalized with staining for aggrecan-NT and biotinylation of labelled PNN compartment required 

the presence of aggrecan-NT, biotin-AEEA-phenol and peroxidase (in the form of HRP-conjugated 

antibodies against aggrecan-NT). (B-D) Absence of any of the components led to an absence of 

biotinylation. Scale bar, 10 µm. 
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Figure A1.3 

Biotinylated proteins can be pulled down from neuronal cultures using streptavidin beads. Neurons from 

E16 CD1 WT mice were treated with aggrecan-NT. A subset of these cells was treated with ChABC for 

1hour prior to addition of aggrecan-NT. ChABC is capable of disrupting binding of PNN components and 

aggrecan-NT to the cell surface (data not shown). Level of biotinylation was noticeably reduced in 

ChABC treated cells and virtually absent in control samples. Biotinylated proteins could be pulled down 

with streptavidin beads.  
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Figure A1.4 

Volcano plot of identified proteins. Fold change of identified protein in samples versus control cells was 

plotted against the statistical probability of their enrichment in the pull downs in a scatter plot. Samples 

showed an enriched for PNN components neurocan, versican, aggrecan and HA. A list of the top ~50 

enriched proteins is presented in Table A1.1 
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Table A1.1 

The list of proteins identified by mass spectrometry was manually curated to exclude intracellular proteins. 

The top ~50 most enriched proteins in our screen is presented in Table A1.1 
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Table A1.1 
 

Symbol Protein Name 
CNTN1 Contactin-1  
NTM  Neurotrimin  
IGSF21  Immunoglobulin superfamily member 21  
CNTFR  Ciliary neurotrophic factor receptor subunit alpha  
OMG  Oligodendrocyte-myelin glycoprotein  
CNTN4  Contactin-4  
LY6H  Lymphocyte antigen 6 complex  
OPCML  Opioid binding protein/cell adhesion molecule-like  
CHL1  Neural cell adhesion molecule L1-like protein  
NAP1L4  Nap1l4 protein  
CRTAC1  Cartilage acidic protein 1  
PLXNA1  Plexin-A1  
NCAM1  Neural cell adhesion molecule 1  
L1CAM  Neural cell adhesion molecule L1  
IGSF8  Immunoglobulin superfamily member 8  
NRCAM  Neuronal cell adhesion molecule  
NEO1  Neogenin OS=Mus musculus  
EDIL3  EGF-like repeat and discoidin I-like domain- containing protein 3  
PLXNA4  Plexin-A4  
NRP1  Neuropilin-1  
DCC  Netrin receptor DCC  
CNTNAP2  Contactin-associated protein-like 2  
LSAMP  Limbic system-associated membrane protein  
NRXN1  Neurexin-1  
PCDH9  Protocadherin 9  
CD200  OX-2 membrane glycoprotein  
PCDH10  Protocadherin 10  
HAPLN1  Hyaluronan and proteoglycan link protein 1  
NFAS  Neurofascin  
IGSF3  Immunoglobulin superfamily member 3  
VCAN  Versican core protein  
NCAN  Neurocan core protein  
ALCAM  CD166 antigen  
NRXN3  Neurexin-3  
GRIA2  Glutamate receptor 2  
NEGR1  Neuronal growth regulator 1  
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NRP2  Neuropilin-2  
CACNA2D1  Voltage-dep. calcium channel subunit alpha- 2/delta-1  
AGRN  Agrin  
NTRK2  BDNF/NT-3 growth factors receptor  
CTNNBL1  Beta-catenin-like protein 1  
GRM2  Metabotropic glutamate receptor 2  
NCKAP1  Nck-associated protein 1  
AFDN  Afadin  
ACAN  Aggrecan  
APPL1  DCC-interacting protein 13-alpha  
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Appendix 2 
 

A short splice variant of hyaluronan synthase 3, HAS3short 

is capable of synthesizing and secreting hyaluronan 
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A2.1 Introduction 

The backbone of the neural extracellular matrix (ECM) substructure called perineuronal nets is 

broadly believed to be the glycosaminoglycan (GAG) hyaluronan (HA). In support of this, the appearance 

of PNNs is associated with an upregulation of HA synthesis and digesting away HA leads to an 

elimination of PNN markers from the surface of the cell (Deepa et al., 2008; Giamanco et al., 2010; 

Giamanco and Matthews, 2012). Additionally, disruption in the binding of lecticans to the HA scaffold 

results in attenuated PNN structure (Carulli et al., 2010a, 2010b). In mammals HA is synthesized by three 

different HA synthases (Has1-3) on three different chromosomes (Spicer and McDonald, 1998; Spicer 

and Nguyen, 1998; Itano et al., 1999; Lee and Spicer, 2000; Monslow et al., 2003, Fig. A2.1). Studies 

suggested that Has3 plays a critical role in the formation of PNNs (Kwok et al., 2010). However more 

recent studies have indicated that elimination of each of the individual Hass has no impact on the 

development of PNNs or on PNN structure. Therefore, the HAS responsible for the synthesis of the HA 

found in PNNs remains a mystery. In addition, in our recent work we found that binding of PNN 

components depends in part on binding to HA. And yet, how HA itself is bound to the cell surface is also 

to this point completely unknown. One theory holds that the HAS itself could make and not release HA 

and thereby provide both the source and the anchor for HA chain. Here we endeavored to both attempt to 

identify the HAS(s) responsible for the HA found in PNNs and to determine how HA is bound to the 

neuronal cell surface in PNNs.  

 In preliminary studies using a primary cell culture model, the Matthews lab found that Has3 was the 

most widely expressed HA synthase in neurons.  Has1 was expressed at relatively low levels while there 

was virtually no expression of Has2 (unpublished data Matthews’ lab). Therefore, we acquired mice 

carrying null alleles for Has3 and Has1 (Has-1,3-dko mice) to determine how the absence of these two 

synthases contributed to HA production and PNN formation. Surprisingly, PNN formation appeared 

normal and HA staining persisted in Has-1,3-dko both in cultures and in tissue sections. However, we 

identified a novel splice variant of HAS3 that was missed by the knockout strategy in the Has-1,3-dko 

animals (Bai et al., 2005). Here we explore the expression of this novel short splice variant of HAS3, 
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which we have designated as HAS3short, to determine if it is capable of making and secreting HA and 

attempt to determine if it could uniquely contribute to PNN structure.  

 Through our work we were able to demonstrate that HAS3short is indeed capable of both making and 

secreting HA. This is a surprising result since HAS3short lacks 4 of the 6 transmembrane domains 

believed to be critical for pore formation and secretion of HA by HASs. While detailed analysis of the 

role of this form in PNN formation still remains elusive, we provide here evidence for expression of this 

form in neurons and its ability to synthesize HA. Future work will be needed to address its function in 

neurons. 

 

A2.2 Results 

A2.2.1 PNNs appear normal in neuronal cultures derived from Has-1,3-dko mice 

HAS3 is the most widely expressed HA synthase in our culture model for formation of PNNs. In 

order to determine the role of HAS3 in PNN formation we looked at staining of PNN components and 

HA in cultures derived from Has-1,3-dko mice. PNN component staining appeared normal in these 

cultures and no discernable differences between WT and Has-1,3-dko cells could be seen (Fig. A2.2 A, 

B). Surprisingly staining for HA appeared unaffected in these cultures. Cells were positive for PNN 

component aggrecan and staining for aggrecan colocalized with HA. The persistent HA staining was 

particularly surprising because we previously determine HAS2 expression is absent from our cultures and 

therefore in the absence of HAS1 and HAS3, there should have been no HA expression. To verify this 

result we next evaluated the specificity for our staining of HA. 

A2.2.2 PNNs component staining in Has-1,3-dko neuronal cultures depend on HA 

The persistent of HA expression in the Has-1,3-dko cultures as noted above was curious therefore 

next endeavored to verify our staining for HA. Cultured neurons from WT and Has-1,3-dko cultures were 

treated with a specific hyaluronidase from Streptomyces hyalurolyticus (SHA, Seikagaku Corporation) 

post fixation. SHA is only specific for HA at pH 5 and therefore these digestions could not be conducted 

on live cells. Fortunately, since HA is not crosslinked by our fixation technique it was susceptible to 
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digestion after fixation. Treatment with SHA led to an elimination of HA staining in WT cultures as well 

as Has-1,3-dko cultures verifying that these cells were indeed positive for HA (Fig. A2.2). Interestingly, 

some aggrecan visibly remained attached to the cell surface even after prolonged treatment with SHA 

indicating that aggrecan might bind to the cell surface by an additional mechanism. These additional 

binding mechanisms are discussed in chapters 2 and 3. 

A2.2.3 HAS2 is not upregulated in Has-1,3-dko neurons.  

Our previous findings show that the HA is present in neuronal cultures derived from Has-1,3-dko 

mice. We had previously determined that HAS2 is essentially not expressed in our neuronal culture 

system. However, since HA was still present in the Has-1,3-dko cultures we were curious if this was 

reflective of a compensatory upregulation of HAS2. To assess this possibility, we assessed HAS2 

expression in WT and Has-1,3-dko cultures using qPCR. Importantly Has2 expression remained low and 

unaltered in Has-1,3-dko cultures compared to WT cells. Therefore, we reasoned that compensatory 

upregulation of Has2 does not account for the persistent HA staining in our Has-1,3-dko cultures   

A2.2.4 A short splice variant of Has3 is not eliminated in Has-1,3-dko neurons. 

Since HA persisted in Has-1,3-dko cultures we were seemingly faced with the persistent expression 

of HA in the absence of all known proteins capable of synthesizing HA. While one possibility would be 

that there is an unknown HAS in our or culture system, we first carefully evaluated the Has1 and Has3 

knockout strategies to determine if any splice variants of these HASs were missed. The HAS1 knockout 

appeared to eliminate all variants of this enzyme. However, importantly our analysis of the Has3 gene 

revealed that in the Has3 KO one predicted splice variant of HAS3, Has3short would likely not be 

eliminated (Fig. A2.4).  Since this was only a predicted splice variant of Has3 we next determined if this 

variant is normally expressed in neurons. Using RNAseq and qPCR we determined that this form of Has3 

is indeed expressed in our cultured neurons. Next, we asked if this form is still present in neurons derived 

from the Has-1,3-dko. Interestingly this form is not only still expressed in the KO cultures but was 

expressed at similar levels as found in WT neurons (Fig. A2.4).  

A2.2.5 Has3short is capable of synthesizing HA in HEK293 cells 
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 HAS3short is unique as compared to full-length HAS3. It is generated by alternative exon usage, in 

particular not using exon 4, which is the largest exon in Has3. Exon 4 contains part of a glycotransferase 

domain, and 4 membrane spanning domains believed to be critical for pore formation and secretion of 

HA. Therefore, our next question was if this form of HAS3 was functional and capable of synthesizing 

and secreting HA. In order to verify Has3short was capable of synthesizing HA, expression constructs for 

this short isoform and full length Has3 (Has3full) were generated. These constructs were expressed 

transiently in HEK293 cells and the media was subsequently collected and concentrated, and the presence 

of HA was detected using dot blots. As expected, we found that the Has3full was capable of synthesizing 

HA and secreting it into the media. Surprisingly Has3short was also capable of synthesizing HA, and, 

importantly, extruding it into the extracellular space (p = 0.013, n = 3 cultures) (Fig. A2.4 A, B).  

A2.2.6 Has3short is capable of synthesizing HA in S2 Drosophila cells 

In our previous experiment we found that Has3short was capable of synthesizing HA and extruding it 

into the extracellular space. However, a mild base line expression of HA by control HEK293 cells was 

observed. Therefore, a possibility remained that it was not Has3short itself that was capable of 

synthesizing HA but was only either stabilizing the HA synthesized by HEK293 cells or leading to an 

upregulation of HA synthesis by other HA synthases in the cell. Although HA is widely distributed in 

vertebrate animals, it has not been found in invertebrates, including insect species. Therefore, in order to 

conclusive determine whether Has3short was also capable of synthesizing HA we utilized Drosophila S2 

cells. As before, we transiently expressed Has3full and Has3short in these cells using insect expression 

constructs and subsequently collected and concentrated the conditioned media. The presence of HA in the 

media was detected using dot blots. As in HEK293 cells both Has3full (n = 1) and Has3short (n = 1) were 

found to be capable of synthesizing HA and secreting it into the culture media (Fig. A2.4C).  

 

A2.3 Discussion 

 Although the biochemical properties and in vivo functions of different HA synthases have been 

studied extensively, the mechanism of HA biosynthesis is still not completely understood. For example, 
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in mammals HA is thought to be synthesized at the inner leaflet of the plasma membrane (Philipson and 

Schwartz, 1984; Prehm, 1984; Yoshida et al., 2000). The growing HA chain is then thought to be 

continually extruded out into the extracellular space by a transmembrane pore formed by the HAS itself. 

This mechanism of synthesis allows the growing HA chain to reach sizes in the order of mega daltons 

without any detrimental effects to the cell. This immense size also allows HA to act as a multivalent 

scaffold for binding extracellular matrix (ECM) components and therefore play a key role in organizing 

the ECM. This transmembrane pore model of HA synthesis is further supported by experiments in which 

HA could be directly delivered into the lumen of HAS incorporated liposomes (Hubbard et al., 2012) 

demonstrating that the HAS itself is able to translocate HA across the membrane and does not require 

additional transporters. The topological organization of HAS from Streptococcus pyogenes (SpHas) has 

been determined experimentally (Tlapak-Simmons et al., 1999; Heldermon et al., 2001). SpHas has six 

membrane spanning domains (MDs), four of which pass through the membrane. The other two MDs, one 

within the large central catalytic domain and one in the C-terminal end of the protein, are membrane 

associated regions but do not appear to span the entire membrane. They are thought to be part of the pore 

for secreting the synthesized HA (Tlapak-Simmons et al., 1999; Heldermon et al., 2001). Other 

eukaryotic and mammalian HASs are homologous to SpHas and predicted to have the same domain 

organization. The HAS3short isofrom we identified here lacks four of the six membrane spanning domain 

and has only part of the catalytic glycosyltransferase domain of the full-length enzyme. We were able to 

demonstrate that in spite of this truncated structure, HAS3short is still capable of synthesizing and 

secreting HA. The mechanism by which HAS3short extrudes HA out into the extracellular space is not 

clear. HA synthases have been shown to form homomeric and heteromeric complexes with each other 

(Bart et al. 2015). It is possible that multiple HAS3short molecules interact with each other to form a 

membrane spanning pore. Nonetheless, our finding that HAS3short is capable of synthesizing and 

secreting HA suggest that our understanding of the mechanisms for synthesis of this unique GAG is 

incomplete and warrants further investigation.   
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A2.4 Experimental procedures 

Animals: Has-1,3-dko mice were generated as described in Kessler et al., 2015 and received from Dr. 

Vincent Hascall, Cleveland Clinic (Kessler et al., 2015). For neuronal cultures, in addition to Has-1,3-dko 

mice, timed pregnant CD-1 wildtype mice were purchased from Charles River Laboratory (Wilmington, 

MA, USA).  All experiments followed the protocols approved by the Institutional Animal-Care and Use 

Committee of Upstate Medical University. 

Antibodies: Rabbit anti-aggrecan (AB1031) was purchased from MilliporeSigma (Burlington, MA, USA).  

Biotinylated HA binding protein (HABP, 385911) was purchased from MilliporeSigma (Burlington, MA, 

USA) in order to detect HA.   

Primary Cortical Cultures:  Neuronal primary cultures were prepared as previously described (Giamanco 

et al., 2010).  Briefly, cortices of embryonic day (E) 16 CD-1 WT or Has-1,3-dko embryos were removed 

and digested in 0.25% trypsin-EDTA (ThermoFisher Scientific, Waltham, MA, USA).  Mixed cells were 

filtered and suspended in Neurobasal medium with 3% B27, 1X Glutamax and 1X penicillin-

streptomycin (ThermoFisher Scientific).  Cells were then plated at a density of 2.1 x 106 cells/mL on 

coverslips (500 μL/per well) pre-coated with poly-D-lysine (50μg/ml) and laminin (5 μg/ml) (Sigma-

Aldrich, Saint Louis, MO, USA) in a 24-well dish.  To remove glia, cells were treated with 5 μM 

cyotosine arabinoside (AraC, Sigma-Aldrich) at 1 day in vitro (DIV). The medium was then changed at 3 

DIV to remove AraC and given a half change at 6 DIV. Cells were maintained at 37°C/ 5% CO2 until 

fixation. When noted, coverslips were treated with 10 μL ChABC for 30 min and/or 2.5 mM EGTA for 

15min for biochemical release assay of PNN components in neurons. Coverslips were fixed and 

subsequently processed for immune-cytochemistry. 

Immunocytochemistry: Primary cortical cultures plated on coverslips were fixed at 9 DIV in cold 4% 

phosphate-buffered paraformaldehyde (PFA) with 0.01% glutaraldehyde, pH 7.4.  Cells were then 

blocked using the endogenous biotin blocking kit (E21390, ThermoFisher Scientific) as per 

manufacture’s instruction and then subsequently blocked in blocking solution (5% milk in tris buffered 

saline, 0.2% triton x - 100) for 1 hour, before adding primary antibodies overnight at 4°C.  The following 



 230 

day, Alexa-fluor conjugated secondary antibodies (ThermoFisher Scientific) in 5% milk were added to 

the cells for 2 hours before mounting the coverslips with ProLong anti-fade kit (ThermoFisher Scientific).  

Cell nuclei were visualized with Hoechst solution (ThermoFisher Scientific) diluted in 1x PBS. 

Coverslips were imaged using an epi-fluorescent Zeiss Imager.A2 with Nikon Elements software 

package.  Final images were gathered and formatted using ImageJ software (58) and assembled into 

figures using Adobe Illustrator CC 2019. 

HA estimation in conditioned media: 3µL of conditioned media was dotted on 0.45µm nitrocellulose 

membrane. Membrane was blocked in blocking solution (5% milk in low salt tris buffered saline, 0.2% 

triton x - 100) for 1 hour, before adding biotinylated HABP (MilliporeSigma) overnight at 4°C.  The 

following day, membranes were washed using low and high salt tris buffered saline and presence of HA 

on the membranes was detected using streptavidin conjugated horse radish peroxidase (HRP). 

RNA isolation: RNA was isolated from primary cortical cultures at DIV 9 using the RNeasy Mini Kit 

(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. cDNA was generated using 

the QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer’s protocol and using 

1µg of total RNA as starting material for the reverse transcription reaction cDNA was diluted 3x with 

molecular biology grade water and used in qPCR.  

qPCR: Reactions were carried out using the SYBR Green Master Mix (Roche). Primers were purchased 

from Eurofins MWG Operon (Huntsville, AL, USA) and used at a final concentration of 0.5 µM in each 

reaction (primer sequences available upon request). For each reaction, 8 µl of the master mix was 

combined with 2 µl cDNA from above in appropriate wells in a 384-well plate. Each sample was run in 

triplicates, including a positive and negative control. The following PCR reaction was used: Preincubate 

(95 °C for 10 min), PCR, 40 cycles (Denature 95 °C for 10 secs; Anneal 58–61 °C for 20 secs; Extend 72 

°C for 30 secs), Melting (95 °C for 5 secs; 65 °C for 1 min; 97 °C continuous), and Cooling (40 °C for 20 

secs).  

 



 231 

A2.5 References 

Allen, W. E. et al. (2017) “Global Representations of Goal-Directed Behavior in Distinct Cell Types of 

Mouse Neocortex,” Neuron. Elsevier Inc., 94(4), pp. 891-907.e6. doi: 10.1016/j.neuron.2017.04.017. 

Arnst, N. et al. (2016) “Spatial patterns and cell surface clusters in perineuronal nets,” 1648, pp. 214–223. 

Arranz, A. et al. (2014) “Hyaluronan deficiency due to Has3 knock-out causes altered neuronal activity 

and seizures via reduction in brain extracellular space,” Journal of Neuroscience, 34(18), pp. 6164–6176. 

doi: 10.1523/jneurosci.3458-13.2014. 

Arranz, A. M. et al. (2014) “Hyaluronan Deficiency Due to Has3 Knock-Out Causes Altered Neuronal 

Activity and Seizures via Reduction in Brain Extracellular Space,” 34(18), pp. 6164–6176. doi: 

10.1523/jneurosci.3458-13.2014. 

Arulmoli, J. et al. (2015) “Static stretch affects neural stem cell differentiation in an extracellular matrix-

dependent manner,” Scientific Reports, 5, pp. 1–8. doi: 10.1038/srep08499. 

Aspberg, A. (1995) “The versican C-type lectin domain recognizes the adhesion protein tenascin-R,” 

Proceedings of the National Academy of Sciences of the United States of America, 92(November), pp. 

10590–10594. doi: 10.1073/pnas.92.23.10590. 

Aspberg, A. et al. (1997) “The C-type lectin domains of lecticans, a family of aggregating chondroitin 

sulfate proteoglycans, bind tenascin-R by protein-protein interactions independent of carbohydrate 

moiety,” Proceedings of the National Academy of Sciences of the United States of America, 94(19), pp. 

10116–10121. doi: 10.1073/pnas.94.19.10116. 

Bai, K. J. et al. (2005) “The role of hyaluronan synthase 3 in ventilator-induced lung injury,” American 

Journal of Respiratory and Critical Care Medicine, 172(1), pp. 92–98. doi: 10.1164/rccm.200405-

652OC. 

Balmer, T. S. et al. (2009) “Modulation of perineuronal nets and parvalbumin with developmental song 

learning.,” The Journal of neuroscience : the official journal of the Society for Neuroscience, 29(41), pp. 

12878–85. doi: 10.1523/jneurosci.2974-09.2009. 

Barnea, G. et al. (1994) “Receptor tyrosine phosphatase beta is expressed in the form of proteoglycan and 



 232 

binds to the extracellular matrix protein tenascin.,” The Journal of biological chemistry, 269(20), pp. 

14349–52. 

Barros, C. S. et al. (2011) “Extracellular Matrix: Functions in the nervous system,” Cold Spring Harbor 

Perspectives in Biology, 3(1), pp. 1–24. doi: 10.1101/cshperspect.a005108. 

Becker, C. G. et al. (2003) “Tenascin-R as a repellent guidance molecule for developing optic axons in 

zebrafish,” Journal of Neuroscience, 23(15), pp. 6232–6237. doi: 10.1523/jneurosci.23-15-06232.2003. 

Bekku, Y. et al. (2003) “Molecular cloning of Bral2 , a novel brain-specific link protein , and 

immunohistochemical colocalization with brevican in perineuronal nets �,” 24, pp. 148–159. doi: 

10.1016/S1044-7431(03)00133-7. 

Bekku, Y. et al. (2010) “Bral1: its role in diffusion barrier formation and conduction velocity in the 

CNS.,” The Journal of neuroscience : the official journal of the Society for Neuroscience, 30(8), pp. 

3113–3123. doi: 10.1523/jneurosci.5598-09.2010. 

Bekku, Y. et al. (2012) “Bral2 is indispensable for the proper localization of brevican and the structural 

integrity of the perineuronal net in the brainstem and cerebellum,” Journal of Comparative Neurology, 

520(8), pp. 1721–1736. doi: 10.1002/cne.23009. 

Beurdeley, M. et al. (2012) “Otx2 binding to perineuronal nets persistently regulates plasticity in the 

mature visual cortex,” Journal of Neuroscience, 32(27), pp. 9429–9437. doi: 10.1523/jneurosci.0394-

12.2012. 

Blosa, M. et al. (2016) “Reorganization of Synaptic Connections and Perineuronal Nets in the Deep 

Cerebellar Nuclei of Purkinje Cell Degeneration Mutant Mice.,” Neural plasticity, 2016, p. 2828536. doi: 

10.1155/2016/2828536. 

Bouyain, S. and Watkins, D. J. (2010) “The protein tyrosine phosphatases PTPRZ and PTPRG bind to 

distinct members of the contactin family of neural recognition molecules,” Proceedings of the National 

Academy of Sciences of the United States of America, 107(6), pp. 2443–2448. doi: 

10.1073/pnas.0911235107. 

Bradbury, E. J. (2002) “Chondroitinase ABC promotes functional recovery after spinal cord injury,” 



 233 

Nature, 416(April), pp. 636–640. doi: 10.1038/416636a. 

Brakebusch, C. et al. (2002) “Brevican-Deficient Mice Display Impaired Hippocampal CA1 Long-Term 

Potentiation but Show No Obvious Deficits in Learning and Memory,” 22(21), pp. 7417–7427. doi: 

10.1128/MCB.22.21.7417. 

Brückner, G. et al. (1993) “Perineuronal nets provide a polyanionic, glia-associated form of 

microenvironment around certain neurons in many parts of the rat brain.,” Glia, 8(3), pp. 183–200. doi: 

10.1002/glia.440080306. 

Brückner, G. et al. (2000) “Postnatal development of perineuronal nets in wild-type mice and in a mutant 

deficient in tenascin-R,” Journal of Comparative Neurology, 428(4), pp. 616–629. doi: 10.1002/1096-

9861(20001225)428:4<616::AID-CNE3>3.0.CO;2-K. 

Cabungcal, J. H. et al. (2013) “Perineuronal nets protect fast-spiking interneurons against oxidative 

stress,” Proceedings of the National Academy of Sciences of the United States of America, 110(22), pp. 

9130–9135. doi: 10.1073/pnas.1300454110. 

Camenisch, T. D. et al. (2000) “Disruption of hyaluronan synthase-2 abrogates normal cardiac 

morphogenesis and hyaluronan-mediated transformation of epithelium to mesenchyme,” Journal of 

Clinical Investigation, 106(3), pp. 349–360. doi: 10.1172/JCI10272. 

Carstens, K. E. et al. (2016) “Perineuronal Nets Suppress Plasticity of Excitatory Synapses on CA2 

Pyramidal Neurons,” 36(23), pp. 6312–6320. doi: 10.1523/jneurosci.0245-16.2016. 

Carulli, D. et al. (2006) “Composition of perineuronal nets in the adult rat cerebellum and the cellular 

origin of their components,” Journal of Comparative Neurology, 494(4), pp. 559–577. doi: 

10.1002/cne.20822. 

Carulli, D. et al. (2008) “Upregulation of Aggrecan, Link Protein 1, and Hyaluronan Synthases during 

Formation of Perineuronal Nets in the Rat Cerebellum,” Journal of Comparative Neurology, 346(October 

2007), pp. 339–346. doi: 10.1002/cne. 

Carulli, D. et al. (2010a) “Animals lacking link protein have attenuated perineuronal nets and persistent 

plasticity,” Brain, 133(8), pp. 2331–2347. doi: 10.1093/brain/awq145. 



 234 

Carulli, D. et al. (2010b) “Perineuronal nets and persistent plasticity.” doi: 10.1093/brain/awq145. 

Carulli, D. et al. (2020) “Cerebellar plasticity and associative memories are controlled by perineuronal 

nets,” Proceedings of the National Academy of Sciences of the United States of America, 117(12), pp. 

6855–6865. doi: 10.1073/pnas.1916163117. 

Celio, M. R. et al. (1998) “Perineuronal nets: past and present,” Trends in Neurosciences. Elsevier, 

21(12), pp. 510–515. doi: 10.1016/S0166-2236(98)01298-3. 

Chen, L. et al. (1996) “Covalent linkage between proteins of the inter-alpha-inhibitor family and 

hyaluronic acid Is mediated by a factor produced by granulosa cells,” J. Biol. Chem., 271(32), pp. 19409–

19414. doi: 10.1074/jbc.271.32.19409. 

Chow, J. P. H. et al. (2008) “Metalloproteinase- and γ-secretase-mediated cleavage of protein-tyrosine 

phosphatase receptor type Z,” Journal of Biological Chemistry, 283(45), pp. 30879–30889. doi: 

10.1074/jbc.M802976200. 

Cijsouw, T. et al. (2018) “Mapping the proteome of the synaptic cleft through proximity labeling reveals 

new cleft proteins,” Proteomes, 6(4). doi: 10.3390/proteomes6040048. 

Deepa, S. et al. (2006) “Composition of perineuronal net extracellular matrix in rat brain: A different 

disaccharide composition for the net-associated proteoglycans,” Journal of Biological Chemistry, 

281(26), pp. 17789–17800. doi: 10.1074/jbc.M600544200. 

Dick, G. et al. (2013) “Semaphorin 3A binds to the perineuronal nets via chondroitin sulfate type E 

motifs in rodent brains,” Journal of Biological Chemistry, 288(38), pp. 27384–27395. doi: 

10.1074/jbc.M111.310029. 

Eill, G. J. et al. (2020) “The protein tyrosine phosphatase RPTPξ/phosphacan is critical for perineuronal 

net structure,” Journal of Biological Chemistry, 295(4), pp. 955–968. doi: 10.1074/jbc.RA119.010830. 

Faissner, A. et al. (1994) “Isolation of a neural chondroitin sulfate proteoglycan with neurite outgrowth 

promoting properties,” Journal of Cell Biology, 126(3), pp. 783–799. doi: 10.1083/jcb.126.3.783. 

Favuzzi, E. et al. (2017) “Activity-Dependent Gating of Parvalbumin Interneuron Function by the 

Perineuronal Net Protein Brevican Article Activity-Dependent Gating of Parvalbumin Interneuron 



 235 

Function by the Perineuronal Net Protein Brevican,” pp. 639–655. doi: 10.1016/j.neuron.2017.06.028. 

Fosang, A. J. and Hardingham, T. E. (1989) “Isolation of the N-terminal globular protein domains from 

cartilage proteoglycans. Identification of G2 domain and its lack of interaction with hyaluronate and link 

protein,” Biochemical Journal, 261(3), pp. 801–809. doi: 10.1042/bj2610801. 

Frischknecht, R. et al. (2009) “Brain extracellular matrix affects AMPA receptor lateral mobility and 

short-term synaptic plasticity,” Neuroforum. Nature Publishing Group, 15(3), pp. 94–95. doi: 

10.1038/nn.2338. 

Galtrey, C. M. et al. (2008) “Distribution and synthesis of extracellular matrix proteoglycans, hyaluronan, 

link proteins and tenascin-R in the rat spinal cord,” European Journal of Neuroscience, 27(6), pp. 1373–

1390. doi: 10.1111/j.1460-9568.2008.06108.x. 

Galtrey, C. M. and Fawcett, J. W. (2007) “The role of chondroitin sulfate proteoglycans in regeneration 

and plasticity in the central nervous system,” Brain Research Reviews, 54(1), pp. 1–18. doi: 

10.1016/j.brainresrev.2006.09.006. 

Garwood, J. et al. (1999) “DSD-1-proteoglycan is the mouse homolog of phosphacan and displays 

opposing effects on neurite outgrowth dependent on neuronal lineage.,” The Journal of neuroscience : the 

official journal of the Society for Neuroscience, 19(10), pp. 3888–99.  

Garwood, J. et al. (2003) “Phosphacan short isoform, A novel non-proteoglycan variant of 

phosphacan/receptor protein tyrosine phosphatase-??, Interacts with neuronal receptors and promotes 

neurite outgrowth,” Journal of Biological Chemistry, 278(26), pp. 24164–24173. doi: 

10.1074/jbc.M211721200. 

Gennarini, G. et al. (1989) “The mouse neuronal cell surface protein F3: A phosphatidylinositol-anchored 

member of the immunoglobulin superfamily related to chicken contactin,” Journal of Cell Biology, 

109(2), pp. 775–788. doi: 10.1083/jcb.109.2.775. 

Giamanco, K. A. and Matthews, R. T. (2012) “Deconstructing the perineuronal net: Cellular contributions 

and molecular composition of the neuronal extracellular matrix,” Neuroscience. IBRO, 218, pp. 367–384. 

doi: 10.1016/j.neuroscience.2012.05.055. 



 236 

Giamanco, K. A. et al. (2010) “Perineuronal net formation and structure in aggrecan knockout mice,” 

Neuroscience. Elsevier Inc., 170(4), pp. 1314–1327. doi: 10.1016/j.neuroscience.2010.08.032. 

Gogolla, N. et al. (2009) “Perineuronal nets protect fear memories from erasure.,” Science (New York, 

N.Y.), 325(5945), pp. 1258–1261. doi: 10.1126/science.1174146. 

Gottschling, C. et al. (2019) “Elimination of the four extracellular matrix molecules tenascin-C, tenascin-

R, brevican and neurocan alters the ratio of excitatory and inhibitory synapses,” Scientific Reports. 

Springer US, 9(1), pp. 1–17. doi: 10.1038/s41598-019-50404-9. 

Grumet, M. et al. (1994) “Interactions with tenascin and differential effects on cell adhesion of neurocan 

and phosphacan, two major chondroitin sulfate proteoglycans of nervous tissue,” Journal of Biological 

Chemistry, 269(16), pp. 12142–12146. 

Guimarães,  A. et al. (1990) “Molecular and morphological changes in the cat lateral geniculate nucleus 

and visual cortex induced by visual deprivation are revealed by monoclonal antibodies Cat-304 and Cat-

301.,” The Journal of neuroscience : the official journal of the Society for Neuroscience, 10(9), pp. 3014–

3024. 

Harroch, S. et al. (2000) “No obvious abnormality in mice deficient in receptor protein tyrosine 

phosphatase beta.,” Molecular and cellular biology, 20(20), pp. 7706–7715. doi: 

10.1128/MCB.20.20.7706-7715.2000. 

Härtig, W. et al. (1999) “Cortical neurons immunoreactive for the potassium channel Kv3.1b subunit are 

predominantly surrounded by perineuronal nets presumed as a buffering system for cations,” Brain 

Research, 842(1), pp. 15–29. doi: 10.1016/S0006-8993(99)01784-9. 

Haunsø, A. et al. (1999) “Phosphacan immunoreactivity is associated with perineuronal nets around 

parvalbumin-expressing neurones,” Brain Research, 834(1–2), pp. 219–222. doi: 10.1016/S0006-

8993(99)01596-6. 

Haunsø, A. et al. (2000) “Morphology of perineuronal nets in tenascin-R and parvalbumin single and 

double knockout mice,” 864, pp. 142–145. 

Heldermon, C. et al. (2001) “Topological organization of the hyaluronan synthase from Streptococcus 



 237 

pyogenes,” Journal of Biological Chemistry, 276(3), pp. 2037–2046. doi: 10.1074/jbc.M002276200. 

Hockfield, S. et al. (1990) “Expression of neural proteoglycans correlates with the acquisition of mature 

neuronal properties in the mammalian brain,” in Cold Spring Harbor Symposia on Quantitative Biology, 

pp. 505–14. doi: 10.1101/SQB.1990.055.01.049. 

Hockfield, S. and McKay, R. D. (1983) “A surface antigen expressed by a subset of neurons in the 

vertebrate central nervous system.,” Proceedings of the National Academy of Sciences of the United 

States of America, 80(September), pp. 5758–5761. doi: 10.1073/pnas.80.18.5758. 

Howell, M. D. et al. (2015) “Hippocampal administration of chondroitinase ABC increases plaque-

adjacent synaptic marker and diminishes amyloid burden in aged APPswe/PS1dE9 mice,” Acta 

neuropathologica communications. Acta Neuropathologica Communications, 3, p. 54. doi: 

10.1186/s40478-015-0233-z. 

Hubbard, C. et al. (2012) “The hyaluronan synthase catalyzes the synthesis and membrane translocation 

of hyaluronan,” Journal of Molecular Biology, 418(1–2), pp. 21–31. doi: 10.1016/j.jmb.2012.01.053. 

Irvine, S. F. and Kwok, J. C. F. (2018) “Perineuronal nets in spinal motoneurones: Chondroitin sulphate 

proteoglycan around alpha motoneurones,” International Journal of Molecular Sciences, 19(4). doi: 

10.3390/ijms19041172. 

Itano, N. et al. (1999) “Three Isoforms of Mammalian Hyaluronan Synthases Have Distinct Enzymatic 

Properties *,” 274(35), pp. 25085–25092. 

John, N. et al. (2006) “Brevican-containing perineuronal nets of extracellular matrix in dissociated 

hippocampal primary cultures,” Molecular and Cellular Neuroscience, 31(4), pp. 774–784. doi: 

10.1016/j.mcn.2006.01.011. 

Kamikura, D. M. et al. (2000) “Enhanced Transformation by a Plasma Membrane-Associated Met 

Oncoprotein: Activation of a Phosphoinositide 3′-Kinase-Dependent Autocrine Loop Involving 

Hyaluronic Acid and CD44,” Molecular and Cellular Biology, 20(10), pp. 3482–3496. doi: 

10.1128/mcb.20.10.3482-3496.2000. 

Kessler, S. P., Obery, D. R. and De La Motte, C. (2015) “Hyaluronan Synthase 3 Null Mice Exhibit 



 238 

Decreased Intestinal Inflammation and Tissue Damage in the DSS-Induced Colitis Model,” International 

Journal of Cell Biology. Hindawi Publishing Corporation, 2015. doi: 10.1155/2015/745237. 

Kimata, K. et al. (1981) “Absence of proteoglycan core protein in cartilage from the cmd/cmd (cartilage 

matrix deficiency) mouse,” Journal of Biological Chemistry, 256(13), pp. 6961–6968. 

Kohda, D. et al. (1996) “Solution Structure of the Link Module: A Hyaluronan-Binding Domain Involved 

in Extracellular Matrix Stability and Cell Migration,” Cell, 86(5), pp. 767–775. doi: 10.1016/S0092-

8674(00)80151-8. 

Kwok, J. C. F. et al. (2010) “In vitro modeling of perineuronal nets: hyaluronan synthase and link protein 

are necessary for their formation and integrity.,” Journal of neurochemistry, 114(5), pp. 1447–59. doi: 

10.1111/j.1471-4159.2010.06878.x. 

Lamprianou, S. et al. (2011) “A complex between contactin-1 and the protein tyrosine phosphatase 

PTPRZ controls the development of oligodendrocyte precursor cells,” Proceedings of the National 

Academy of Sciences, 108(42), pp. 17498–17503. doi: 10.1073/pnas.1108774108. 

Lander, C. et al. (1997) “A family of activity-dependent neuronal cell-surface chondroitin sulfate 

proteoglycans in cat visual cortex.,” The Journal of neuroscience : the official journal of the Society for 

Neuroscience, 17(6), pp. 1928–1939. 

Lau, L. W. et al. (2013) “Pathophysiology of the brain extracellular matrix: a new target for remyelination 

TL  - 14,” Nature Reviews Neuroscience, 14 VN-r(10), pp. 722–729. doi: 10.1038/nrn3550. 

Lee, H., Leamey, C. a and Sawatari, A. (2012) “Perineuronal nets play a role in regulating striatal 

function in the mouse.,” PloS one, 7(3), p. e32747. doi: 10.1371/journal.pone.0032747. 

Lee, J. Y. and Spicer, A. P. (2000) “Hyaluronan: a multifunctional, megaDalton, stealth molecule,” 

Current Opinion in Cell Biology, 12(5), pp. 581–586. doi: 10.1016/S0955-0674(00)00135-6. 

Li, J. et al. (2019) “Cell-surface proteomic profiling in the fly brain uncovers new wiring regulators,” 

bioRxiv, pp. 373–386. doi: 10.1101/819037. 

Long, K. R. and Huttner, W. B. (2019) “How the extracellular matrix shapes neural development,” Open 

Biology, 9(1). doi: 10.1098/rsob.180216. 



 239 

Lundell, A. et al. (2004) “Structural basis for interactions between tenascins and lectican C-type lectin 

domains: Evidence for a crosslinking role for tenascins,” Structure, 12(8), pp. 1495–1506. doi: 

10.1016/j.str.2004.05.021. 

Matthews, R. T. et al. (2002) “Aggrecan glycoforms contribute to the molecular heterogeneity of 

perineuronal nets.,” The Journal of neuroscience : the official journal of the Society for Neuroscience, 

22(17), pp. 7536–7547. 

Mauney, S. A. et al. (2013) “Prefrontal Cortex and their Deficit in Schizophrenia,” Biological Psychiatry, 

74(6), pp. 427–435. doi: 10.1016/j.biopsych.2013.05.007.Developmental. 

Mauney, S. A. et al. (2013) “Developmental pattern of perineuronal nets in the human prefrontal cortex 

and their deficit in schizophrenia.,” Biological psychiatry. Elsevier, 74(6), pp. 427–35. doi: 

10.1016/j.biopsych.2013.05.007. 

McKeon, R. J. et al. (1991) “Reduction of neurite outgrowth in a model of glial scarring following CNS 

injury is correlated with the expression of inhibitory molecules on reactive astrocytes.,” The Journal of 

neuroscience : the official journal of the Society for Neuroscience, 11(11), pp. 3398–3411. 

McRae, P. A. et al. (2007) “Sensory deprivation alters aggrecan and perineuronal net expression in the 

mouse barrel cortex.,” The Journal of neuroscience : the official journal of the Society for Neuroscience, 

27(20), pp. 5405–5413. doi: 10.1523/jneurosci.5425-06.2007. 

Mikami, T., et al. (2009) “Contactin-1 is a functional receptor for neuroregulatory chondroitin sulfate-E,” 

Journal of Biological Chemistry, 284(7), pp. 4494–4499. doi: 10.1074/jbc.M809227200. 

Milev, P. et al. (1994) “Interactions of the chondroitin sulfate proteoglycan phosphacan, the extracellular 

domain of a receptor-type protein tyrosine phosphatase, with neurons, glia, and neural cell adhesion 

molecules,” Journal of Cell Biology, 127(6 I), pp. 1703–1715. doi: 10.1083/jcb.127.6.1703. 

Milev, P. et al. (1998) “High affinity binding and overlapping localization of neurocan and phosphacan 

protein-tyrosine phosphatase-zeta/beta with tenascin-R, amphoterin, and the heparin-binding growth-

associated molecule,” Journal Of Biological Chemistry, 273(12), pp. 6998-7005 doi: 

10.1074/jbc.273.12.6998. 



 240 

Miyata, S. et al. (2005) “Construction of perineuronal net-like structure by cortical neurons in culture,” 

Neuroscience, 136(1), pp. 95–104. doi: 10.1016/j.neuroscience.2005.07.031. 

Miyata, S. et al. (2012) “Persistent cortical plasticity by upregulation of chondroitin 6-sulfation,” Nature 

Neuroscience. Nature Publishing Group, 15(3), pp. 414–422. doi: 10.1038/nn.3023. 

Miyata, S. et al. (2007) “Perineuronal nets protect against amyloid β-protein neurotoxicity in cultured 

cortical neurons,” Brain Research, 1150(1), pp. 200–206. doi: 10.1016/j.brainres.2007.02.066. 

Mjaatvedt, C. H. et al. (1998) “The Cspg2 gene, disrupted in the hdf mutant, is required for right cardiac 

chamber and endocardial cushion formation,” Developmental Biology, 202(1), pp. 56–66. doi: 

10.1006/dbio.1998.9001. 

Monslow, J. et al. (2003) “The human hyaluronan synthase genes: Genomic structures, proximal 

promoters and polymorphic microsatellite markers,” International Journal of Biochemistry and Cell 

Biology, 35(8), pp. 1272–1283. doi: 10.1016/S1357-2725(03)00048-7. 

Morawski, M. et al. (2004) “Perineuronal nets potentially protect against oxidative stress,” Experimental 

Neurology, 188(2), pp. 309–315. doi: 10.1016/j.expneurol.2004.04.017. 

Morawski, M. et al. (2014) “Tenascin-R promotes assembly of the extracellular matrix of perineuronal 

nets via clustering of aggrecan,” Philosophical Transactions of the Royal Society B-Biological Sciences, 

369(1654, SI). doi: 10.1098/rstb.2014.0046. 

Morawski, M. and Sonntag, M. (2018) “Perineuronal Nets in the Superior Olivary Complex,” in Kandler, 

K. (ed.) The Oxford Handbook of the Auditory Brainstem. Oxford University Press. doi: 

10.1093/oxfordhb/9780190849061.013.12. 

Morgelin, M. et al. (1995) “Evidence of a defined spatial arrangement of hyaluronate in the central 

filament of cartilage proteoglycan aggregates,” Biochemical Journal, 307(2), pp. 595–601. doi: 

10.1042/bj3070595. 

Mutterer, J. and Rasband, W. (2012) “ImageJ Macro Language Programmer ’ s Reference Guide v1.46d,” 

RSB Homepage, pp. 1–45. 

Nakamura, M. et al. (2009) “Expression of chondroitin sulfate proteoglycans in barrel field of mouse and 



 241 

rat somatosensory cortex,” Brain Research. Elsevier B.V., 1252, pp. 117–129. doi: 

10.1016/j.brainres.2008.11.022. 

Neamess, P. J. et al. (1987) “Cartilage Proteoglycan Aggregates,” 262(36), pp. 17768–17778. 

Niederöst, B. P. et al. (1999) “Bovine CNS myelin contains neurite growth-inhibitory activity associated 

with chondroitin sulfate proteoglycans.,” The Journal of neuroscience : the official journal of the Society 

for Neuroscience, 19(20), pp. 8979–8989. 

Nieduszynski, I. A. et al. (1980) “Equilibrium-binding studies of pig laryngeal cartilage proteoglycans 

with hyaluronate oligosaccharide fractions.,” The Biochemical journal, 185(1), pp. 107–114. doi: 

10.1042/bj1850107. 

Nikolaienko, R. M. et al. (2016) “Structural basis for interactions between contactin family members and 

protein-tyrosine phosphatase receptor type G in neural tissues,” Journal of Biological Chemistry, 291(41), 

pp. 21335–21349. doi: 10.1074/jbc.M116.742163. 

Oliferenko, S. et al. (2000) “Hyaluronic acid (HA) binding to CD44 activates Rac1 and induces 

lamellipodia outgrowth,” Journal of Cell Biology, 148(6), pp. 1159–1164. doi: 10.1083/jcb.148.6.1159. 

Oohashi, T. et al. (2002) “Bral1, a brain-specific link protein, colocalizing with the versican V2 isoform 

at the nodes of Ranvier in developing and adult mouse central nervous systems.,” Molecular and cellular 

neurosciences, 19, pp. 43–57. doi: 10.1006/mcne.2001.1061. 

Pantazopoulos, H. et al. (2010) “Extracellular matrix-glial abnormalities in the amygdala and entorhinal 

cortex of subjects diagnosed with schizophrenia.,” Archives of general psychiatry, 67(2), pp. 155–66. doi: 

10.1001/archgenpsychiatry.2009.196. 

Pantazopoulos, H. et al. (2015) “Aggrecan and chondroitin-6-sulfate abnormalities in schizophrenia and 

bipolar disorder: a postmortem study on the amygdala.,” Translational psychiatry, 5(1). doi: 

10.1038/tp.2014.128. 

Peles, E., Schlessinger, J. and Grumet, M. (1998) “Multi-ligand interactions with receptor-like protein 

tyrosine phosphatase β: Implications for intercellular signaling,” Trends in Biochemical Sciences, 23(4), 

pp. 121–124. doi: 10.1016/S0968-0004(98)01195-5. 



 242 

Pesheva, P. et al. (1993) “The F3/11 cell adhesion molecule mediates the repulsion of neurons by the 

extracellular matrix glycoprotein J1-160/180.,” Neuron, 10(1), pp. 69–82. doi: 10.1016/0896-

6273(93)90243-K. 

Pesheva, P. et al. (1997) “Tenascin-R is an intrinsic autocrine factor for oligodendrocyte differentiation 

and promotes cell adhesion by a sulfatide-mediated mechanism,” Journal of Neuroscience, 17(12), pp. 

4642–4651. doi: 10.1523/jneurosci.17-12-04642.1997. 

Pesheva, P. and Probstmeier, R. (2000) “The yin and yang of tenascin-R in CNS development and 

pathology,” Progress in Neurobiology, 61(5), pp. 465–493. doi: 10.1016/S0301-0082(99)00061-1. 

Philipson, L. H. and Schwartz, N. B. (1984) “Subcellular localization of hyaluronate synthetase in 

oligodendroglioma cells,” Journal of Biological Chemistry, 259(8), pp. 5017–5023. 

Pizzorusso, T. et al. (2002) “Reactivation of ocular dominance plasticity in the adult visual cortex,” 

Science, 298(5596), pp. 1248–1251. doi: 10.1126/science.1072699. 

Pizzorusso, T. et al. (2006) “Structural and functional recovery from early monocular deprivation in adult 

rats.,” Proceedings of the National Academy of Sciences of the United States of America, 103(22), pp. 

8517–22. doi: 10.1073/pnas.0602657103. 

Prehm, P. (1984) “Hyaluronate is synthesized at plasma membranes.,” The Biochemical journal, 220(2), 

pp. 597–600. 

Rauch, U. et al. (1991) “Isolation and characterization of developmentally regulated chondroitin sulfate 

and chondroitin/keratin sulfate proteoglycans of brain identified with monoclonal antibodies,” Journal of 

Biological Chemistry, 266(22), pp. 14785–14801. 

Reimers, S. et al. (2007) “Formation of perineuronal nets in organotypic mouse brain slice cultures is 

independent of neuronal glutamatergic activity,” European Journal of Neuroscience, 25(9), pp. 2640–

2648. doi: 10.1111/j.1460-9568.2007.05514.x. 

Rigato, F. et al. (2002) “Tenascin-C promotes neurite outgrowth of embryonic hippocampal neurons 

through the alternatively spliced fibronectin type III BD domains via activation of the cell adhesion 

molecule F3/contactin,” Journal of Neuroscience, 22(15), pp. 6596–6609. doi: 10.1523/jneurosci.22-15-



 243 

06596.2002. 

Rittenhouse, E. et al. (1978) “Cartilage matrix deficiency (cmd): a new autosomal recessive lethal 

mutation in the mouse,” Journal of Embryology and Experimental Morphology, Vol. 43(cmd), pp. 71–84. 

Romberg, C. et al. (2013) “Depletion of perineuronal nets enhances recognition memory and long-term 

depression in the perirhinal cortex.,” The Journal of neuroscience : the official journal of the Society for 

Neuroscience, 33(16), pp. 7057–65. doi: 10.1523/jneurosci.6267-11.2013. 

Rowlands, D. et al. (2018) “Aggrecan directs extracellular matrix-mediated neuronal plasticity,” Journal 

of Neuroscience. Society for Neuroscience, 38(47), pp. 10102–10113. doi: 10.1523/jneurosci.1122-

18.2018. 

Rutka, J. T. et al. (1988) “The extracellular matrix of the central and peripheral nervous systems: 

Structure and function,” Journal of Neurosurgery, 69(2), pp. 155–170. doi: 10.3171/jns.1988.69.2.0155. 

Saghatelyan, A. K. et al. (2001) “Reduced Perisomatic Inhibition, Increased Excitatory Transmission, and 

Impaired Long-Term Potentiation in Mice Deficient for the Extracellular Matrix Glycoprotein Tenascin-

R,” Molecular and Cellular Neuroscience, 17(1), pp. 226–240. doi: 10.1006/mcne.2000.0922. 

Schindelin, J. et al. (2012) “Fiji: an open-source platform for biological-image analysis.,” Nature 

methods, 9(7), pp. 676–82. doi: 10.1038/nmeth.2019. 

Sigal, Y. M. et al. (2019) “Structural maturation of cortical perineuronal nets and their perforating 

synapses revealed by superresolution imaging,” Proceedings of the National Academy of Sciences of the 

United States of America, 116(14), pp. 7071–7076. doi: 10.1073/pnas.1817222116. 

Slaker, M. et al. (2015) “Removal of Perineuronal Nets in the Medial Prefrontal Cortex Impairs the 

Acquisition and Reconsolidation of a Cocaine-Induced Conditioned Place Preference Memory,” Journal 

of Neuroscience, 35(10), pp. 4190–4202. doi: 10.1523/jneurosci.3592-14.2015. 

Spatazza, J. et al. (2013) “Choroid-Plexus-Derived Otx2 Homeoprotein Constrains Adult Cortical 

Plasticity,” Cell Reports. The Authors, 3(6), pp. 1815–1823. doi: 10.1016/j.celrep.2013.05.014. 

Spicer,  A. P. and McDonald, J. A. (1998) “Characterization and molecular evolution of a vertebrate 

hyaluronan synthase gene family.,” The Journal of biological chemistry, 273(4), pp. 1923–1932. 



 244 

Spicer, A. P. et al. (2003) “A hyaluronan binding link protein gene family whose members are physically 

linked adjacent to chrondroitin sulfate proteoglycan core protein genes. The missing links,” Journal of 

Biological Chemistry, 278(23), pp. 21083–21091. doi: 10.1074/jbc.M213100200. 

Spicer, A. P. and Nguyen, T. K. (1998) “Mammalian hyaluronan synthases : investigation of functional 

relationships in vivo,” (1983), pp. 680–685. 

Steullet, P. et al. (2017) “Oxidative stress-driven parvalbumin interneuron impairment as a common 

mechanism in models of schizophrenia,” Molecular Psychiatry, 22(7), pp. 936–943. doi: 

10.1038/mp.2017.47. 

Suttkus,  A. et al. (2014) “Aggrecan, link protein and tenascin-R are essential components of the 

perineuronal net to protect neurons against iron-induced oxidative stress.,” Cell death & disease, 5, p. 

e1119. doi: 10.1038/cddis.2014.25. 

Suttkus, A. et al. (2012) “Neuroprotection against iron-induced cell death by perineuronal nets-an in vivo 

analysis of oxidative stress,” American journal of neurodegenerative disease, 1(2), p. 122.  

Ting, A. Y. et al. (2016a) “Proteomic Analysis of Unbounded Cellular Compartments: Synaptic Clefts,” 

Cell, 166(5), pp. 1295-1307.e21. doi: 10.1016/j.cell.2016.07.041. 

Tlapak-Simmons, V. L. et al. (1999) “Purification and lipid dependence of the recombinant hyaluronan 

synthases from Streptococcus pyogenes and Streptococcus equisimilis,” Journal of Biological Chemistry, 

274(7), pp. 4239–4245. doi: 10.1074/jbc.274.7.4239. 

Toole, B. P. (2000) “Hyaluronan is not just a goo!,” Journal of Clinical Investigation, 106(3), pp. 335–

336. doi: 10.1172/JCI10706. 

Toole, B. P. (2004) “Hyaluronan: from extracellular glue to pericellular cue.,” Nature reviews. Cancer, 

4(7), pp. 528–39. doi: 10.1038/nrc1391. 

Tsifrina, E. et al. (1999) “Identification and characterization of three cDNAs that encode putative novel 

hyaluronan-binding proteins, including an endothelial cell-specific hyaluronan receptor.,” The American 

journal of pathology. American Society for Investigative Pathology, 155(5), pp. 1625–33. doi: 

10.1016/S0002-9440(10)65478-8. 



 245 

Varshney, S. et al. (2015) “Extracellular Matrix components regulate cellular polarity and tissue structure 

in the developing and mature Retina,” Journal of Ophthalmic and Vision Research, 10(3), pp. 329–339. 

doi: 10.4103/2008-322X.170354. 

Végh, M. J. et al. (2014) “Reducing hippocampal extracellular matrix reverses early memory deficits in a 

mouse model of Alzheimer’s disease.,” Acta neuropathologica communications, 2. doi: 10.1186/s40478-

014-0076-z. 

Viapiano, M. S. and Matthews, R. T. (2006) “From barriers to bridges: chondroitin sulfate proteoglycans 

in neuropathology.,” Trends in molecular medicine, 12(10), pp. 488–96. doi: 

10.1016/j.molmed.2006.08.007. 

Viapiano, M. S. et al. (2003) “A novel membrane-associated glycovariant of BEHAB/brevican is up-

regulated during rat brain development and in a rat model of invasive glioma,” Journal of Biological 

Chemistry, 278(35), pp. 33239–33247. doi: 10.1074/jbc.M303480200. 

Vo, T. et al. (2013) “The chemorepulsive axon guidance protein semaphorin3A is a constituent of 

perineuronal nets in the adult rodent brain,” Molecular and Cellular Neuroscience, 56, pp. 186–200. doi: 

10.1016/j.mcn.2013.04.009. 

Vorobyov, V. et al. (2013) “Effects of digesting chondroitin sulfate proteoglycans on plasticity in cat 

primary visual cortex,” The Journal of Neuroscience, 33(1), pp. 234–243. doi: 10.1523/jneurosci.2283-

12.2013. 

Watanabe, H. et al. (1997) “Dwarfism and age-associated spinal degeneration of heterozygote cmd mice 

defective in aggrecan,” Proceedings of the National Academy of Sciences of the United States of America, 

94(13), pp. 6943–6947. doi: 10.1073/pnas.94.13.6943. 

Weber, P. et al. (1999) “Mice deficient for tenascin-R display alterations of the extracellular matrix and 

decreased axonal conduction velocities in the CNS.,” The Journal of neuroscience : the official journal of 

the Society for Neuroscience, 19(11), pp. 4245–4262. 

Weigel, P. H. (2015) “Hyaluronan Synthase: The Mechanism of Initiation at the Reducing End and a 

Pendulum Model for Polysaccharide Translocation to the Cell Exterior,” International Journal of Cell 



 246 

Biology, 2015. doi: 10.1155/2015/367579. 

Weigel, P. H. and DeAngelis, P. L. (2007) “Hyaluronan Synthases: A Decade-plus of Novel 

Glycosyltransferases,” Journal of Biological Chemistry, 282(51), pp. 36777–36781. doi: 

10.1074/jbc.R700036200. 

Xiao, Z. C. et al. (1997) “Isolation of a tenascin-R binding protein from mouse brain membranes: A 

phosphacan-related chondroitin sulfate proteoglycan,” Journal of Biological Chemistry, 272(51), pp. 

32092–32101. doi: 10.1074/jbc.272.51.32092. 

Xue, Y. X. et al. (2014) “Depletion of perineuronal nets in the amygdala to enhance the erasure of drug 

memories.,” The Journal of neuroscience : the official journal of the Society for Neuroscience, 34(19), pp. 

6647–58. doi: 10.1523/jneurosci.5390-13.2014. 

Yamaguchi, Y. (2000) “Lecticans: organizers of the brain extracellular matrix.,” Cellular and molecular 

life sciences : CMLS, 57(2), pp. 276–289. doi: 10.1007/PL00000690. 

Yang, S. et al. (2015) “Perineuronal net digestion with chondroitinase restores memory in mice with tau 

pathology,” Experimental Neurology, 265. doi: 10.1016/j.expneurol.2014.11.013. 

Yoshida, M. et al. (2000) “In Vitro Synthesis of Hyaluronan by a Single Protein Derived from Mouse 

HAS1 Gene and Characterization of Amino Acid Residues Essential for the Activity,” Journal of 

Biological Chemistry, 275(1), pp. 497–506. doi: 10.1074/jbc.275.1.497. 

Yurchenco, P. D. (2011) “Basement membranes: Cell scaffoldings and signaling platforms,” Cold Spring 

Harbor Perspectives in Biology, 3(2), pp. 1–27. doi: 10.1101/cshperspect.a004911. 

Zaremba, S. et al. (1989) “Characterization of an activity-dependent, neuronal surface proteoglycan 

identified with monoclonal antibody Cat-301,” Neuron, 2(3), pp. 1207–1219. doi: 10.1016/0896-

6273(89)90305-X. 

Zhao, M. et al. (1995) “Evidence for the covalent binding of SHAP, heavy chains of inter-alpha-trypsin 

inhibitor, to hyaluronan.,” The Journal of biological chemistry, 270(44), pp. 26657–63. doi: 

10.1074/jbc.270.44.26657. 

Zhou, X. H. et al. (2001) “Neurocan is dispensable for brain development.,” Molecular and cellular 



 247 

biology, 21(17), pp. 5970–8. doi: 10.1128/MCB.21.17.5970. 

Zimmermann, D. R. and Dours-Zimmermann, M. T. (2008) “Extracellular matrix of the central nervous 

system: From neglect to challenge,” Histochemistry and Cell Biology, 130(4), pp. 635–653. doi: 

10.1007/s00418-008-0485-9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 248 

Figures A2.1 

In mammals HA is synthesized by three different HA synthases (Has1-3) located on three different 

chromosomes. 
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Figure A2.1 
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Figures A2.2 

PNNs staining appears normal in neuronal cultures derived Has-1,3-dko mice. (A,C) Staining for PNN 

component aggrecan in Has-1,3-dko neuronal cultures is similar to that seen in WT cultures. Additionally, 

HA appeared unaffected in these cultures. Cells were positive for PNN component aggrecan and staining 

for aggrecan colocalized with HA. In order to verify HA staining, cells from WT and Has-1,3-dko 

cultures were treated with a specific hyaluronidase from Streptomyces hyalurolyticus (SHA, Seikagaku 

Corporation). Treatment with SHA led to an elimination of HA staining in WT cultures as well as Has-

1,3-dko cultures verifying that these cells were indeed positive for HA (B,D). Note, some persistent 

aggrecan staining around the cell was observed even after prolonged treatment with SHA suggesting 

aggrecan binds to the cell surface by an additional mechanism (discussed in chapters 2 and 3). Scale bar, 

10 µm. 
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Figure A2.3 

Has2 is not upregulated in Has-1,3-dko neuronal cultures. Previous findings from our lab show that Has2 

is virtually absent in WT neuronal cultures. In order to determine if Has2 is upregulated in neuronal 

cultures lacking Has1 and Has3 as a compensatory mechanism, we performed qPCR to compare the 

levels of Has2 between Has-1,3-dko and WT neuronal cultures. Has2 expression remained low and 

unaltered in Has-1,3-dko cultures compared to WT cells suggesting that a compensatory upregulation of 

Has2 is not responsible for the persistent HA staining observed in Has-1,3-dko cultures (n = 3 WT and 4 

Has-1,3-dko cultures). Bars in graph represent relative expression of Has2 ± S.D.  
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Figure A2.3 



 254 

Figure A2.4 

A short splice variant, Has3short is not eliminated in Has3 KO mice and is expressed in WT  

and Has-1,3-dko neuronal cultures. (A) Has3 is expressed as three different splice isoforms, two long 

variants and one short variant. While the KO strategy disrupts the two long forms, it does not have an 

effect on Has3short (Bai et al., 2005). Has3short also possesses part of the catalytic domain required for 

HA synthesis shown here with a green bar. (B) We used qPCR to determine if Has3short is expressed in 

Has-1,3-dko neuronal cultures. Our results show that Has3short is expressed in these cultures at similar to 

that levels found in WT neuronal cultures (n = 2 WT and 2 Has-1,3-dko cultures).   
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Figure A2.5 

Has3short is capable of synthesizing HA in HEK293 cells. (A) Conditioned media from HEK293 cells 

transfected with Has3full, Has3short and empty vector control were collected and dotted on nitrocellulose 

membranes. Presence of HA was detected using HA binding protein (HABP). HEK293 cells transfected 

with Has3full showed presence of HA in the media. HEK293 cells transfected with Has3short was also 

showed presence of HA. These results indicate that Has3short is capable of synthesizing HA and also 

secreting it into the extracellular space. (B) Results were quantified and is presented here in graphical 

form. Presence of HA in conditioned media from Has3short transfected cells was significantly greater 

than empty vector control transfected cells (p = 0.013, two-tailed Student’s t-test, n = 4 cultures each 

condition). Bars in graphs represent relative HA expression ± S.D.  
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Figure A2.6 

Has3short is capable of synthesizing HA in Drosophila S2cells. In order to confirm that Has3short can 

synthesize HA, Drosophila S2 cells which evolutionarily do not have any known Hass, were transfected 

with Has3full, Has3short and empty vector control. Conditioned media was collected and dotted on 

nitrocellulose membranes. Presence of HA was detected using HA binding protein (HABP). Conditioned 

media from S2 cells transfected with Has3full and Has3short showed presence of HA (n = 1). 
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