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DISSERTATION ABSTRACT
The mammalian brain is the most structurally and functionally complex system in
biology. In order to carry out diverse functions such as thought and cognition, neurons in
the brain must properly differentiate, make millions of functional interconnections, and
incredibly be able to maintain those interconnections while retaining plasticity and the
ability to learn throughout its lifetime. In order for neurons to carry out these complex
functions, they must have an intricate relationship with their extracellular environment,
which provides numerous molecules, such as growth factors and neurotransmitters, and
physical cues to initiate critical downstream signaling cascades. In the central nervous
system (CNS), the neural extracellular matrix (ECM) largely organizes this extracellular
environment, and as such, is implicated in a multitude of neuronal functions. Not only
can it serve as a physical barrier, the neural ECM is shown to regulate neuronal cell
differentiation, migration, synaptogenesis, and maintain the mature state by restricting
plasticity and neurite outgrowth. Of particular import, a subset of the neural ECM, the
perineuronal net (PNN), is implicated to regulate neuronal plasticity in the CNS. PNNs
were historically believed to be critical for restricting experience dependent plasticity in
the brain but more recently shown to regulate several forms of learning and memory, in
addition to multiple neurological diseases. However, despite these implicated functions,
PNNs comprise only a fraction of the total ECM in the CNS. A majority of the neural
ECM is derived from the diffuse ECM, a structure that is ubiquitously expressed
throughout the CNS. As the diffuse ECM is very similar in molecular composition and
structure to PNNs, it is difficult to specifically target PNNs for functional and
mechanistic studies. As such, a better toolset is needed to differentiate the contributions
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between PNNs and the diffuse ECM in regulating plasticity and learning and memory.
To develop this toolset, there is a great need to better understand PNN molecular
composition and structure. Therefore, the purpose of this work was to provide critical
insight into the molecular composition and structure of PNNs so as to better understand
its function in the CNS.
In Chapter 2, using multiple ECM genetic knockout models, we show compelling
evidence of an additional PNN anchor that importantly lays the groundwork for future
functional studies. Specifically, we suggest chondroitin sulfate proteoglycan (CSPG)
phosphacan, secreted isoform of receptor protein tyrosine phosphatase zeta (RPTPζ), is
critical for PNN structure as it partially anchors PNNs to the neuronal surface through
cooperation with tenascin-R. Additionally, as the neural ECM is involved in numerous
neurological diseases, in Chapter 3, we investigated the function of major ECM
component, RPTPζ, in a group of O-mannosyl related congenital muscular dystrophy
with associated brain abnormalities (CMD). Our data suggest a possible role of RPTPζ in
proper cortical lamination in a CMD mouse model. Interestingly, we found evidence of a
novel O-mannosyl substrate in the developing brain that could critically contribute to the
underlying deficits of CMD. In conclusion, the neural ECM, once previously disregarded
in the field, is becoming a novel source to understand mature mammalian brain function
and disease, but more work is needed to better differentiate the specific roles of its
substructures.
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CHAPTER 1
GENERAL INTRODUCTION

1

INTRODUCTION
The mammalian central nervous system (CNS) is the most structurally and functionally
complex system in biology. It is composed of a vast array of different cell types all
intricately and precisely interconnected to allow the most complex functions such as
thought and cognition.

Critical therefore to this system are the molecules and

mechanisms that guide the differentiation and interconnection of neurons and the stability
of this complex system over the lifetime of the organism. Many of these processes are
coordinated within the neural extracellular space through the neural extracellular matrix
(ECM).
The neural ECM provides not only a direct substrate for adhesion, but also serves
to bind and present secreted molecules and regulate cell-cell interactions all vital for the
proper development and maintenance of the mature brain. As such, the neural ECM is
implicated in multiple aspects of development, maturation and function in the CNS, such
as neuronal cell proliferation, migration, differentiation, synaptogenesis and connectivity,
inhibition of neurite outgrowth and plasticity and modulating electrophysiological
activity (for review see Barros, Franco, and Müller 2011). In addition to its role in brain
development and maintenance, the neural ECM is heavily implicated in several
neurological diseases and disorders (for review see Viapiano and Matthews 2006; Testa,
Prochiantz, and Di Nardo 2018; Wen et al. 2018). Considering these roles, the neural
ECM is poised to become a novel area for therapeutic interventions. However, progress
in this area is currently limited by our incomplete understanding of the neural ECM
structure. While many core molecular ECM components have been known for quite
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some time, our understanding of their individual function and organization in relation to
the ECM is insufficient and in great need of study.
Historically, the neural ECM has been underappreciated. For example, early
work defined ECM in other non-neural tissue as the electron dense material between
cells. In the CNS, however, there appeared to be no organized electron dense material as
seen in other tissues, leading early researchers to the incorrect conclusion that there was
no ECM within the CNS (Sanes 1989). More recent work has revealed that there is
indeed an ECM within the CNS, but its molecular composition and structure is quite
unique, being enriched with an array of glycoproteins, proteoglycans, and
glycosaminoglycans. This is indeed not surprising given its unique functions within the
CNS. The neural ECM is said to make up 10-20% of brain volume (Zimmermann and
Dours-Zimmermann 2008; Barnes, Przybyla, and Weaver 2017). Previous investigators
examining the neural ECM in the brain have found that it is made up of three primary
compartments: the basement membrane, the loose or diffuse matrix, and a condensed
form of matrix called perineuronal nets (PNNs) (Testa, Prochiantz, and Di Nardo 2018).
Serving as a border between endothelial tissues, such as blood vessels and meninges,
from the rest of the brain, the basement membrane is composed of fibrous proteins,
collagen and laminin.

Found in the brain parenchyma packed between millions of

neurons and glia, the diffuse matrix makes up the majority of the neural ECM. Due to its
ubiquitous, non-specific spatial expression throughout the brain, the function of the
diffuse ECM is notoriously difficult to understand. PNNs, on the other hand, form on a
discrete subset of neurons in specific areas of the mature brain each associated with
unique, complex neurological functions, such as vision, somatic sensation and forms of
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learning and memory. As such, PNNs are thought to be critically involved in the
functions of these brain regions, and are currently implicated to restrict neuronal
plasticity and regulating multiple forms of learning and memory (Fawcett, Oohashi, and
Pizzorusso 2019).
Unlike the diffuse ECM, early work showed PNNs form late in brain
development, and in some locations, with exceptions in areas like the brain stem and deep
cerebellar nuclei, form at the ends of periods of heightened plasticity known as the
critical period. As PNN formation is also dependent on sensory activity (Hockfield et al.
1990; Lander et al. 1997; Kind, Beaver, and Mitchell 1995), it was shown that this unique
net-like substructure can control aspects of experience-dependent plasticity (Pizzorusso et
al. 2002, 2006; McRae et al. 2007). More recently however, PNNs have been implicated
in regulating aspects of learning and memory (Gogolla et al. 2009; Romberg et al. 2013).
In addition, PNNs were implicated in neurodegenerative disorders, such as Alzheimer’s
disease, and psychiatric disorders such as schizophrenia and autism (Yang et al. 2015;
Morawski et al. 2012a; Harry Pantazopoulos et al. 2010; Harry Pantazopoulos and
Berretta 2016). For example, in Alzheimer’s disease, PNNs form a neuroprotective
barrier around its expressed neurons, preventing neurofibrillary tangles from entering the
cell (Morawski et al. 2012b). Interestingly, additional experiments have shown degrading
PNN structures in the perirhinal cortex restored forms of memory in an Alzheimer’s
disease mouse model (Yang et al. 2015). From its seemingly diverse range of functions,
PNNs are emerging as a novel potential therapeutic target against multiple neurological
diseases and disorders. However, the field still has a poor mechanistic understanding of
PNN function in the CNS, impeding its therapeutic potential. This is largely due from
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the lack of available tools that can specifically and precisely target PNN structures. In
order to target PNNs more specifically, we need to better understand PNN composition
and structure. The key to understanding the composition and structure of PNNs is
discovering how these structures uniquely form on specific neurons in the CNS. This
cell-specific PNN formation in the brain suggests there are unique components on cells
that form these structures.

This problem is confounded however by the surprising

compositional similarity between the diffuse ECM and PNNs.

In order to better

understand PNN specificity, the following section we will briefly review what is known
of PNN composition and structure, and how it differs from the diffuse ECM.

1.1 A Comparison of the Composition and Structure of the Diffuse ECM and PNNs

The backbone of both the diffuse ECM and PNNs is a large, linear, repeating
disaccharide called hyaluronan (HA). HA is a glycosaminoglycan (GAG), defined by
having a disaccharide-repeating unit of glucuronic acid bound to an amino sugar, Nacetylglucosamine. Unlike other GAGs found in the ECM, HA is not bound to any
protein core. At first glance, HA is a fairly simple structure, and offers little in structural
diversity seemingly required for the complex functions of the ECM. However, HA can
bind and induce cell signaling by interacting with several cell surface receptors such as
CD44 and RHAMM, and through a diverse array of other ECM components. Through
direct and indirect interactions, HA serves as a scaffold for multiple glycoproteins, link
proteins and proteoglycans and it is through these proteins that many of the complex
functions of the neural ECM are derived. However, most of the cell surface HA-binding
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proteins are absent or expressed at low levels in the brain. Instead the main HAinteracting proteins in the brain appear to be a family of proteins called the lecticans
(Yamaguchi 2000).
Lecticans are a family of chondroitin sulfate proteoglycans (CSPGs); a class of
proteins that contain covalently attached GAG chains modified with chondroitin sulfate
(CS). Since the lecticans are known to bind multiple neuronal components, including cell
surface receptors and adhesion molecules, in addition to cell signaling molecules and
growth factors, they are considered the main structural organizers and functional
regulators of the neural ECM (Martin Grumet et al. 1994; P Milev et al. 1996, 1998; Dick
et al. 2013a; Favuzzi et al. 2017). The lectican family contains four members: aggrecan,
versican, neurocan and brevican, with each member expressing fairly identical Nterminal and C-terminal domains. The N-terminus consists of a globular domain (G1)
containing an Ig-like region, followed by a HA-binding region. Aggrecan is the only
lectican to contain a second globular domain (G2), a region that is highly homologous to
G1 with the exception of an Ig-like region. Of note, the function of the G2 domain is
unclear, as it cannot bind HA independently (Watanabe et al. 1997). The C-terminus
globular domain (G3) contains either one or two EGF repeats, followed by a C-type
lectin domain and a CRP-like domain. While both N and C terminal domains are quite
similar, the lecticans derive its needed structural variably via its central domain (see
Figure 1.1).
The lectican central domain is quite diverse in terms of its amino acid length,
sequence and attached GAG chains amongst its various members. Each lectican family
member has distinct central domain amino acid lengths. For example, versican has the
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longest central domain amongst the lecticans, giving an apparent molecular weight (MW)
of 600 kDa (Viapiano and Matthews 2006). Aggrecan is the next largest of the lecticans
(480 kDa), followed by neurocan (250 kDa) and brevican (150 kDa). To add to this
heterogeneity, many of the lecticans are subject to alternative splicing. Versican is
amongst the most notable, having four distinct isoforms: V0, V1, V2 and V3. These
isoforms are spliced to express either two, one or none of a α or β domain. In fact, the V3
isoform has no central domain, and retains only its globular N and C terminal domains.
Brevican codes for another unique isoform, where the C terminal globular domain is
replaced with a glycosylphosphatidylinositol (GPI) sequence, resulting in the only
covalently membrane bound member of the lectican family. The lecticans are also
subject to enzymatic cleavage, especially from the ADAMTS (A Disintegrin and
Metalloproteinase with Thrombospondin) and MMP (matrix metalloproteinase) families
(Kelwick et al. 2015; Flannery 2006). In addition to creating several cleavage products,
these enzymes are thought to be a potential source to modulate PNN structure in response
to neuronal activity (Murase, Lantz, and Quinlan 2017; Kelly et al. 2015). While the
diversity of lecticans brought on from the aforementioned biological processes is indeed
vast, the greatest potential source of heterogeneity stems from glycan modifications.
The lecticans are extensively modified by CS-GAG chains, which are formed
from a sulfated disaccharide glucuronic acid (GlcA) and N-acetylgalactosamine
(GalNAc) repeat, enzymatically attached to serine of the protein core (Mikami and
Kitagawa 2013). Variability of these CS-GAG chains comes from several contributing
factors. Lecticans have varying numbers of potential GAG binding sites along its central
domain.

Aggrecan has far and above the greatest number of potential sites with
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approximately 120, with 100 of them being confirmed CS-GAG chains (Yamaguchi
2000). Versican is the next highest, having only 20 CS-GAG chains. Multiple sulfation
patterns are an additional source of variation (Testa, Prochiantz, and Di Nardo 2018).
The GalNAc or GlcA of a GAG unit can be sulfated by sulfotransferases in various
carbon positions, creating multiple CS-GAG subtypes. The subtypes observed are CS-A
(GlcA-4SGalNAc), CS-C (GlcA-6SGalNAc), CS-D (2SGlcA-6SGalNAc), and CS-E
(GlcA-4S, 6SGalNAc). When also considering that GAG chain length greatly varies as
well (Zhang 2010; Richter et al. 2018), the combinations of potential lectican glycoforms
are innumerable.
The great heterogeneity of the lecticans lends itself to the wide functionality of
the neural ECM, although how these various isoforms and glycoforms individually
contribute to the ECM is still under investigation. One hypothesis is that these various
isoforms help physically shape the neural ECM throughout development and maturation.
For instance, the embryonic neural ECM is quite different from the mature matrix. In
developing embryos, ECM is considered loose, with large hydration spaces that allow
neural cells to easily migrate within the brain (Margolis et al. 1975). In the adult
however, the neural ECM is tightly packed, with lecticans densely bound to the HA
backbone, sometimes forming dense PNNs. A dynamic tightening and loosening of the
matrix is brought on by a diversity of lecticans, and their interactions with the
glycoprotein tenascin-R. A large glycoprotein, tenascin-R, binds the lectican C-terminal
lectin domain to its N terminal fibronectin type III domain 3-5 (Aspberg et al. 1997). In
addition to binding lecticans, tenascin-R can also form homodimers and homotrimers via
its C-terminus, allowing a single tenascin-R unit to bind multiple lecticans. Combined
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with lectican binding to HA, tenascin-R serves to cross-link the ECM complex together,
creating the HLT (hyaluronan-lecticantenascin-R) matrix model as proposed by
Yamaguchi (Yamaguchi 2000) (see Figure 1.1).
The HLT model predicts the shape of neural ECM can be changed by differential
lectican expression. For example, expressing lecticans with short central domains, or one
that has a higher affinity for tenascin-R would tighten the complex, while proteolytically
cleaved fragments could disrupt the cross-linking and loosen the complex. These ideas
are supported by differential lectican expression during development (Peter Milev et al.
1998; Carulli et al. 2010; Rauch 2004). For instance, during early development neurocan
and V1 are highly expressed, while aggrecan, V2 and brevican expression levels are low.
In contrast, these lectican expression levels are reversed during late development, with
aggrecan, V2 and brevican highly expressed.
While the HLT model is useful for understanding the structural dynamics of the
ECM, its fails to answer why and how condensed ECM structures, like PNNs, can
uniquely aggregate on neurons. PNNs are found on multiple types of neurons in the brain
and spinal cord, but in the cortex are most enriched on parvalbumin (PV) GABAergic
interneurons (Ueno et al. 2017). This unique expression strongly suggests PNNs are
structurally, compositionally, and functionally distinct from the diffuse ECM.

To

elucidate the distinct composition and structure of PNNs, investigators have utilized
genetic mouse models and found several components that are critical for the proper
formation of PNNs. Currently, these components include hyaluronan and proteoglycan
link protein 1 (HAPLN1) (Carulli et al. 2010) , tenascin-R (Gert Brückner et al. 2000;
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Weber et al. 1999) and aggrecan (Rowlands et al. 2018; Giamanco, Morawski, and
Matthews 2010).
Analysis and comparison between these genetically null mouse models has
revealed component specific effects to PNN formation and structure. HAPLN1 is a fairly
small protein that serves to further stabilize the lectican-HA binding interaction. This
interaction is quite important to the core stability of PNN structure, as deletion of
HAPLN1 in mice attenuated ECM component localization to PNNs (Carulli et al. 2010).
Another ECM component, tenascin-R, also severely affected PNN structure, but
differently than those observed in HAPLN1 KO mice. In HAPLN1 deficient animals,
dendritic coverings of PNNs were lost while on the soma there was an overall decrease in
lectican intensity. Tenascin-R deficient PNNs were instead characterized by a disruption
of the lattice-like structure (Gert Brückner et al. 2000; Weber et al. 1999).

PNNs

typically form a web-like structure with distinct holes on the neuronal surface, but when
tenascin-R is lost, distinct areas of PNN component aggregation replace the intricate
lattice structure. In addition to a disrupted structure, loss of tenascin-R also caused a
nearly complete elimination of several CSPGs on PNNs, such as neurocan, but only
having a minimal intensity effect on aggrecan and WFA. These works solidified the
notion that tenascin-R served as a cross linker, maintaining the intricate lattice-like
structure of PNNs. Of note, both HAPLN1 and tenascin-R, while critical for PNN
structure, are also found in the diffuse ECM as well.
While PNNs share many of the same lecticans as the diffuse matrix, it uniquely
expresses the lectican aggrecan. Despite being a core, specific component of PNNs, its
role in PNN structure is complex, and still not fully understood. Historically, aggrecan
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was an obvious candidate for being a critical PNN component as it localized to PNNs,
was highly expressed during PNN formation and its expression was similarly activity
dependent (Lander et al. 1997; McRae et al. 2007). However, it was not known for some
time whether aggrecan was a key formational component, as aggrecan KO mice, also
known as cartilage matrix deficiency mice, were embryonically lethal. To overcome this,
the Matthews lab examined PNNs in organotypic slice cultures of aggrecan total
knockout mice (Giamanco, Morawski, and Matthews 2010). While PNNs were no longer
detected by aggrecan and broad PNN marker Wisteria floribunda agglutinin (WFA),
PNNs still formed as indicated by immunostaining with other components, HAPLN1,
brevican and tenascin-R. From these results, it seemed aggrecan was indeed critical for
the formation of PNNs as defined by WFA, but does not alter the expression of any other
PNN component. These findings, however, were complicated by recent PNN analysis of
conditional aggrecan KO mice (Rowlands et al. 2018). Aggrecan was conditionally
deleted in the brain using the Cre-lox system under the nestin promoter. Brain specific
deletion allowed mice to come to maturity, making it possible to analyze aggrecan
deficient PNNs in vivo. As with organotypic slice cultures, WFA positive PNNs were
eliminated. However, loss of aggrecan in vivo apparently prevented all PNN formation.
Nearly all known ECM components such as brevican, neurocan, versican, and tenascin-R
did not form PNNs, indicating aggrecan is needed to begin PNN formation. Considering
conflicting results from aggrecan KO organotypic slice cultures, this further highlights
our continued poor understanding of the underlying PNN structure and necessity to
develop a model that specifically targets PNNs.
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The use of genetic mouse models provided significant insight into PNN structure.
While PNNs are very similar to the diffuse ECM, it does indeed have several unique
components, namely HAPLN1 that serves to stabilize lecticans to the HA backbone, and
the lectican aggrecan. Though tenascin-R is also found in the diffuse matrix, it seems to
be a critical PNN component serving as cross-linker between HA and the lecticans (refer
to Figure 1.1 for a current model of PNNs compared to the diffuse ECM). Of particular
interest, all the critical PNN components identified so far are secreted. In order for PNNs
to form on a subset of neurons would suggest a unique membrane bound receptor that
serves to specifically anchor PNNs to the neuronal surface. This receptor would also
likely be specifically expressed by the subset of neurons that also express PNNs. Despite
this, the identity of such a receptor remains unknown, but remains critical to fully
understand PNN function as it could be targeted for their specific disruption. There are
indeed HA cell surface receptors, such as CD44 and Hyaluronan-mediated motility
receptor (RHAMM), but are not likely candidates as CD44 expression is low in the adult
brain and RHAMM spatial expression in the brain does not coincide with PNNs (Evanko
et al. 2007; Lindwall et al. 2013). The current hypothesis in the field is that HA is
anchored to the surface via hyaluronan synthases (HAS) (Kwok, Carulli, and Fawcett
2010; Fawcett, Oohashi, and Pizzorusso 2019), but unfortunately there is no current
evidence that the loss of HAS in the brain reduces PNNs or alters its structure (Arranz et
al. 2014). As such, any receptors that anchor PNNs specifically to the neuronal surface
remain a mystery.
In this thesis, we investigated potential candidates that could uniquely anchor
PNNs to a subset of neurons in the CNS. As stated previously, most known PNN
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components are secreted, as they are bound to the structure through the HA backbone.
However, a potential candidate could lie in a known, yet unexplored, PNN component
named the receptor protein tyrosine phosphatase zeta (RPTPζ) (Carulli et al. 2010; Gert
Brückner et al. 2000; Wintergerst, Faissner, and Celio 1996). Though its been known for
some time, the role of RPTPζ in PNNs has never been fully investigated. In Chapter 2 of
this work, we show RPTPζ and/or its secreted isoform phosphacan not only localizes to
PNNs, but is also a critical structural component that sheds novel detail into how PNNs
are specifically bound to the neuronal surface. In fact, numerous associated functions of
RPTPζ, such as regulating forms of learning and memory(Niisato et al. 2005; Lafont et
al. 2009), are also implicated functions of PNNs. Therefore, it is likely RPTPζ also
serves as a key functional component of PNNs.

1.2 Proposed functions and molecular mechanisms of PNNs
PNNs are implicated in numerous neurological processes including experience dependent
plasticity (Pizzorusso et al. 2002; Carulli et al. 2010; McRae et al. 2007), and multiple
forms of learning and memory (Gogolla et al. 2009; Romberg et al. 2013; Slaker et al.
2015). From these roles, PNNs have become attractive targets in several brain disorders,
including Alzheimer’s disease (Morawski et al. 2012a; Yang et al. 2015; Végh et al.
2014), dementia (Sorg et al. 2016) and schizophrenia (Harry Pantazopoulos et al. 2010; H
Pantazopoulos et al. 2015; Mauney et al. 2013). However, defining the precise functions
of PNNs and mechanisms underlying these functions has been challenging.

The

difficulty of attributing precise functions to PNNs and developing a mechanistic
consensus stems from the lack of and imprecision of the tools currently available. A
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majority of studies investigating PNN function have utilized enzymatic methods, either
through chondroitinase (CHabc) or hyaluronidase.

These studies were critical for

identifying the ECM as a major regulator of plasticity and forms of learning and memory,
but attributing PNNs for all of these functions are fundamentally flawed.
Though CHabc targets CS-GAG chains on CSPGs, both drugs commonly target
the hyaluronan backbone. While digestion with these enzymes certainly alter PNNs, the
diffuse ECM is also profoundly altered by these treatments. Further, the diffuse ECM
makes up the majority of the ECM in the CNS and therefore could play a major role in
any functions attributed to PNNs when these enzymes have been used experimentally.
As such, it is impossible to parse through the various functions and mechanistic theories
attributed to PNNs utilizing this methodology alone. To better understand PNN function,
investigators have used genetic mouse models to further support the importance of these
structures in regulating multiple forms of plasticity (Carulli et al. 2010; Rowlands et al.
2018; Romberg et al. 2013). However, as discussed in the previous section, there are no
sufficient models to precisely determine PNN function, as current models either fail to
disrupt PNNs specifically without disturbing the diffuse ECM or are in dispute with other
published works. Therefore, while these studies discussed hereafter provide insight into
potential PNN function, a better model needs to be developed in order to definitively
determine the role of PNNs in the brain.
Historically, PNNs were hypothesized to regulate experience dependent plasticity.
This hypothesis arose after investigators considered several pieces of evidence. PNNs
form at the closure of periods of heightened plasticity in several areas of the brain
(Hockfield et al. 1990; Lander et al. 1997). Once formed, these PNN components are
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excluded from areas of synaptic contact, giving their stereotypical lattice-like appearance
(G Brückner et al. 1993). In addition, PNNs are inundated with negatively charged
components, CSPGs, which are inhibitory to neuronal growth and regeneration (Elizabeth
J Bradbury et al. 2002). Given this evidence, it was hypothesized PNNs form around
maturing synaptic connections, keeping these connections stable and greatly inhibiting
new synapse formation. This hypothesis was directly tested in the adult rat visual cortex,
where investigators enzymatically digested PNNs and restored ocular dominance
plasticity, a phenomena that is normally restricted in adult mice (Pizzorusso et al. 2002).
From these results and others (Balmer et al. 2009; McRae et al. 2007; Pizzorusso et al.
2006), digestion of PNNs seemingly reopens developmental experience dependent
plasticity in the adult.
The study of genetic mouse models further supported the importance of PNN in
restricting experience dependent plasticity.

Mice deficient in HAPLN1 retained a

juvenile form of ocular dominance, suggesting disrupted PNNs allowed for greater
plasticity in the visual cortex (Carulli et al. 2010). Further support came recently through
the specific deletion of aggrecan through virus injection in the visual cortex of adult mice
(Rowlands et al. 2018). Loss of aggrecan additionally caused the loss of PNNs in the
visual cortex. Assessed for ocular dominance, loss of aggrecan created a juvenile form of
plasticity and restored ocular dominance. These experiments served to greatly support
the importance of PNNs in restricting experience dependent plasticity.
While significant evidence indicates PNNs are critical for restricting experience
dependent plasticity, their specific role in learning and memory is much less defined.
Learning and memory in of itself is a form of plasticity, and as such, it is not a surprise
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that PNNs are implicated to regulate these processes. An intriguing form of memory
PNNs are implicated to regulate is novel object recognition memory, a form of
declarative memory. When PNNs are digested in the perirhinal cortex, an area of the
brain responsible for object recognition memory (Massey et al. 2008; Winters et al.
2004), object recognition was greatly extended (Romberg et al. 2013). Interestingly, both
HAPLN1 KO and aggrecan conditional KO mice also showed a prolonged object
recognition memory, supporting the involvement of PNNs to regulate this form of
memory (Romberg et al. 2013; Rowlands et al. 2018). Of particular interest, the role of
PNNs in prolonging object recognition memory has potential clinical application against
neuropathies that disrupt memory, such as Alzheimer’s disease. For instance, researchers
disrupting PNNs in an Alzheimer’s disease mouse model showed a restoration of object
recognition to normal levels (Yang et al. 2015).
Fear conditioned memory is another major form of memory potentially regulated
by PNNs. Fear conditioned memory is generally stable and nearly impossible to reverse.
As these memories are believed to be stored, processed and expressed through the
amygdala (LeDoux 2000), researchers tested whether the inhibitory effects of PNNs
affected fear memory stability (Gogolla et al. 2009).

Digestions of PNNs in the

amygdala before fear conditioning training resulted in the ability to reverse the memory
through fear extinction.

Of note, these experiments were done through enzymatic

application, and further work is needed to better determine if PNNs specifically control
fear memory.
Of additional interest, these PNN functional studies serve to further highlight
differential phenotypes depending on where the structures are disrupted. For instance,
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when researchers enzymatically digested PNNs in the medial prefrontal cortex (mPFC) or
the hippocampus, fear conditioning was impaired (Hylin et al. 2013), which is in stark
contrast to the effects seen when digested in the amygdala (Gogolla et al. 2009). While
these phenotypical differences are further complicated through the use of enzymatic
digestion, which also disrupts the diffuse matrix, an additional question emerges as to
how differential spatial disruption of PNNs effects memories. A common hypothesis in
the field suggests differential cell types PNNs enwrap could change the functional
outcome because different circuits are being modulated. In the hippocampus, PNNs are
found on both inhibitory neurons, basket cells and bistratified neurons (Yamada,
Ohgomori, and Jinno 2015) and excitatory pyramidal cells (Carstens et al. 2016) whereas
in the amygdala they surround PV and calbindin inhibitory interneurons as well as
CaMKII excitatory neurons (Horii-Hayashi et al. 2015; Morikawa et al. 2017). To fully
resolve these issues, a clear mechanistic theory needs to be established. Unfortunately,
while multiple theories exist, there is no concise PNN mechanism.
PNNs seem important for several forms of plasticity, including learning and
memory, but how these enigmatic structures regulate these neuronal functions is not well
understood. Multiple mechanisms have been proposed, from PNNs directly regulating
synaptic contacts and receptors, binding several proteins to regulate neuronal activity to
even serving as physical barrier and act as an ion reservoir. A prevailing hypothesis is
that PNNs stabilize synapses and restrict synaptogenesis.

PNNs are composed of

inhibitory components, CSPGs, shown to restrict neurite outgrowth and regeneration after
injury (Wang et al. 2011; Bosch et al. 2012; E J Bradbury 2002). As PNNs encapsulate
synapses, it is probable that CSPGs, through CS chains, restrict the formation of
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synapses. In support, researchers have shown that PNN component brevican interacts
with GluA1 subunit of AMPA receptors, and is necessary for the mobilization of AMPA
receptor at excitatory synapses on PV interneurons as shown using brevican KO mice
(Favuzzi et al. 2017). As a result, brevican null PV interneurons had decreased density of
excitatory synapses from pyramidal neurons, further causing an array of physiological
changes.
Work from a number of labs suggest that loss of PNNs from GABAergic
interneurons decrease their activity, and thereby increases activity of their synaptic
targets (Lensjø et al. 2017; Slaker et al. 2015; Rowlands et al. 2018; Fawcett, Oohashi,
and Pizzorusso 2019; Bukalo, Schachner, and Dityatev 2007; Dityatev, Schachner, and
Sonderegger 2010). In support, CHabc digestion showed a decrease in GABAergic
interneuron activity (Shah and Lodge 2013) and deletion of PNN components aggrecan
and tenascin-R showed evidence of reduced GABAergic activity as well (Rowlands et al.
2018; Nikonenko et al. 2003). It is thought that the observed decrease in GABAergic
activity is due to an increased number of inhibitory synapses now able to form from the
lack of the synapse-restricting PNN. These studies suggest a potential mechanism for
memory formation as recently proposed (Sorg et al. 2016; Fawcett, Oohashi, and
Pizzorusso 2019). For memories to form in the hippocampus, there is an increase in the
number of inhibitory synaptic inputs onto PV cells which in turn leads to a decrease in
PV expression and thus a decrease in secretion of GABA to target neurons. Due to the
decrease of GABA activity, the target neurons are now more active, allowing the
formation of memory (Donato, Rompani, and Caroni 2013).

This model is indeed

simplistic and needs further experimental support, as there are several conflicting lines of
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evidence that show PNN digestion increases GABAergic activity. For example, CHabc
digestion in the visual cortex increases GABAergic activity, unlike in the hippocampus or
perihinal cortex (Liu et al. 2013; Romberg et al. 2013; Shah and Lodge 2013).
In addition to regulating synapse formation, it is also thought PNNs regulate its
functions through the direct binding of several different proteins. Interestingly, these
proteins seem to bind preferentially to CS-E, a modification enriched in PNNs (Deepa et
al. 2006). Several growth factors such as midkine and fibroblast growth factor 2 bind to
CS-E (Deepa et al. 2002), but their localization to PNNs has not yet been confirmed. The
chemorepulsive protein Semaphorin3a does bind PNNs, and is thought to be a deterrent
to incoming axonal processes and synaptogenesis (Dick et al. 2013b; Vo et al. 2013).
Particularly intriguing are the association of PNNs with the transcription factor
orthodenticle homeobox 2 (Otx2) and its regulation of critical period plasticity (Bernard
and Prochiantz 2016). Otx2 is incorporated into PV expressing GABAergic interneurons
in an activity dependent manner, controlling PV expression and the closure of critical
periods in several brain areas including the auditory and visual cortices (Lee et al. 2017;
Sugiyama et al. 2008). To incorporate Otx2 into PV cells, PNN expression is required as
Otx2 binds to CS-D and CS-E modifications on PNNs (Beurdeley et al. 2012). Evidence
also indicates Otx2 can regulate PNN expression. Antibody blocking of the GAG
recognition sequences on Otx2 significantly prevented Otx2 incorporation into PV cells,
reducing both PV and PNN expression in adult mice (Beurdeley et al. 2012). From these
lines of evidence, it’s hypothesized Otx2 incorporation not only closes critical periods
through PNN binding, but also maintains PNN expression through a positive feedback
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loop.

Overall, these studies show PNNs bind multiple proteins that can affect its

functional roles in plasticity.
In summary, PNNs are implicated in multiple neurological functions in the mature
CNS. Unfortunately, defining a precise role of PNNs in the mature CNS has been
challenging and no consensus has been reached. Several studies using genetic mouse
models to disrupt PNNs suggest they are critical for restricting experience dependent
plasticity in the visual cortex and regulating novel object recognition memory through the
perirhinal cortex.

However, these models fail to disrupt PNNs specifically or are

disputed with other published works. While the technology to study PNN function has
significantly improved since their discovery in the early 20th century (Celio et al. 1998),
there is an obvious need to develop better tools. To develop these tools, the field needs a
better understanding of the molecular composition and structure of PNNs, specifically
how PNNs are bound to the neuronal surface. To that end, we describe the role of PNN
component RPTPζ in PNN structure. Of additional interest, RPTPζ is implicated in
several known PNN functions, including higher order functions of learning and memory
(Niisato et al. 2005; Tamura et al. 2006), suggesting RPTPζ cannot only serve to bind
PNNs to the neuronal surface, but also serves as a functional PNN component.

1.3 Structure and expression of RPTPζ

RPTPζ is one of four isoforms generated by alternative splicing of the Ptprz1 mRNA
transcript. The secreted CSPG phosphacan shares structural similarities to cell adhesion
molecules in that it has an N terminal carbonic anhydrase (CA) domain, followed by a
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fibronectin type III repeat (FNIII), a spacer region (S), and an intervening sequence (IS)
thought to contain most of the CS-GAG chains. Of the secreted isoforms, there is also a
phosphacan short isoform (PSI).

PSI is the newest identified isoform, cloned by

Garwood et al. in 2003 (Jeremy Garwood et al. 2003). Lacking most of the extracellular
domains found in its full isoform counterparts, PSI is not considered a CSPG as it only
contains CA and FNIII domains and a fraction of the S domain. The receptor form,
RPTPζ, shares the entire extracellular structure of phosphacan, but further contains a
transmembrane region, and two intracellular phosphatase domains D1 and D2, followed
by short C-terminal hydrophobic sequence (Pariser et al. 2005). D1 contains the active
tyrosine phosphorylation site at residue aa 1932, while D2 is inactive. Of the receptor
isoforms, there is a full-length sequence, fRPTPζ, and a shorter form sRPTPζ. Unlike
fRPTPζ, sRPTPζ is missing the 850 amino acid long IS region, but is still considered a
CSPG, although lacking most CS-GAG side chains. Of note, a recent study in adult mice
has refuted the existence of the PSI transcript, stating there are only three primary
transcripts, fRPTPζ, sRPTPζ, and phosphacan (Chow et al. 2008). Refer to Figure 1.2 for
a structural schematic and respective nomenclature of the various isoforms.
RPTPζ has distinct spatiotemporal distribution patterns throughout all stages of
brain development and maturity. Analysis by in situ hybridization showed that during
embryonic development (E12-E17), RPTPζ is highly expressed in proliferative zones
around the ventricles and spinal cord, in addition to peripheral areas such as the dorsal
root ganglion (Levy et al. 1993; Canoll et al. 1993; Engel et al. 1996). Postnatal (P0-P7)
expression is decreased in the subventricular zones followed by increased expression
throughout the brain, with peak mRNA expression at P4. While diffusely distributed
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throughout the brain, mRNA was found at high levels in olfactory bulbs, hippocampus,
several thalamic nuclei, cerebellum and outer layers of the cortex (Snyder et al. 1996). In
the adult brain, these patterns of RPTPζ expression remain intact, albeit at lower overall
expression. The highest mRNA expression was seen in the Purkinje cell layer of the
cerebellum. Immunofluorescent studies, with antibodies developed against the
extracellular domain, found a similar distribution to in situ results (Meyer-Puttlitz et al.
1996; Faissner et al. 2006).
Multiple cell types including neural progenitors, oligodendrocytes, astrocytes, and
neurons express RPTPζ. Since RPTPζ was localized to early proliferative zones, it was
well understood that neural progenitors expressed the proteoglycan, but many argued
RPTPζ mRNA was glial in origin (Engel et al. 1996; Canoll et al. 1996, 1993), with the
proteoglycan found along processes of radial glia cells and later, immature glia. Mixed
cerebellar cultures seemed to confirm this observation, showing RPTPζ was found to be
strongly expressed by immature glia, with some expression in astrocytes as well (Faissner
et al. 1994). However, other groups found, through immunolabeling, expression of
RPTPζ in cortical neurons, some which also expressed PNNs, (N Maeda et al. 1995;
Wintergerst, Faissner, and Celio 1996; Nobuaki Maeda and Noda 1998) and cortical
cultures (N Maeda et al. 1995; Nobuaki Maeda and Noda 1998). Since phosphacan is
secreted, and known to interact with neurons (Faissner et al. 1994), it was difficult to
confirm its cellular origin. This was finally resolved when investigators replaced the
RPTPζ gene, Ptprz1, with LacZ in mice. LacZ detection, which is more sensitive than in
situ techniques, was detected in astrocytes and neurons in anatomical areas already
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described, such as the olfactory bulb, hippocampus, thalamus, medulla, and cerebellum
(Shintani et al. 1998).

1.4 Functional role of RPTPζ in the mature CNS

The spatiotemporal expression patterns of RPTPζ isoforms coincide with almost all
aspects of neural development and maturation. As such, it has been implicated in neural
cell proliferation (Ida et al. 2006; Soh et al. 2007; McClain, Sim, and Goldman 2012),
cell adhesion and migration (Maurel et al. 1994; Levy et al. 1993; Abbott, Matthews, and
Pierce 2008), differentiation (Ranjan and Hudson 1996; N Maeda and Noda 1996),
axonal guidance and neurite outgrowth (Faissner et al. 1994; Sakurai et al. 1997; J
Garwood et al. 1999), myelination (Sheila Harroch et al. 2002; S Harroch et al. 2000;
Lamprianou et al. 2011), and higher order cognitive functions of learning and memory
(Niisato et al. 2005). It is thought many of these functions are likely driven by RPTPζ
ligand interactions. To date, interacting ligands include cell adhesion molecules NCAM,
NrCAM, NgCAM (M Grumet, Flaccus, and Margolis 1993; P Milev et al. 1994), TAG-1
(P Milev et al. 1996), and contactin-1 (E Peles et al. 1995), growth factors interleukin-34
(IL-34) (Nandi et al. 2013), midkine (N. Maeda et al. 1999), and pleiotrophin (PTN) (N
Maeda et al. 1996), and components of the neural ECM, tenascin-R and tenascin-C
(Barnea et al. 1994; Martin Grumet et al. 1994; P. Milev et al. 1995; Adamsky et al.
2001). Interactions with these ligands are complex, with studies showing ligands bind to
specific RPTPζ domains (Elior Peles, Schlessinger, and Grumet 1998) (see Figure 1.3).
Some of these ligands are also known to interact with each other, suggesting RPTPζ can
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form a complex with multiple ligands. For example, NgCAM forms a cis-interaction
with TAG-1, also known as axonin-1, to promote neurite outgrowth (Buchstaller et al.
1996). This suggests RPTPζ implicated role in neurite outgrowth could be through a
complex with NgCAM and TAG-1. Despite this complexity, the functional relationship
between RPTPζ and phosphacan interactions with these ligands is not well understood,
especially since most isoforms have the potential to bind them. In the following, we will
give particular focus to its functional commonalities shared with PNNs, learning and
memory.
RPTPζ is abundantly expressed in several areas of the adult brain involved in
learning and memory, such as the cerebral cortex and hippocampus. The hippocampus is
a critical component to the formation of certain types of learning and memory. To learn
and create memories, it is widely supported that the process of long term potentiation
(LTP) in the hippocampus is involved (Baudry et al. 2015). LTP is a product of rapid
changes of synaptic connections, or synaptic plasticity. RPTPζ interacts with a number of
ligands thought to regulate synapse formation in the hippocampus, such as NCAM,
tenascin, and PTN. In addition, PSD-95, a post synaptic density protein critical for
synaptic plasticity, is a substrate of RPTPζ, and found to co-localize in dendrites of
hippocampal pyramidal neurons (Kawachi et al. 1999). RPTPζ role in synaptic plasticity
was investigated through electrophysiological, pharmacological and behavioral
approaches (Niisato et al. 2005). Using Ptprz1 KO mice, LTP was enhanced in the CA1
region of the hippocampus in organotypic slices, though signaling through NMDA and
AMPA receptors were unchanged. Its therefore possible LTP is altered through some
pathway downstream of NMDA and AMPA. Spatial learning, a process thought
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regulated by LTP, was also evaluated using the morris water maze task. Ptprz1 KO mice
escape latencies were longer, indicating RPTPζ inhibits some forms of spatial memory.
To investigate a possible mechanism, investigators speculated the Rho-associated kinase
pathway was involved, since blocking the pathway inhibited LTP in Ptprz1 KO mice.
This possibility was investigated in another publication testing fear conditioned memory
in Ptprz1 KO mice (Tamura et al. 2006).
Fear conditioned memory, a memory thought to be mediated by LTP in the
hippocampus, was also inhibited in adult Ptprz1 KO mice (Tamura et al. 2006).

Ptprz1

KO fear conditioned mice was shown to have increased phosphorylation of the GTPase
activating protein p190RhoGAP, a RPTPζ substrate, keeping the GTPase aberrantly
active. As common for many of these pathways, PTN, a RPTPζ inhibitor, was implicated
to be an important regulator for this process.

Although these investigators suggest

enhanced LTP is through improper phosphorylation of p190RhoGAP, they do not
directly show increased phosphorylation is induced by LTP. Therefore, other pathways
that contain the Rho-associated kinase might be involved in RPTPζ mediated LTP.
It is difficult to discern relative contributions of RPTPζ isoforms in learning and
memory. Phosphacan might act as a dominant negative to RPTPζ, but little direct
evidence has been shown. However, fRPTPζ and sRPTPζ might have differential roles in
dendritic and synaptic formation of hippocampal neurons in vitro. Investigators showed
RPTPζ is found throughout the structures of early cultured hippocampal neurons, but
localized to dendrites later in culture, suggesting roles in dendritogenesis and
synaptogenesis (Asai et al. 2009). Indeed, overexpressing both isoforms in hippocampal
neurons had differential dendritic and synaptic effects.
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fRPTPζ decreased dendritic

arborization, increased dendritic branch length, and decreased synaptic density, whereas
sRPTPζ increased dendritic arborization, but had no effect on branch length or synaptic
density. From this work, it can be speculated fRPTPζ and sRPTPζ regulate dendritic
arborization possibly through differential binding to ligands.
The molecular mechanisms behind RPTPζ mediated synapse formation and
dendritic morphology remain unclear. The work by Niisato and Tamura et al. raises the
possibility Rho-associated-kinase activity through dephosphorylation of p190RhoGAP by
RPTPζ controls synapse formation(Tamura et al. 2006). PTN was suggested to be the
main effector ligand. Other investigators have shown PTN-treated hippocampal cells had
increased synaptic density, further supporting this hypothesis (Asai et al. 2009). RPTPζ
mediated dendritic morphology might be a product of actin cytoskeleton dynamics, since
many RPTPζ downstream substrates are involved in these processes including β-catenin
and β-adducin. β-adducin is a cytoskeletal protein important in stabilizing the actinspectrin junction to the cell membrane. Phosphorylation of β-adducin is thought to
destabilize the actin cytoskeleton, allowing changes in cell morphology. Inactivation of
RPTPζ through PTN can therefore increase phosphorylation of β-adducin, inducing
changes to dendrites (Pariser et al. 2005).
While many of these works support Ptprz1 KO learning and memory deficits
through disrupted RPTPζ mediated signaling pathways, its localization to the ECM,
especially to PNNs has never been fully considered. As described previously, PNNs are
critically important for several forms of learning and memory, including those that are
also altered in Ptprz1 KO mice. As such, RPTPζ might mediate these PNN functions. In
addition, the membrane bound RPTPζ could serve to specifically attach PNNs to its
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neuronal surface. Indeed, if RPTPζ binds PNNs to the neuronal surface, it could be
specifically targeted to disrupt PNNs to better understand their function.

Therefore, in

Chapter 2 of this thesis we explore the contributions of RPTPζ to PNN structure by
examining PNNs in adult Ptprz1 KO mice.

1.5 Congenital muscular dystrophy, potential insights from novel O-mannosyl substrates

The addition of carbohydrates, or glycans, to proteins is a vital post-translational
modification important for protein stability, quality control, cell-surface retention, and
ligand interactions (Praissman and Wells 2014). Studies disrupting glycans attached to
neural progenitors and their surrounding ECM were shown to have profound effects on
neural development (Viapiano and Matthews 2006). For example, enzymatic digestion of
glycans reduces neural cell proliferation, differentiation, and even drives cells from a
neuronal to a glial cell fate (Sirko et al. 2007). This study and studies from a number of
investigators (Zimmermann and Dours-Zimmermann 2008) have begun to reveal that
protein glycosylation is a important regulator of neurodevelopment.
A key glycosylation pathway in regulating neurodevelopment is protein Omannosylation. Genetic disruptions of an array of O-mannosyl related enzymes cause a
number of congenital muscular dystrophies with associated brain abnormalities (CMD).
Children with this group of devastating autosomal recessive disorders have, in addition to
muscle dystrophy, various degrees of neural deficits including lissencephaly type II
(cobblestone complex), hydrocephalus, pontocerebellar hypoplasia, retinal dysplasia and
mental retardation (Schessl, Zou, and Bönnemann 2006; Bertini et al. 2011). CMD-
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associated mutations encompass enzymes responsible for the initial attachment and/or
subsequent elongation of the O-mannosyl glycan, such as O-mannosyltransferase 1
(POMT1),

O-mannosyltransferase

2

acetylglucosaminlytransferase 1 (POMGnT1).

(POMT2),

and

β

1,2

N-

To enzymatically attach O-mannosyl

glycans to proteins, POMT1 and POMT2 in the Golgi apparatus catalyze the transfer of
the initial mannose via a covalent linkage on serine and threonines while POMGnT1
further elongates the structure by adding a β 1,2 linkage (carbon-carbon attachment) Nacetylglucosamine (Praissman and Wells 2014). Despite a well-established connection
between mutated O-mannosyl enzymes and CMD, it is still difficult to study the exact
pathomechanisms involved.

Glycosylation enzymes often have multiple protein

substrates, each with potentially different physiological consequences.

To further

understand the impact of O-mannosylation on CMD, it is vital to identify and
characterize O-mannosyl substrates.
The most well characterized O-mannosyl substrate is α-dystroglycan, a
glycoprotein that is expressed in many areas including radial glial cells in the developing
cortex.

α-dystroglycan is extensively decorated with O-mannosyl-linked glycans, a

modification required for radial glial cells to bind the extracellular matrix. This critical
attachment is thought necessary for proper formation of the neural basal lamina in the
cortex (Kim et al. 2004). Genetic disruption of O-mannosyl enzymes leads to an absence
of, or alteration of, these structures on α-dystroglycan. The loss causes neurons to migrate
past their disrupted basal lamina, leading to type II lissencephaly, a common CMD
symptom, along with several other neural phenotypes (Satz et al. 2008). To study the
neural phenotypes of CMD, several genetic mouse models have been developed,
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including α-dystroglycan, POMT2, and POMGnT1 knockout mice. Studies with these
mice have found that while altered glycosylation of α-dystroglycan can account for a
number of congenital muscular dystrophy abnormalities, some forms of mental
retardation have not been reported through this glycoprotein alone (Satz et al. 2008,
2010).
Brain specific α-dystroglycan knockout mice recapitulate the spectrum of
observed CMD-related neural phenotypes, such as aberrant neuron migration, fusion of
cerebral hemispheres and cerebellar folia, hydrocephalus, and malformations of the eye
(Satz et al. 2008). However, O-mannosyltransferase 2 (POMT2) knock out mice show
deficits in learning and memory not currently reported in the α-dystroglycan null mice.
Disrupted

O-mannosylation

broadly

resembles

congenital

muscular

dystrophy

phenotypes seen in the α-dystroglycan null mice such as aberrant neuron migration and
cerebral fusion, but in addition, includes structural disruptions of the hippocampus (Hu,
Li, and Gagen 2011). In POMT2 KO mouse models, ectopic granule cells of the dentate
gyrus breached the pial basement membrane, showing a wave-like morphology(Li et al.
2011). Dispersed pyramidal neurons were also found to occur in CA areas. Since the
hippocampus is associated with learning and memory, these migration defects likely
contribute to CMD related mental retardation. Recent behavioral experiments to explore
possible learning and memory deficits were done with POMT2 conditional knock out
mice. Investigators found O-mannosyl deficient mice exhibited impaired spatial memory
(Huaiyu Hu PhD., personal communication); suggesting O-mannosyl glycans could
contribute to memory impairments in congenital muscular dystrophy patients.
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Since mutations in α-dystroglycan do not account for all CMD phenotypes, this
then raises the possibility of other O-mannosyl substrates that could contribute to disease
symptoms. Even though O-mannosyl glycans make up 30% of all the O-linked sugars in
the brain, very few substrates have been identified. Importantly, O-mannosyl glycans
persist in α-dystroglycan knockout mice, indicating there are other major O-mannosyl
substrates that may contribute to the phenotypes of congenital muscular dystrophy
(Stalnaker et al. 2011). Recently, our laboratory demonstrated that RPTPζ as a novel Omannosyl substrate (Dwyer et al. 2012; Dwyer et al. 2015). In Chapter 3 of this thesis,
we show interesting evidence that RPTPζ contributes to the underlying deficits in CMD.
As RPTPζ is a major ECM component, this work further highlights the importance of the
ECM in neurological disorders.
The neural ECM regulates numerous neurological functions and disorders, but its
precise mechanistic role in the CNS is poorly understood. The work presented in this
thesis provides novel insights into the function of RPTPζ in the neural ECM, specifically
in the matrix substructure PNNs. We further show that RPTPζ might contribute to the
pathomechanisms of CMD, while interestingly finding evidence of a novel O-mannosyl
glycan. In total, this thesis furthers our understanding of the molecular composition and
structure of the neural ECM and its roles in neurological disorders.
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Figure 1.1. The Neural Extracellular Matrix A) The diagrams here illustrate the current
model of perineuronal nets (PNNs) and the loose/diffuse extracellular matrix (ECM).
Both PNNs are loose ECM follow the HLT (hyaluronan-lecticantenascin-R) matrix
model, where tenascin-R forms homodimers or homotrimers with its C-terminus and the
lecticans with in N terminus. PNNs are very similar in molecular structure to the loose
ECM, with the exception of also expressing the CSPG aggrecan and link proteins.
Unlike the diffuse ECM however, PNNs are uniquely attached to the neuronal surface,
bound by a yet unknown HA receptor. B) Known structural domains of a typical lectican.
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Figure 1.2 Comparison of all known isoforms of the Ptprz1 gene The diagram illustrated
here shows all known isoforms of the Ptprz1 gene, full length and short length RPTPζ,
and secreted isoforms phosphacan and phosphacan short isoform (PSI).
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Figure 1.3 Known RPTPζ ligand interactions The diagram illustrated here shows all
known ligand interactions with the various domains of RPTPζ. Black arrows indicate
direct ligand interaction with RPTPζ, whereas blue and green arrows note ligand-ligand
interactions.
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CHAPTER 2
RPTPζ/PHOSPHACAN IS CRITICAL FOR
PERINEURONAL NET STRUCTURE

This chapter has been accepted to the Journal of Biological Chemistry as of
12/10/19. Copyright: Eill, G.J.,* Sinha, A.,* Morawski, M., Viapiano, M.S.,
and Matthews, R.T. (*Co-first author)
Authors Eill, G.J. and Sinha A., contributed equally to this work. Eill, G.J.
contributed immunohistological stains of PNNs (Fig 2.1, 4), quantification of
PNN structure and ECM components in vivo (Fig 2.2, 3, Fig S2.1), ECM
recovery in vitro (Fig 2.8) and PNN model design (Fig 2.9). Sinha A.,
contributed quantification of PNN structure (Fig 2.2), biochemical analysis
PNN component binding (2.5,6,7), quantification of ECM recovery in vitro (Fig
2.8), and model design/production (2.9).
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ABSTRACT
Perineuronal nets (PNNs) are conspicuous neuron-specific substructures within the
extracellular matrix (ECM) of the central nervous system (CNS) 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 CNS and play key roles in
both development plasticity and plasticity in the adult brain. Despite the interest in these
structures and compelling demonstrations of their importance in regulating plasticity,
their precise functional mechanisms have remained elusive. The limited mechanistic
understanding of PNNs is derived primarily from an incomplete understanding of their
molecular composition and structure and failure to identify PNN-specific targets. Thus, it
has been challenging to precisely manipulate PNNs in order to make rigorous
investigation of function. Here, we demonstrate a novel role of Receptor Protein Tyrosine
Phosphatase Zeta (RPTPζ) in PNN structure. We demonstrate in the absence of RPTPζ
the reticular structure of PNNs is lost and phenocopies the PNN structural abnormalities
found in tenascin-R knockout brains. Furthermore, we biochemically analyze the
contribution of RPTPζ to formation of PNNs and to their structure that enables us to
generate a novel model for PNNs We provide evidence for two distinct kinds of
interactions of PNN components with the neuronal surface, one dependent on RPTPζ and
the other requiring the glycosaminoglycan hyaluronan. We believe that these findings
offer important insight into PNN structure and lay important groundwork for future
strategies to specifically disrupt PNNs in order to precisely dissect their function.
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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). And, indeed, alterations and/or disruptions of
the neural ECM are associated with a number of neuropsychiatric disorders and
neurodegenerative diseases (Yang et al. 2015; Harry Pantazopoulos et al. 2010; H
Pantazopoulos et al. 2015; Mauney et al. 2013; Viapiano and Matthews 2006).
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 ensheath limited but
specific subsets of neurons in the CNS (G Brückner et al. 1993; Celio 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
(Lander et al. 1997; Hockfield et al. 1990). Furthermore, in the cortex PNNs are
particularly enriched surrounding parvalbumin-expressing interneurons, which are known
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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 since 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.
The body of work linking PNNs to developmental plasticity (McRae et al. 2007;
Balmer et al. 2009; Pizzorusso et al. 2006) is quite compelling, however, an ever-growing
list of studies now link 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 (Xue et al. 2014; Végh et al. 2014;
Slaker et al. 2015; Lee, Leamey, and Sawatari 2012; Gogolla et al. 2009; Romberg et al.
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2013). While 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, Morawski,
and Matthews 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 in order to better study their function.
In this study we detail a novel role for Receptor Protein Tyrosine Phosphatase
Zeta (RPTPζ) in the structure of PNNs. Utilizing mouse models and neuronal cultures,
we demonstrate RPTPζ 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 other,
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RPTPζ. Overall, our data provides novel insights into the structure and formation of
PNNs in order to ultimately develop tools to precisely determine PNN function.

MATERIALS AND METHODS
Animals: Mice lacking the Ptprz1 gene (Ptprz1 KO) were generated as previously
described (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 lab. 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-phosphacan

(3F8)

Developmental Studies Hybridoma Bank.

antibody

was

obtained

from

the

Mouse anti-tenascin-R 619, sheep anti-

neurocan and goat anti-HAPLN1 was purchased from R&D Systems (Minneapolis, MN,
USA). Rabbit anti-B756, which detects amino acids 420-433 of rat brevican (Blosa et al.
2016). Rabbit anti-aggrecan and mouse β-actin were both purchased from
MilliporeSigma (Burlington, MA, USA). Mouse anti-aggrecan was purchased from BioRad Laboratories (Hercules, CA, USA). Fluorescein labeled WFA (Wisteria floribunda
agglutinin) was purchased from Vector Laboratories Inc. (Burlingame, CA, USA).
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Preparation of Homogenates, soluble and insoluble fractions: Brain homogenates for the
aggrecan release assays were derived from postnatal day 90 (PND 90) Ptprz1WTs and
Ptprz1 KOs. 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 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) per 500 µl of sample
and/or 1mM EDTA for 8 hours. Samples were centrifuged again at 8,000g 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 Blot, PND 90
brains were homogenized in 5 volumes of 25 mM Tris (pH 7.4) containing protease
inhibitor cocktail, EDTA- free and processed for analysis.

Primary Cortical Cultures:

Neuronal primary cultures were prepared as previously

described (Giamanco, Morawski, and Matthews 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 penicillinstreptomycin (ThermoFisher Scientific). Cells wer then plated at a density of 2.1 x 106
on coverslips (500 µL/per well) pre-coated with poly-D-lysine (50µg/ml) and laminin (5
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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.
Phosphacan was purified by anion exchange chromatography as previously
described (Dwyer et al. 2015). 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 treated with 10 µL ChABC for 30 min and/or 2.5 mM EGTA for 15min.
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 hour, before adding primary antibodies
overnight at 4°C.

The following day, Alexa-fluor conjugated secondary antibodies
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(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. For immunohistochemistry on tissue sections, PND 90 Ptprz1 and Tnr (all
genotypes) mice were transcardially perfused with cold PBS (ThermoFisher 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 hour at room

temperature and then stained in either 5% milk in TBST with 1% Triton X-100 (mouse
anti-tenascin-R 619, sheep anti neurocan, rabbit anti-brevican) or screening medium with
1% Triton X-100 (WFA, mouse anti-aggrecan, goat anti-HAPLN1, and mouse antiphosphacan).

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 (Schindelin et al. 2012) 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 hours 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
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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
wer 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 ChemiDoc MP system (Bio-rad laboratories) or using Premium X-Ray film
(Phenix Research Products, Candler, NC, USA).

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 -2.46mm) of Ptprz1 strain mice. In order to better
visualize PNN surface structure, nets were flattened using the Z-project, Max intensity
function on ImageJ (Schindelin et al. 2012). Once flattened, a fixed region excluding the
PNN periphery (approximately 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.
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
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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 -2.46mm 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 (ROI) of the cortex and using the measure function of ImageJ. To quantify nonspecific PNN markers (brevican, neurocan and Tnr), a ROI 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 ttest, p < 0.05. To produce bar graphs, data was 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, 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 (BioRad laboratories) and analyzed in ImageJ.
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Expression was determined by taking the average ratio of PNN specific component
intensity to β-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 posthoc analyses as appropriate) using Graphpad Prism 7/8 or RStudio statistical software.

RESULTS
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
RPTPζ in PNNs is intriguing because while it has been localized to PNNs, its role in
these structures has never been thoroughly studied. While virtually all other proteins
identified in PNNs are secreted proteins, the full-length isoform of RPTPζ is a large
transmembrane protein and thereby could provide a key anchor point for PNNs to the
neuronal cell surface. Furthermore, RPTPζ is a phosphatase and could also serve a
signaling function in PNNs. Finally, RPTPζ 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, RPTPζ and
phosphacan, in the literature is somewhat confusing. This largely stems from various
laboratories isolating the proteoglycan using different monoclonal antibodies. As such
RPTPζ is also known by DSD-1, 6B4, 3F8 and RPTPβ. It is now generally accepted that
the receptor form be described as RPTPζ, to match with its gene Ptprζ1 (Ptprz1).
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Therefore, in this manuscript, we will designate all protein isoforms of the Ptprz1 gene as
RPTPζ and specifically name the secreted variant phosphacan where relevant.
Before investigating PNN structure, we confirmed the loss of RPTPζ of our
Ptprz1 KO mice through immunostaining using RPTPζ-specific antibody 3F8 in adult
cortical sections (Figure 2.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 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 while
typical PNN staining reveals bridge-like strings interconnecting foci along the neuronal
surface that create discrete gaps or holes that give a net-like appearance, these “bridges”
seemed largely absent in the KO brains (Figure 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 (Figure 2.S1B). From
these data, we concluded RPTPζ 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
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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 due to
component aggregation and collapse of the string-like interconnections. To quantify this
observation, we first developed a binary gap analysis as described in the methods section
(Figure 2.2). A binary process converts any image of varying pixel intensity to black and
white using a unbiased calculated threshold, making it a useful analysis tool to assess the
empty space of an image (Figure 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 appearing 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 found a significantly higher
black/white pixel count ratio (p = 1.09x10-5, Student’s t-test), confirming greater areas of
no PNN staining (Figure 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
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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 (Figure 2.2D, 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 (Figure 2.2F). The average prominence of PNN nodes over their
surrounding space in the Ptprz1 KO PNNs was also significantly higher compared to
Ptprz1 WT/Het PNNs (p = 0.014, Student’s t-test, Figure 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 point to the isolated
nature of PNN nodes and the loss of connections between them in the Ptprz1 KO
animals.

ECM components remain bound to disrupted PNN structures in Ptprz1 KO mice
While our data indicates that proper PNN structure is disrupted in Ptprz1 KO mice, the
impact of RPTPζ on the other known PNN components remains unclear. To further
define how RPTPζ 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 (Figure 2.3A-B). While
staining with all components showed the same aggregate PNN structure found with
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aggrecan and WFA, all ECM components, including Tnr, remained bound to PNNs in
Ptprz1 KO mice. 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 to Ptprz1 KO mice (n = 14; 4 males, 10 females), we only
found significant losses in WFA (p = 6.53x10-5, 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) (Figure 2.3C). 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 fold changes in gene expression across all Ptprz1 (data not shown). From
these analyses, we conclude that while important for proper structural formation, the loss
of RPTPζ does not affect the overall localization of ECM components to the PNN
surface.

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 RPTPζ 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 (Gert Brückner et

65

al. 2000; Weber et al. 1999). Additionally, Tnr is of particular interest because it is a high
affinity binding partner of RPTPζ (Barnea et al. 1994; Proteoglycan 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
(Figure 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 to PNNs in Ptprz1 KO mice. From
this data, we concluded RPTPζ likely interacts with Tnr to mediate PNN structure.

PNN component aggrecan is immobilized on the cell surface by a distinct HA and
EDTA sensitive interactions
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; Haunsoø et al. 2000; Morawski et al. 2014; Carulli et al. 2006;
Kwok, Carulli, and Fawcett 2010; John et al. 2006; Matthews et al. 2002; Giamanco and
Matthews 2012; Zhou et al. 2001; Brakebusch et al. 2002; Suttkus et al. 2014; Milev et
al. 1998; Weber et al. 1999; Gert Brückner et al. 2000; Giamanco, Morawski, and
Matthews 2010). 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-
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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 RPTPζ
and Tnr in PNN structure lead to our hypothesis that we should be able to disrupt this
element of PNN structure by chelating calcium. The interaction between RPTPζ 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 suggests that
aggrecan is immobilized to the cell surface by interacting with the PNN backbone made
up of the glycosaminoglycan, HA (Kwok, Carulli, and Fawcett 2010; Morawski and
Sonntag 2018; Giamanco and Matthews 2012). 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 (Figure 2.5). We found
that there is very little release of aggrecan from 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 to 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
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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
RPTPζ and Tnr in immobilizing aggrecan to the cell surface.

Tnr and RPTPζ 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 (Morawski et al. 2014; Haunsoø et al. 2000; Gert Brückner et al.
2000). Here we show RPTPζ disruption phenocopies the PNN structural deficit found in
the Tnr KOs. Since RPTPζ 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 RPTPζ and Tnr, we
endeavored to recapitulate the effect in HEK293 cells, a cell line that does not form
PNNs endogenously (Figure 2.6). We found that adding aggrecan alone or aggrecan and
Tnr does not result in binding the CSPG to the cell (Figure 2.6B & 6C). This is not
completely surprising as Tnr is a secreted glycoprotein and does not contain any
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transmembrane domains to anchor it to the cell surface. Thus, its primary role is likely
involved in the crosslinking PNN components but not immobilize them on the cell. We
then tested whether the binding of Tnr to the cell surface can be mediated by RPTPζ by
expressing a construct containing the TnR binding domain of RPTPζ in the HEK293
cells (Figure 2.6D-F). We found that in the presence of Tnr, cells expressing RPTPζ
formed pericellular aggregates of aggrecan (Figure 2.6D). Furthermore, HEK293 cells
did not bind aggrecan when only RPTPζ 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
net-like appearance of the structure highlighting the importance of HA in the aggregating
PNN components to the cell surface (Figure 2.6F).

Ptprz1 KO neurons show disrupted PNN distribution and distinct biochemical
properties in culture as compared to 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 in
order to more thoroughly assess the role of RPTPζ 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 (Figure 2.7A and E). However, staining in the Ptprz1
KO cells appeared disrupted and reduced in intensity as compared to the WT cultures
indicating the role of RPTPζ in binding PNN components to the cell surface. Our
previous findings have shown that the interaction of aggrecan with the cell surface is
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mediated by RPTPζ and Tnr. Further, this interaction is dependent 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 RPTPζ 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 showed that acute treatment with ChABC alone had only a moderate
effect on the release of aggrecan from WT cultures (Figure 2.7B, 55 ± 2%, p = 0.0042).
In 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 (Figure
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 (Figure 2.7C, 79 ± 11%, p = 0.3788) and
Ptprz1 KO cultures (Figure 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 (Figure 2.7D, 11 ± 2%, p < 0.0001) as well as Ptprz1 KO cultures
(Figure 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 RPTPζ and is compromised in
the Ptprz1 KO animals.
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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
RPTPζ does indeed anchor PNNs through Tnr, we would expect RPTPζ to remain
present on PNNs in Tnr KO mice. To test this hypothesis, we stained for RPTPζ on
cortical sections of Tnr mice (Figure 2.8A). Intriguingly RPTPζ, while prominent in Tnr
WT, was greatly diminished on Tnr KO PNNs consistent with previous studies (Gert
Brückner et al. 2000). This suggests Tnr expression is needed to maintain RPTPζ on the
neuronal surface of PNNs. This made us investigate which specific isoform of RPTPζ is
required for PNN structure in an effort to better understand the molecular composition of
PNNs
To clarify which Ptprz1 isoform, RPTPζ 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
RPTPζ 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 cultures starting at 3 DIV.

Cultures were then fixed at 9 DIV and

immunostained for PNN components aggrecan, neurocan and Tnr (Figure 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. While Tnr was also spatially disrupted in Ptprz1 KO
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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. In order 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 (Figure 2.8C,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 to Ptprz1 KO cultures alone (p = 0.002, two tail
Student’s t-test, Figure 2.8E). These data indicate that phosphacan, not RPTPζ, 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, due to 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.
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DISSCUSSION
Understanding and defining the molecular composition and structure of PNNs is a critical
step towards unlocking their function. In the current study we demonstrate a novel and
unique role for the CSPG RPTPζ in the structure of PNNs. We show that in cooperation
with Tnr, RPTPζ provides a key link to the neuronal surface thereby generating the netor 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 composition has remained elusive. These structures form a sub-compartment
of the neural ECM but are clearly distinct from the surrounding matrix (Deepa et al.
2006; Matthews et al. 2002). They are highly ordered and stable and demonstrate a
unique geometry which is absent in the broader ECM (Härtig et al. 1999; Arnst et al.
2016; Lander et al. 1997). 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 is dependent on RPTPζ. 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 net-like structure. This is the first direct demonstration that RPTPζ is
critically involved in PNN structure.
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We noted that the altered PNNs in Ptprz1 KO animals brains seemed to
significantly phenocopy disruptions previously found in Tnr KO mice (Gert Brückner et
al. 2000; Haunsoø et al. 2000). 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. RPTPζ is a known high affinity
ligand for Tnr (Peles, Schlessinger, and Grumet 1998; Proteoglycan et al. 1997; Milev et
al. 1998). We therefore sought to better understand the biochemical nature and order of
Tnr and RPTPζ binding within PNNs. Our studies here and the work of others (Gert
Brückner et al. 2000) show that in Tnr deficient brains, RPTPζ staining is reduced in
PNNs, suggesting Tnr is perhaps responsible for recruiting RPTPζ to PNNs. In contrast,
in primary neuronal cultures from RPTPζ knockout brains Tnr is dramatically reduced in
net-like structures. Furthermore, in studies in HEK293 cells we found that RPTPζ was
necessary to recruit Tnr and other PNN components to the cell surface. Therefore,
overall our data suggests a cooperative mechanism by which Tnr and RPTPζ contributes
to cell surface binding of PNNs.
It is of particular interest that, even though PNNs are disrupted in mice lacking
RPTPζ 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 cross linked by Tnr.
Future studies will evaluate if knocking out both Tnr and RPTPζ leads to a more
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pronounced phenotype to determine if they functionally depend on each other.

In our

biochemical assays, the absence of RPTPζ 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/RPTPζ 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 (Bekku et al. 2003; Carulli et al. 2010; Gert Brückner et al. 2000; Haunsoø et
al. 2000).
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 RPTPζ 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 (Figure
2.9). In this model, lectican CSPGs are bound to the HA backbone and stabilized by
HAPLN1. These CSPGs are then crosslinked to RPTPζ by Tnr, which acts as an adapter
protein between the two arms. Our data suggests that this interaction of the CSPGs with
Tnr and RPTPζ is responsible for the mesh like appearance of PNNs and an absence of
this interaction leads to the discontinuous and aggregated phenotype of PNNs seen in the
Tnr KO and Ptprz1 KO mice. It should be noted that RPTPζ exists in multiple forms,
splice isoforms and proteolytic cleavage products (J Garwood et al. 1999; Jeremy
Garwood et al. 2003; Chow et al. 2008). We have also shown that PNN component
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binding can be partially recovered by adding the soluble form of RPTPζ (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 suggests
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. RPTPζ 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. 2011).
It remains to be determined how soluble RPTPζ 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 RPTPζ plays a role in net structure in vivo. In fact humans do not make
a secreted form of RPTPζ 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 (Kwok, Carulli, and Fawcett 2010; Giamanco, Morawski, and
Matthews 2010; Giamanco and Matthews 2012).
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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 (WT) or Ptprz1 Het (Het) mice are distinct from those
derived from Ptprz1 KO (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. (C) KO animals showed significantly higher black/white pixel ratio, indicating an
increased area devoid of PNN staining (p = 1.09x10-5, two-tail Student’s t-test, SD 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 to KO PNNs. KO PNNs also appear more isolated
with sharper peaks. (F) WT/Het PNNs showed significantly higher number of peaks as
compared to Ptprz1 KO PNNs (p = 0.0009, two-tail Student’s t-test, SD 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 to
WT/Het PNNs (p = 0.014, two-tail Student’s t-test, SD 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, 55 PNNs), Het (n = 3
animals, 26 PNNs), KO (n = 4 animals, 43 PNNs).
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Figure 2.3 PNN component analysis of the Ptprz1 KO and WT mice. (A) To understand
the role of RPTPζ 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 under “Materials and Methods” section), showing a
significant loss of only WFA (p = 6.53x10-5) 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, SD 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 RPTPζ. 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
chondroitinase (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 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) in comparison to 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. Bars in graphs represent percentage release ±
SD (B).
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Figure 2.6 RPTPζ and Tnr are both required for binding aggrecan to the cell surface and
binding of aggrecan is enhanced by presence of hyaluronan (HA). Exogenous aggrecan
was added to HEK293 cells in the presence of Tnr and/or RPTPζ. 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 RPTPζ and Tnr is present. (E) Presence of
RPTPζ alone is not able to bind aggrecan to the cell surface. (F) Expressing hyaluronan
(HA) in (D) i.e in presence of both RPTPζ and Tnr enhances binding of aggrecan. This
data indicates that the binding of aggrecan to the cell surface depends on both RPTPζ and
Tnr and binding is enhanced in the presence of HA. Scale bar, 10 µm.
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Figure 2.7 Digestion of hyaluronan (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 9DIV (A, 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,
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, 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 while
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 to WT cells (p = 0.0015). A combination of ChABC
and EGTA treatment resulted in a significant loss of aggrecan in both genotypes as
compared to 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
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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 ± SD (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, RPTPζ (3F8) was
largely reduced in PNNs (detected with anti-aggrecan antibodies) compared to 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 to 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 (0.25µg) 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 to Ptprz1 KO cells (n = 12 PNNs,
4 cultures) indicating a decrease in the sharpness of PNN nodes or peaks with
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phosphacan addition in Ptprz1 KO neuronal cultures (p = 0.002, two-tail Student’s t-test,
SD 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
hyaluronan (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 suggests 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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Supplementary Figure 2.S1 (A) 3F8 antibody specifically detects RPTPζ in the adult.
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 P21 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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CHAPTER 3
ROLE OF RPTPζ/PHOSPHACAN IN O-MANNOSYL
DEFICIENT CONGENITAL MUSCULAR DYSTROPHY

This chapter is under preparation for manuscript submission. Copyright: Eill, G.J.,
Matthews, R.T
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INTRODUCTION
Congenital muscular dystrophy with associated brain abnormalities (CMD) is a group of
severe autosomal recessive neurodevelopmental disorders.

Children diagnosed with

CMD suffer from a range of symptoms including muscular dystrophy, and various
degrees of neurological deficits encompassing lissencephaly type II, hydrocephalus,
pontocerebellar hypoplasia, retinal dysplasia and mental retardation (Barkovich 1998;
Schessl, Zou, and Bönnemann 2006; T. Yamamoto et al. 2008; Bertini et al. 2011). The
root cause of several of these disorders, such as Muscle-eye-brain disease and Fukuyama
congenital muscular dystrophy, are genetic defects found in O-mannosyl related enzymes
such as O-mannosyltransferase 1 (POMT1), O-mannosyltransferase 2 (POMT2) and β
1,2 N-acetylglucosaminlytransferase 1 (POMGnT1). O-mannosylation is the enzymatic
process of transferring O-mannose linked sugars onto a protein core through the use of
aforementioned enzymes (Praissman and Wells 2014).

POMT1 and POMT2 are

mutually indispensible to transfer mannose to serine or threonine residues. POMGnT1
subsequently transfers N-acetylglucosamine to the O-linked mannose.

A previously

unknown glycosylation pathway, O-mannosylation is now shown to be critical for proper
neurological development (Manya et al. 2003; Liu et al. 2006a; van Reeuwijk et al. 2006;
H Hu, Li, and Gagen 2011).
Genetic deletion of these O-mannosyl related enzymes in mice causes an array of
similar CMD developmental defects in the CNS in addition to muscular dystrophy such
as type II lissencephaly, hydrocephalus, retinal dysplasia and mental retardation. In the
brain, O-mannosyl hypoglycosylation causes severe lamination defects in the cortex,
hippocampus, and cerebellum (Liu et al. 2006b; H Hu, Li, and Gagen 2011). These
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defects are caused by an overmigration of neurons past a disrupted pial basement
membrane early in embryonic brain development (H Hu, Li, and Gagen 2011; Huaiyu Hu
et al. 2007). The mechanism underlying the pial basement membrane disruption is not
fully known, as multiple protein substrates can share similar glycosylation pathways.
The best-known and well-characterized O-mannosyl substrate is α-dystroglycan (α-DG)
and indeed, is critically important to maintain the integrity of the pial basement
membrane as shown in α-DG null mouse models (Michele et al. 2002; Moore et al.
2002). α-DG, with β-DG, forms a transmembrane bridge from neural cells to the pial
basement membrane of the extracellular matrix (ECM). The O-mannosyl glycans on αDG is needed to bind and maintain the integrity of the basement membrane through
laminin (Moore et al. 2002).

Once that connection is lost from improper O-

mannosylation, the integrity of the basement membrane is severely disrupted, leading
neurons to overmigrate. This inaccurate migration due to the loss of O-mannosylation on
α-dystroglycan is thought to cause a majority of the neurological symptoms seen in CMD
such as type II lissencephaly and hydrocephalus (Moore et al. 2002; Satz et al. 2010,
2008).
Recent evidence has indicated α-dystroglycan is not the only O-mannosylation
substrate in the brain. A glycomic analysis of α-dystroglycan null mice showed that the
glycoprotein accounts for very little of the O-mannosyl glycans found in the brain
(Stalnaker et al. 2011). As O-mannosyl glycans make up nearly 30% of O-glycans in the
brain, there must be more O-mannosyl substrates yet to be characterized. In fact, Omannosyl mining studies have uncovered several potential candidates (VesterChristensen et al. 2013), suggesting there are multiple other O-mannosyl proteins that
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might contribute to the wide-ranging deficits of CMD. Identification and characterization
of these substrates will be vital to fully understand the underlying causes for this disorder.
Our lab has discovered that the extracellular matrix (ECM) proteoglycan Receptor type
protein tyrosine phosphatase zeta (RPTPζ) and its secreted isoform phosphacan is a major
O-mannosyl substrate (Dwyer et al. 2012, 2015).
RPTPζ, a major ECM protein derived from the Ptprz1 gene, is highly enriched in the
brain and unsurprisingly, involved with numerous developmental process such as neural
stem cell and progenitor cell proliferation (Shang, Xu, and Wang 2013; Ida et al. 2006;
Soh et al. 2007), differentiation (Canoll et al. 1996; Ranjan and Hudson 1996; Meng et al.
2000; Soh et al. 2007), adhesion, migration (Abbott, Matthews, and Pierce 2008), axonal
guidance and neurite outgrowth (Sakurai et al. 1997; Hayashi et al. 2005), axonal
myelination (S Harroch et al. 2000; Sheila Harroch et al. 2002) and higher order
cognitive functions (Niisato et al. 2005). Many of these functions are thought to be
through the receptor form, RPTPζ, as its phosphatase domain interacts with multiple
neurologically relevant proteins such as β-catenin, p190RhoGAP, and Fyn-kinase
amongst others (Pariser, Ezquerra, et al. 2005; Pariser, Perez-Pinera, et al. 2005;
McClain, Sim, and Goldman 2012; Abbott, Matthews, and Pierce 2008; Tamura et al.
2006). To regulate its activity, RPTPζ binds to multiple ligands that can in turn, inhibit
its phosphatase activity.

However, we know very little as to how RPTPζ ligand

interactions are regulated. Our finding that RPTPζ is a major O-mannosyl substrate
suggests these O-mannosyl substrates may indeed regulate its ligand interactions, and
subsequently its phosphatase activity and function.
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In support, recent work from a collaboration study between our lab, Dr. Karen
Abbott and Dr. Michael Pierce of the Complex Carbohydrate research center, implicated
that O-mannosyl glycans regulate RPTPζ through specific ligand interactions (Abbott,
Matthews, and Pierce 2008). With a neuroblastoma cell model, Abbot et al. genetically
deleted GnT-Vb, an enzyme that extends O-mannosyl glycans primarily on RPTPζ, and
showed that these cells displayed decreased cell adhesion and increased cell migration.
Further study revealed O-mannosyl glycans extended by GnT-Vb promoted the binding
of galectin-1 ligand to stabilize RPTPζ on the cell surface and inhibit phosphatase
activity. This data indicates that O-mannosyl deficient RPTPζ would be constitutively
active, leading to abnormal changes in its many well known downstream signaling
substrates (Pariser, Ezquerra, et al. 2005; Pariser, Perez-Pinera, et al. 2005; McClain,
Sim, and Goldman 2012; Fujikawa et al. 2011).

Of additional interest, RPTPζ, in

addition to several other substrates such as neural cell adhesion molecules and tenascinR, is a major carrier of a distinct O-mannosyl linked carbohydrate epitope Human Natural
Killer 1 (HNK-1) (Morise et al. 2014; Dwyer et al. 2015, 2012). Interestingly, in vitro
and animal model studies lacking the CNS enriched HNK-1 carbohydrate recapitulates
many of RPTPζ proposed phenotypes including cell adhesion, migration (Künemund et
al. 1988; Miura et al. 1999), and higher order functions of learning and memory (S.
Yamamoto et al. 2002; Yoshihara et al. 2009). This similarity suggests RPTPζ may
function through this O-mannosyl linked carbohydrate epitope, HNK-1, and thereby
contribute to the deficits seen in CMD.
In congenital muscular dystrophy with associated brain abnormalities (CMD), we
hypothesize that phenotypes of disrupted O-mannosylation are not only attributed to α-
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dystroglycan, but to RPTPζ as well. To determine the role of RPTPζ O-mannosylation,
we crossed POMT2 conditional KO mice with Ptprz1 KO mice, and analyzed any major
gross anatomical abnormalities when compared to POMT2 KO controls. Here, we show
intriguing evidence that RPTPζ contributes to the underlying deficits in CMD. As RPTPζ
is a major ECM component, this work further highlights the importance of the ECM in
neurological disorders.

However, we also found evidence of a novel O-mannosyl

substrate, indicating that O-mannosyl glycosylation is more complex than once
previously thought.

MATERIALS AND METHODS
Animals: Mice deficient in O-mannosyl related enzymes POMT2 and POMGnT1 were
generated as previously described and given as a generous gift from Dr. Huaiyu Hu,
Upstate Medical University (H Hu, Li, and Gagen 2011; Liu et al. 2006a). POMT2 was
conditionally deleted using the Cre lox system under the Emx-1 promoter and notated as
POMT2f/f Emx-1 Cre. Ptprz1 KO mice were generated as previously described (S Harroch
et al. 2000) and provided to us by Dr. Sheila Harroch (Department of Neuroscience,
Institute Pasteur, Paris, France). Ptprz1 KO/POMT2f/f Emx-1 Cre mice were generated by
crossing both the Ptprz1 and POMT2 conditional strain of mice and confirmed through
genotyping.

All experiments followed the protocols approved by the Institutional

Animal-Care and Use Committee of Upstate Medical University.

Antibodies: Neuronal markers rabbit Cux1 (SantaCruz) and rat Ctip2 (Abcam) were
generously provided by Dr. Eric Olson, Upstate Medical University. Rabbit Laminin-1
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(MilliporeSigma) was gifted from Dr. Huaiyu Hu, Upstate Medical University. Mouse βactin antibody was purchased from MilliporeSigma, mouse anti-HNK-1 was purchased
from BD-Biosciences and Cat315 was developed as previously described (Lander,
Zhang, and Hockfield 1998; Dino et al. 2006).

Preparation of soluble and insoluble fractions, and biochemical analyses: To analyze
cellular distribution of Cat315 protein, whole brain homogenates were taken from early
development postnatal day (P) 1.5. Brains were removed and processed in 25mM Tris,
with EDTA-free protease inhibitor tablets (Roche, Indianapolis, IN, USA 1 tablet in
10mL buffer) using a Potter Elvehjem homogenizer. To separate soluble and insoluble
fractions, homogenates were centrifuged at 15,000g for 15 minutes at 4°C.

The

supernatant was removed, and pellet was centrifuged again to remove any residual
supernatant. For glycan analysis, insoluble brain samples were treated with either 1 µL
of chondroitinase ABC (Sigma-Aldrich, Saint Louis, MO, USA) per 50 µL of sample for
4 hours at 37°C or 1 µL of PNGase F (New England Biolabs, Ipswich, MA, USA) per 50
µL of sample for 2 hours at 37°C.
To analyze the Cat315 membrane binding mechanism, we treated insoluble
fractions with several chemicals. Detergents CHAPS (1%), and Triton X-100 (0.1%) in
25mM Tris were incubated with samples for 30 minutes on ice before being centrifuged
at 8,000g for 10 minutes to collect the supernatant (release) and pellet. Control samples
were left untreated, and left on ice for 30 minutes. To remove disrupt divalent cationic
interactions, samples were treated with 1mM EDTA for 2 hours at 37°C, with a nontreated control. High salt and high pH treatment were performed as follows. Insoluble
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samples were treated with 1M KCL for 15 minutes on ice before centrifugation. For high
pH, samples were treated with 0.1 M Na2CO3, pH 11.5 at 5 minutes, room temperature.
Samples were then wash two times with high pH solution before separating release and
pellet fractions. Of note, high pH samples were neutralized with 100mM Tris before
running a western blot analysis.

SDS-PAGE and western blotting Western blots were conducted as previously described
(Dwyer et al. 2015). Samples were run on 4-12% gradient SDS-polyacrylamide gels and
transferred to 0.45 µM nitrocellulose membranes. Blots are first blocked using 5% milk
in low salt TBST, and then incubated in primary antibody overnight. The following day,
blot were incubated in HRP-conjugated secondary antibodies (The Jackson Laboratory,
Bar Harbor, ME, USA) and exposed using supersignal west pico-plus or femto
chemiluminescent substrate (Thermo-Fisher Scientific, Rockford, IL, USA). Blots were
imaged using Premium X-Ray film (Phenix Research Products, Candler, NC, USA).
Sample protein concentrations were determined through a Bradford assay for running
western blots.

Primary Cortical cultures: Cultures were done as previously described (Dwyer et al.
2015). Briefly, mixed neuronal cultures were derived from E16 from timed pregnant
Ptprz1 WT and KO mice. Cortices were removed and digested with 0.25% trypsinEDTA (ThermoFisher Scientific, Waltham, MA, USA), filtered and suspended in
Neurobasal medium with 3% B27, 1X Glutamax, and 1X penicillin-streptomycin
(ThermoFisher Scientific). Cells are then plated on coverslips at a density of 2.1 x 106
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pre-coated with poly-D-lysine and laminin (Sigma-Aldrich, Saint Louis, MO, USA).
Cells were maintained at 37°C/5% CO2 until being fixed at four days in vitro (DIV).

Immunocytochemistry and immunohistochemistry: Mixed cultures were fixed with cold
4% phosphate-buffered paraformaldehyde (PFA) with 0.01% glutaraldehyde, pH 7.4 for
19 minutes. Fixed cells are then blocked in screening medium (DMEM, 5% FBS, 0.2%
sodium azide) for one hour before leaving cells in primary antibody overnight. The next

day, Alexa-fluor secondary antibodies (ThermoFisher Scientific) were added for two
hours, and then stained with DAPI before being mounted with ProLong anti-fade kit
(ThermoFisher Scientific). For immunohistochemistry, P1.5 mice from Ptprz1, Ptprz1
KO/POMT2f/f Emx-1 Cre, and POMT2 mouse strains were transcardially perfused using
cold, sterile PBS, followed by cold 4% PFA. Brains were removed, and submerged in
4% PFA overnight and then switched to a 30% sucrose solution diluted in phosphate
buffer with 0.2% sodium azide. After 48hrs, brains were sectioned using a cryostat, and
kept as 40 µM free-floating sections. Sections were either blocked with 2% BSA, 0.5%
Triton X-100 PBS buffer (Cux1, Ctip2, laminin-1) or in screening media (Cat315) for 1
hour before primary was added overnight. The next day, the appropriate Alex-fluor
secondary antibody was used in the same blocking solution. Sections were then mounted
on glass slides and imaged using an epi-fluorescent Zeiss Imager.A2 with Nikon
Elements software package. Final images with processed using ImageJ software and
made into figures using Adobe Illustrator CC 2019.
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RESULTS
Altered cortical lamination in CMD mice deficient in RPTPζ
In CMD, we hypothesize RPTPζ phosphatase activity is no longer regulated by its O
mannosyl glycans, and therefore, would be constitutively active. Due to its numerous
neurologically relevant downstream signaling substrates (Deuel 2013), a constitutively
active RPTPζ could cause far reaching neurological deficits and thereby contribute to the
underlying phenotypes of CMD. To determine a possible role of RPTPζ in CMD, we
crossed the conditional O-mannosyl deficient mouse line POMT2f/f Emx-1 Cre with Ptprz1
strain mice. After crossing these two mouse strains we obtained Ptprz1 KO/POMT2f/f Emx1

Cre+ and appropriate controls Ptprz1 Het/ POMT2f/f Emx-1 Cre- (POMT2f/f Emx-1 Cre-) and

Ptprz1 Het/POMT2f/f Emx-1 Cre+ (POMT2f/f Emx-1 Cre+) mice. If O-mannosyl deficient
RPTPζ does indeed cause neurological deficits in CMD, we would expect a difference
when compared to the already known neurological deficits in the CMD mouse model
POMT2f/f Emx-1 Cre+. A prominent feature of POMT2f/f Emx-1 Cre+ mice are its cortical
lamination deficits in early development as previously observed (H Hu, Li, and Gagen
2011). As RPTPζ is implicated in neuronal migration (Maeda and Noda 1998; Abbott,
Matthews, and Pierce 2008), and also interacts with proteins important to maintain the
integrity of the basement membrane such as Fyn kinase (Pariser, Ezquerra, et al. 2005),
we hypothesized neuronal layering may be affected in Ptprz1 KO/POMT2f/f Emx-1 Cre+
mice.
To observe neuronal layering in early postnatal cortex, we immunostained using
antibodies against transcription factors Cux1 and Ctip2. Cux1 is specifically expressed in
late born neurons found in layers II-IV of the cortex, whereas early born neurons in the
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deeper layers V and VI of the cortex express Ctip2. In control coronal sections of P1.5
POMT2f/f Emx-1 Cre- mice we observed specific neuronal staining using Cux1 and Ctip2
antibodies (Figure 3.1). As expected, Cux1 stained upper layer neurons while Ctip2
stained deeper layer neurons below those labeled by Cux1. This was in stark contrast to
cortical sections from POMT2f/f Emx-1 Cre+ mice. While Cux1 antibody stained a discrete
anatomical area in control mice, Cux1+ neurons in POMT2f/f Emx-1 Cre+ were abnormally
positioned.

Proximal to the midline of the cortex, a majority of Cux1+ neurons

seemingly from the retrosplenial area to part of the primary somatosensory area were
found in the deep layers, where Ctip2+ neurons were now found in the upper layers,
resembling an inverted cortex. Moving further laterally into the somatosensory and
auditory cortical areas, Cux1+ neurons were widely dispersed throughout the
parenchyma, whereas Ctip2+ neurons remained in the superficial layers. However, a
majority of Cux1+ and Ctip2+ neurons in the ventral auditory and temporal areas seemed
to migrate to their proper upper layer position similar to control mice.
In Ptprz1 KO/POMT2f/f Emx-1 Cre+ cortical sections, we observed a surprising
change in neuronal positioning in the cortex. Medially, in the retrosplenial area to the
primary somatosensory area, a majority of Cux1+ neurons, while still in the deep layers,
seemed to migrate farther when compared to Cux1+ neurons in POMT2f/f Emx-1 Cre+ mice.
In addition, the position of these Cux1+ neurons resembled a wave-like morphology that
is also observed in lateral areas of the auditory and temporal cortex. Of further interest, a
minority of Cux1+ neurons seemed to migrate to the upper cortical layers. While a
majority of Cux1+ neurons were concentrated together in the cortex, Ctip2+ neurons
were widely dispersed from the retrosplenial area to the primary somatosensory areas.
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Further laterally in the somatosensory cortex, a portion of Ctip2+ neurons seemed to
cortically migrate below Cux1+, as best observed in the high magnification image in
Figure 3.1. This is stark contrast to neuronal positioning in similar anatomical locations
in POMT2f/f Emx-1 Cre+ cortices, where Cux1+ neurons are widely dispersed, and Ctip2+
neurons are in the superficial layers. Curiously, as with POMT2f/f Emx-1 Cre+ mice, the
disrupted lamination phenotype becomes less severe the further laterally along the cortex,
with Cux1+ and Ctip2+ neuronal positioning resembling controls.

Of note, while

comparable, the location of cortical sections between these mouse strains need to be
better aligned before making any definitive conclusions. As such, we observed what
seemed to be an altered cortical lamination in early developing Ptprz1 KO/POMT2f/f Emx-1
Cre+ mice, suggesting the O-mannosylation of RPTPζ may contribute in part to the
neuronal migration deficit observed in CMD mouse models.

As these are initial

observations, a more detailed analysis, as noted in the Discussion section, is needed to
more precisely determine the anatomical differences between these CMD mouse strains.

Altered cortical lamination is seen throughout the cerebral cortex in CMD mice
deficient in RPTPζ
The neuronal layering deficits seen in CMD mouse model POMT2f/f

Emx-1

Cre+ is

attributed to a disruption in the pial basement membrane as previously demonstrated (H
Hu, Li, and Gagen 2011).

The observed altered cortical lamination in Ptprz1

KO/POMT2f/f Emx-1 Cre+ mice might be due to an intact basement membrane in certain
areas of the cortex. If true, we would only expect altered cortical lamination in certain
cortical layers of the cerebral cortex, while where the pial membrane was disrupted, we
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would expect neuronal layering similar to that seen in POMT2f/f Emx-1 Cre+ mice. To
determine if the altered lamination was seen throughout the cerebral cortex, we stained
cortical sections taken serially in the anterior to posterior direction (Figure 3.2A). Using
Cux1, we observed the previously described altered lamination, with Cux1+ neuronal
positioning resembling a wave-like phenotype in all stained serial sections in Ptprz1
KO/POMT2f/f Emx-1 Cre+ mice. Of note, the previously described inverted and dispersed
Cux1+ neuronal positioning was observed in all serial sections of POMT2f/f Emx-1 Cre+
mice.

This data suggests the condition of the pial basement membrane in Ptprz1

KO/POMT2f/f
development.

Emx-1

Cre+ mice is similar throughout the cerebral cortex during early

Of additional interest, staining with laminin-1, a marker for the pial

basement membrane, we saw no obvious difference between Ptprz1 KO/POMT2f/f Emx-1
Cre+ mice and POMT2f/f Emx-1 Cre+ mice (Figure 3.2B). A more detailed study using
electron microscopic analysis is needed to confirm that the disruption of the pial
basement membrane is similar between the two strains. However, our current data
suggests that either the pial basement membrane is not the cause of the partial neuronal
recovery, which is unlikely, or there is a delay in basement membrane disruption in
Ptprz1 KO/POMT2f/f Emx-1 Cre+ mice. If a there were a delay, future experiments would
need to analyze the pial basement membrane at earlier, embryonic time points.

Incomplete penetrance of the altered lamination phenotype in CMD mice deficient
in RPTPζ
While a majority of Ptprz1 KO/POMT2f/f Emx-1 Cre+ mice displayed an altered lamination
phenotype (n=8), several litter mate Ptprz1 KO/POMT2f/f Emx-1 Cre+ mice showed no
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obvious lamination differences when compared to POMT2f/f

Emx-1

Cre+ mice (n=4).

Using Cux1 antibody, the neuronal positioning seemed identical to POMT2f/f Emx-1 Cre+
mice (Figure 3.4A).

A possible explanation could be mouse strain background

interference created by crossing Ptprz1 strain mice with POMT2f/f Emx-1 Cre mice. To
account for this, we additionally crossed a similar CMD mouse model, POMGnT1 mice
to Ptprz1 KO mice. POMGnT1 is first to elaborate O-mannosyl glycans with a β 1,2
linkage after initial attachment from POMT1 and POMT2 (Liu et al. 2006b; Praissman
and Wells 2014).

When neuronal layering was analyzed in cortical sections of

Ptprz1/POMGnT1 double KO mice, we unfortunately could not replicate the altered
lamination as seen with the POMT2 conditional KO mice (data not shown). As such, the
exact functional outcome of RPTPζ O-mannosylation is still unclear.

Additional

experiments would be required to address possible mouse strain background interference
and to further assess RPTPζ O-mannosylation in other areas of the brain.
As RPTPζ is a major O-mannosyl substrate, a lack of consistent obvious
phenotypic changes when crossed with CMD mouse models is quite perplexing. This
suggests the prevalence of an additional major O-mannosyl substrate, independent of
RPTPζ. Interestingly, in support, we found the persistence of Cat315 reactivity, an
antibody that detects a specific O-mannosyl epitope, in Ptprz1 KO mice (Figure 3.3).
Previously, we found that Cat315 detects an O-mannosyl epitope on RPTPζ in
developing mice (C Dwyer et al. 2012; C Dwyer et al. 2015). While Cat315 is indeed
reduced in Ptprz1 KO mice when compared to control POMT2f/f Emx-1 Cre- samples, there
is still significant Cat315 staining throughout the cortex (Figure 3.3A).

Therefore,

Cat315 detects an additional protein in the developing brain that is not RPTPζ. To
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determine if Cat315 detects an O-mannosyl epitope on this unknown protein, we stained
both POMT2f/f Emx-1 Cre+ and Ptprz1 KO/POMT2f/f Emx-1 Cre+ sections. Cat315 staining is
largely absent in these mice, with only secondary antibody reactivity, suggesting that
Cat315 detects an O-mannosyl epitope on this unknown protein. Of additional interest,
previous work using early mixed neuronal cultures found the Cat315 protein potentially
delineated synaptic formation (Dino et al. 2006). We found significant Cat315 reactivity
using mixed neuronal cultures derived from Ptprz1 KO mice, indicating the early
expressed protein detected by Cat315 in culture is not RPTPζ as originally suspected
(Figure 3.3B).

Biochemical properties of unknown Cat315 protein
To support that Cat315 detects an O-mannosyl protein independent of RPTPζ, we
conducted several biochemical studies. Through western blot analysis, we found Cat315
does indeed detect a protein in early developing Ptprz1 KO mice (Figure 3.4A). Taking
whole brain lysate of early developing Ptprz1 WT and Ptprz1 KO mice, we found Cat315
detects a large protein, greater than 250kDa. To further determine whether Cat315
detects an O-mannosyl substrate, we utilized whole brains from another O-mannosyl
deficient CMD model, POMGnT1 KO mice. In POMT2f/f Emx-1 Cre+ strain mice, POMT2
is conditionally deleted only in a subset of the cortex. As such, there could still be
significant Cat315 reactivity using western blot analysis. Using POMGnT1 KO mice, we
found Cat315 reactivity was largely reduced in whole brain samples. We next wanted to
determine the cellular compartment where Cat315 largely localized (Figure 3.4B). To do
so we separated whole brain homogenate into soluble and insoluble fractions through
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centrifugation. Probing for Cat315, we found a majority of Cat315 expressing protein is
found in control mice insoluble fraction, with Cat315 reactivity was completely absent in
the insoluble fraction of POMGnT1 KO mice. Combining data from IHC studies and
western blot analysis, we conclude Cat315 detects an O-mannosyl membrane bound
protein.
To further characterize the glycans on this protein for later identification we
treated insoluble fractions derived from Ptprz1 WT and POMGnT1 KO mice with
glycanases Chabc and PNGase (Figure 3.4C). Chabc digests chondroitin sulfate sugar
chains, and is commonly used to observe chondroitin sulfate proteoglycans (CSPG) via
western blot analysis. PNGase digests N-linked glycans and can be used to identify
proteins with N-linked sugars. We saw no loss of reactivity or shift in molecular weight
after either Chabc or PNGase digestion, suggesting this unknown protein is likely not a
CSPG, or have any major N-linked sugar chains attached to it. As we were confident
Cat315 detected an O-mannosyl glycan, we wanted to determine if it detected the HNK-1
epitope, similar to RPTPζ (Figure 3.4D). Staining insoluble lysate of Ptprz1 control
brains with Cat315 and HNK-1, we found both bands seemed to be at the exact molecular
weight. This suggested the Cat315 protein expresses an O-mannosyl linked HNK-1
epitope.
We next wanted to determine Cat315 protein’s cell surface binding mechanism
(Figure 3.5E). We treated insoluble fractions of early developing control brains (P1.5)
with several compounds including CHAPS and triton detergent, EDTA, KCL (high-salt
extraction) and Na2CO3 (high-pH extraction). After treatment, samples were centrifuged
and separated to evaluate the ratio between released Cat315 protein to pelleted Cat315
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protein.

Both detergents CHAPS and triton, extracted the Cat315 protein from the

membrane. EDTA, a divalent ion chelator, was used to disrupt any ionic interactions on
the membrane surface. EDTA treatment did not however release the Cat315 protein from
the membrane. In addition, high-salt extraction, which can also disrupt ionic surface
interactions, did not release Cat315 from the membrane. High-pH extraction was able to
release Cat315 protein, but since EDTA and high-salt extraction did not release the
protein, we hypothesize the Cat315 protein is likely an integral membrane protein or
receptor.
To further narrow down the correct molecular weight of the Cat315 protein, we
compared its size to other high molecular weight proteins, such as laminin-1 and spectrin
(Figure 3.4F). Laminin-1 detects two large bands, with the highest molecular band likely
being alpha 1 subunit of laminin with an estimated molecular weight of 335 kDa. Cat315
protein band is below that of the alpha 1 chain of laminin. However, comparing spectrin
antibody of an estimated weight of 285 kDa with Cat315, we found the Cat315 protein
was slightly above spectrin. Considering the molecular weight of Cat315 protein in
relation to both laminin-1 and spectrin, we estimate its size to be between 295-325 kDa.
Taking several additional factors into account, such as its spatial and temporal
expression, we significantly narrowed down a list of potential candidates. One of these
candidates is of particular interest, Cadherin EGF LAG seven-pass G-type receptor 2
(CELSR2). Our collaborator, Dr. Huaiyu Hu, conducted a search for novel O-mannosyl
proteins using POMGnT1 strain mice, and found CELSR2 as a potential candidate (Dr.
Hu, personal communication). Therefore, it is likely Cat315 detects O-mannosyl glycans
on CELSR2, a potential novel mammalian O-mannosyl substrate.

121

DISCUSSION
CMD is a devastating group of disorders characterized by a multitude of neurological
deficits. In several of these disorders, researchers have found patients are deficient in Omannosyl glycosylation resulting from genetic mutations in the enzymes responsible for
O-mannosyl attachment or elaboration. O-mannosylation is a complex pathway as it can
have multiple substrates that can carry a diverse array of unique glycan structures. The
best-characterized O-mannosyl substrate is α-dystroglycan, but recent evidence has
shown there are additional O-mannosyl proteins that would help us understand the
underlying pathology of CMD. Of these substrates, our lab has identified RPTPζ as a
major O-mannosyl glycan carrier. To determine whether RPTPζ contributes to CMD, we
crossed a CMD mouse model, POMT2f/f Emx-1 Cre+ with Ptprz1 KO mice. Interestingly,
we found an altered cortical lamination phenotype in Ptprz1 KO/POMT2f/f Emx-1 Cre+
mice, suggesting RPTPζ has a role in neuronal migration in CMD.
More detailed experiments are needed to expand upon our preliminary
observations. Neuronal positioning as shown with specific neuronal layer markers Cux1
and Ctip2 in Ptprz1 KO/POMT2f/f Emx-1 Cre+ mice indicated possible differences when
compared to POMT2f/f

Emx-1

Cre+ mice.

Of particular interest, neuronal positioning

seemed differentially altered depending on the anatomical area in the cortex.

To

definitively determine this, coronal sections for each mouse strain must first be better
anatomically comparable than those selected for preliminary observations.

Using a

mouse reference atlas as guide, neuronal positioning should be evaluated across several
anatomical areas of the cortex, such as the medial retrosplenial areas, to more lateral
primary somatosensory areas. To evaluate neuronal positioning between mouse strains,
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these cortical areas would be further subdivided into equal bins from the pial surface to
the deep layers as shown previously (H Hu, Li, and Gagen 2011). Neurons, labeled with
Cux1 and Ctip2, would be counted in each bin and analyzed using chi-square to assess
any positioning differences. In addition to neuronal positioning, neuron morphology
could also be altered and should be assessed potentially by Golgi staining as previously
shown (Bicanic, Hladnik, and Petanjek 2017).
Once the altered lamination is better defined in Ptprz1 KO/POMT2f/f Emx-1 Cre+
mice, further efforts are needed to understand the underlying pathology of these changes.
Previous work in CMD mouse models showed a disrupted pial basement membrane and
glia limitans causes improper cortical lamination (Li et al. 2011; H Hu, Li, and Gagen
2011; Huaiyu Hu et al. 2007). The observed altered lamination might be a result of a
stable pial basement membrane during development. During early postnatal stages, we
showed evidence through laminin staining that the pial basement membrane was
similarly disrupted when compared to POMT2f/f Emx-1 Cre+ mice. As laminin is only a
component of the basement membrane, electron microscopy (EM) is needed to fully
assess the integrity of the structure as previously shown (Huaiyu Hu et al. 2007). If the
pial basement membrane in Ptprz1 KO/POMT2f/f Emx-1 Cre+ is indeed similarly disrupted
to controls, further insight could be obtained by evaluating the basement membrane at
earlier time points.

Indeed, before cortical expansion during early embryonic

development (embryonic day 11.5), the basement membrane in CMD models is intact
(Huaiyu Hu et al. 2007). As the cortex expands, the basement membrane is disrupted by
embryonic day 13.5 in CMD models. If the basement membrane in Ptprz1 KO/POMT2f/f
Emx-1

Cre+ is more stable than POMT2f/f Emx-1 Cre+ mice, we would expect to see a delay
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basement membrane disruption around this time point. However, preliminary data of
mice taken at embryonic day 14, during preplate splitting, we found no obvious
difference of the basement membrane between the two strains (data not shown). While
this data points towards an alternative model, more work is needed to fully discount a
delayed basement membrane breakage.

Experiments would include confirming the

window when the basement membrane is intact and breaks in both Ptprz1 KO/POMT2f/f
Emx-1

Cre+ and POMT2f/f Emx-1 Cre+ mice. Once determined, mice would be taken at

multiple time points between this window to assess whether there is indeed a basement
membrane breakage delay.
In addition to the state of the basement membrane, studies should evaluate the glia
limitans during early development, as its disruption also contributes to the lamination
phenotype observed in CMD mice. The glia limitans is initially formed from the end feet
of radial glia cells and can be observed in the developing cortex through several methods,
including EM, immunostaining for radial glia themselves, or staining for astrocytes using
GFAP antibody as previously shown (Huaiyu Hu et al. 2007; H Hu, Li, and Gagen 2011;
Li et al. 2011). In CMD mice, the glia limitans is disrupted; with studies showing the
radial glia endfeet grow past the basement membrane. GFAP, a marker for astrocytes,
serves as an additional marker for glia limitans in further developed mice. Interestingly,
reactive astrogliosis is observed in the cortex and hippocampus of CMD mice, although
its contributions to CMD are unknown. Astrogliosis is involved in multiple pathologies,
and as such, could contribute to the phenotypes observed in these CMD mouse models.
Therefore, it would be interesting to see the state of astrogliosis, in addition to the glia
limitans, in Ptprz1 KO/POMT2f/f Emx-1 Cre+ mice.
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The altered lamination phenotype seen in Ptprz1 KO/POMT2f/f Emx-1 Cre+ mice is
indeed interesting and may provide insight into the underlying pathology of CMD upon
further evaluation. However, failing to replicate the altered lamination phenotype using
Ptprz1 KO/POMGnT1 KO mice, the contributions of RPTPζ in cortical lamination
remain unclear. Although unlikely, it is possible the conditional deletion of POMT2 is
uniquely needed to cause the altered lamination phenotype.
background of the two mouse strains, Ptprz1 and POMT2f/f

To assess this, the
Emx-1

Cre+, need to be

homogenous, requiring backcrossing through multiple generations.

If the altered

lamination still occurs, this would indicate the conditional deletion POMT2 is more
unique when compared to POMGnT1 KO than previously thought. If however, the
altered lamination is not observed in the cortex, future work should focus on other areas
of the brain and cerebellum to determine a role for RPTPζ O-mannosylation.
If RPTPζ does indeed critically contribute to CMD, there are several pieces of
evidence that might explain a plausible mechanism. Our previous work understanding Omannosylation on RPTPζ suggested loss of O-mannosyl glycans would maintain an
active dephosphorylation of its downstream substrates, particularly through β-catenin
(Abbott, Matthews, and Pierce 2008). β-catenin is an interesting molecule such that it is
divided into two functional pools, one in which it is a structural adaptor protein linking
cadherin to actin cytoskeleton and the other, a transcription cofactor in the Wnt
developmental signaling pathway. Until recently, many believed these two pools were
independent from each other, but some studies (Kam and Quaranta 2009; McClain, Sim,
and Goldman 2012) have suggested both pathways are interconnected.

RPTPζ, in

addition to its interactions with the cadherin complex (Abbott, Matthews, and Pierce
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2008, Meng et al. 2000), can also interact with Wnt signaling pathways (McClain, Sim,
and Goldman 2012) through β-catenin. Together with interactions of both the cadherin
and Wnt signaling pathway, we present a possible working model for O-mannosyl
mediated RPTPζ function (Figure 3.5).
In the active state, RPTPζ has few O-mannosyl glycans and dephosphorylates βcatenin to maintain the cadherin complex. In this case, Wnt signaling is not active,
allowing glycogen synthase 3β (GSK-3β) complex to maintain low cytoplasmic β-catenin
levels. In the inhibited state, RPTPζ is covered with O-mannosyl glycans, which allow
binding of galectin-1 and possibly other unidentified ligands to stabilize the receptor to
the cell membrane. Stabilization allows RPTPζ to cluster with other RPTPζ and dimerize
to inhibit phosphatase function.

β-catenin now remains phosphorylated by receptor

tyrosine kinase (not shown) and dissociates from the cadherin complex, decreasing cellcell adhesion and promoting cell migration.

Activation of Wnt signaling allows

dishevelled to inhibit GSK-3β complex, so cytoplasmic levels of phosphorylated βcatenin, some from dissociated cadherin, rise and migrate to the nucleus. Once in the
nucleus β-catenin binds T cell factor/lymphoid enhancer transcription factors (TCF/LEF)
to activate developmental-relevant genes important for cell proliferation and
differentiation

(for

review,

see

Cadigan

and

Nusse

1997).

Constitutive

dephosphorylation of RPTPζ substrate β-catenin could significantly affect neuronal
migration and adhesion as previously discussed, but more work is needed to determine if
there are any significant phosphorylation changes between Ptprz1 KO/POMT2f/f Emx-1
Cre+ and POMT2f/f Emx-1 Cre+ mice.
If the pial basement membrane is indeed the cause of the observed altered
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lamination, the question then turns to how RPTPζ contributes to the stability of the
structure. The neuronal wave-like layering phenotype observed in Ptprz1 KO/ POMT2f/f
Emx-1

Cre+ mice is similar, though not an exact phenocopy, to the cortical lamination

found in mice deficient in focal adhesion kinase (FAK) in the forebrain, suggesting a
possible relationship (Beggs et al. 2003). FAK is a nonreceptor tyrosine kinase, found at
focal adhesions, and implicated in the downstream signaling of laminin, a major pial
basement membrane component, through integrin receptors (Parsons 2003; Chen et al.
2009). Investigators showed that conditional FAK deletion in the forebrain caused a
disruption of the pial basement membrane likely through improper integrin signaling.
RPTPζ does not directly dephosphorylate FAK, but does interact with Fyn kinase, which
is a known regulator of FAK phosphorylation (Cary, Chang, and Guan 1996; Kuo et al.
2005). In CMD mice, active RPTPζ would dephosphorylate Fyn and thereby down
regulate FAK activation.

Dephosphorylated FAK does also seem to disrupt proper

neuronal migration through the basement membrane (Chen et al. 2009), further
supporting a role in improper RPTPζ signaling. In Ptprz1 KO/POMT2f/f Emx-1 Cre+ mice,
the improper signaling caused by RPTPζ would be corrected, stabilizing FAK
phosphorylation through Fyn. Corrected downstream signaling through Fyn and FAK
could therefore help stabilize the basement membrane through proper integrin signaling,
explaining the altered lamination.
RPTPζ is a major source of O-mannosyl glycans in the developing brain, but the
incomplete penetrance in Ptprz1 KO/POMT2f/f

Emx-1

Cre+ mice made us additionally

inquire about the existence of additional major O-mannosyl substrates. Indeed, when
staining with O-mannosyl dependent antibody Cat315 in Ptprz1 KO mice, we saw
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significant staining in the developing cortex. Previous work in our lab has shown Cat315
detects O-mannosyl glycans on RPTPζ. Though thought exclusive for RPTPζ, we now
show Cat315 detects a major additional O-mannosyl substrate in developing brains.
Further biochemical characterization, we concluded Cat315 likely detects O-mannosyl
glycans on Cadherin EGF LAG seven-pass G-type receptor 2 (CELSR2).
CELSR2 is a large non-classical cadherin protein shown critical in several
neurological functions including migration (Wada et al. 2006; Qu et al. 2010, 2014) and
axonal guidance across multiple species (Berger-Müller and Suzuki 2011; Matsubara et
al. 2011; Shima et al. 2007). It is thought CELSR2 functions along with its family
members CELSR1 and CELSR3 through a set of planar cell polarity (PCP) proteins that
are necessary for proper epithelial cell formation and structure (Yang and Mlodzik 2015).
However, despite having a similar structure, CELSR2 has distinct functions in the brain.
CELSR2, along with CELSR3, function redundantly to allow for the ability of facial
branchiomotor neurons to migrate in mice, whereas CELSR1 is important for proper
guidance (Qu et al. 2010).

This might be explained through differential ligand

interaction, with CELSR2-3 only interacting with select PCP proteins, such as Frizzled
receptor 3 and not Van Gogh-like (VANGL) proteins (Qu et al. 2014; Goffinet and Tissir
2017). CELSR2-3 acts independently from several PCP proteins in the brain (Qu et al.
2014) thus suggesting this cadherin interacts with currently unknown ligands. Our data
indicates O-mannosylation of CELSR2 might shed light onto this question. For instance,
O-mannosyl glycans might bind to or mediate ligand binding on CELSR2, differentially
regulating the protein.
Of further import, as CELSR2 is critical for proper brain development, O-
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mannosylation of CELSR2 could contribute to the pathology found in CMD patients. Of
particular interest, we have shown compelling evidence that not only does CELSR2
express O-mannosyl glycans, but it additionally expresses the HNK-1 epitope. As HNK1 is vital for many neurodevelopmental functions similar to that of CELSR2 such as cell
adhesion and migration, it is plausible some CELSR2 functions are through this unique
glycan modification. Future experiments will confirm CELSR2 is indeed an HNK-1 Omannosyl substrate and further determine its possible role in CMD.
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Figure 3.1 Altered Cortical Lamination in CMD mice deficient in RPTPζ To determine
the role of RPTPζ O-mannosylation, we crossed Ptprz1 strain mice with conditional
O-mannosyl deficient mouse line POMT2f/f

Emx-1

Cre.

We examined neuronal

lamination in the developing postnatal day (P) 1.5 mouse cortex using specific
neuronal layering markers against transcription factors Cux1 (layers II-IV) and
Ctip2 (layers V and VI). As expected, in control POMT2f/f Emx-1 Cre- mice, Cux1 and
Ctip2 antibodies labeled neurons in a tight band at their respective cortical layers. In
CMD model POMT2f/f Emx-1 Cre+ mice neurons labeled by Cux1 and Ctip2 were
abnormally positioned.

Towards the midline of the cortex, neuron positioning

resembled an inverted cortex, with Cux1+ neurons in the deep layers, and Ctip2+
neurons found in the upper layers. In lateral areas of the cortex, approximately in
the somatosensory and auditory cortical areas, Cux1+ neurons were widely
dispersed, whereas Ctip2+ neurons consistently remained in the upper layers.
However, in POMT2f/f Emx-1 Cre+ mice deficient in RPTPζ (Ptprz1 KO/ POMT2f/f Emx1

Cre+), neuronal layering was altered when compared to POMT2f/f Emx-1 Cre+ mice.

Cux1+ neurons remained in tight bands, but did not reach their proper cortical
location, resembling a wave-like morphology. In addition, as best seen with a high
magnification image of the cortex, a select population of Ctip2 neurons in the
somatosensory area was properly positioned below Cux1 neurons. Scale bar 500µM
and 300µM for high magnification images
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Figure 3.2 Altered Cortical lamination is observed throughout the majority of the
cerebral cortex in CMD mice deficient in RPTPζ A) To determine if the altered
cortical lamination seen in P1.5 Ptprz1 KO/ POMT2f/f Emx-1 Cre+ mice is found
throughout the majority of the cortex, cortical serial sections taken in the anterior to
posterior direction were stained with Cux1.

We observed similar wave-like

neuronal layering morphology in all cortical sections analyzed, indicating the altered
lamination occurs throughout the cerebral cortex in these mice. Scale bar 500µM B)
Altered lamination might be due to a stable pial basement membrane. To observe
the pial basement membrane in Ptprz1 KO/ POMT2f/f Emx-1 Cre+ mice, we stained
with membrane component laminin-1. Taking a high magnification image of the
cortex, in control mice, laminin-1 tightly stained the basement membrane at the
periphery of the developing cortex. In both POMT2f/f Emx-1 Cre+ and Ptprz1 KO/
POMT2f/f Emx-1 Cre+ mice, laminin-1 staining is dispersed in the upper cortical layers,
indicating the basement membrane is disrupted. Scale bar 100µM
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Figure 3.3 Incomplete penetrance of the altered lamination phenotype in CMD mice
deficient in RPTPζ In several littermate Ptprz1 KO/POMT2f/f Emx-1 Cre+ mice, we
observed that these mice did not show the altered lamination using Cux1 antibody
(n=4 mice), showing an incomplete penetrance (n=8 mice, altered lamination). We
hypothesized incomplete penetrance was a result of persistent O-mannosyl
expressing proteins independent of RPTPζ. Staining P1.5 Ptprz1 KO cortices with a
known antibody that detects O-mannosyl glycans, Cat315, we found significant
reactivity when compared with controls. To confirm Cat315 detects O-mannosyl
glycans, we stained O-mannosyl deficient POMT2f/f

Emx-1

Cre+ mice and saw a

significant reduction of Cat315 reactivity in the cortex. Scale bar 500µM B) In
Ptprz1 KO mixed neuronal cultures (DIV 4), Cat315 reactivity persists when
compared to control. Scale bar 25µM
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Figure 3.4 Biochemical properties of unknown Cat315 protein A) Utilizing western blot
analysis on P1.5 whole brain lysate, we shown a persistent Cat315 band in Ptprz1 KO
mice. As supported with POMT2 conditional KO mice, Cat315 was significantly reduced
in O-mannosyl deficient POMGnT1 KO mice. B) To determine the major cellular
compartment of the Cat315 protein, we probed for Cat315 in soluble and insoluble
fractions derived from P1.5 Ptprz1 WT and POMGnT1 KO brains.

Most Cat315

reactivity is found in the insoluble fraction, with trace amounts in the soluble fraction in
Ptprz1 WT brains. Little to no Cat315 is detected in both the fractions of POMGnT1 KO
brains, further confirming Cat315 detects a O-mannosylated protein. C) For glycan
analysis, we digested insoluble lysate of Ptprz1 WT and POMGnT1 KO mice (as control)
with CHabc and PNGase. We observed no change in Cat315 detection or shift in
molecular weight in both glycancase treatments. D) Further glycan analysis, we
determined in early developing control animals Cat315 protein seemed to be at the exact
molecular weight of HNK-1, strongly suggesting the Cat315 protein expressed HNK-1
glycans E) To analyze the Cat315 protein cell surface binding mechanism, we treated
control P1.5 Ptprz1 WT insoluble fractions with detergents CHAPS and Triton X-100,
EDTA and high salt (KCL) and high pH (Na2CO3) and examined any Cat315 release (R)
from the pellet (P). F) To narrow down the identity of the Cat315 protein, we compared
its molecular weight to laminin-1 (high band, 335 kDa) and spectrin (285 kDa) in control
developing brains. Cat315 band was between laminin-1 and spectrin, indicating the
protein’s molecular weight is between 295-325 kDa.
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Figure 3.5 RPTPζ O-mannosyl glycan working model In the active state, RPTPζhas few
O-mannosyl glycans, allowing the phosphatase receptor to dephosphorylate βcatenin. Dephosphorylation then stabilizes the cadherin complex, promoting cell
adhesion. In the same system, frizzled receptor of the Wnt signaling pathway is
inactive, allowing GSK-3β to target excessive levels of β-catenin for digestion. In
the inhibited state, O-mannosyl glycans on RPTPζ bind specific ligands to inhibit
the receptor. This leads to a destabilization of the cadherin complex, promoting cell
migration. Dissociated β-catenin is not digested if Wnt signaling is active,
allowing the transcription co-factor to migrate to the nucleus and mediate
development-related transcription.
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GENERAL DISCUSSION
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GENRAL DISCUSSION
Central nervous system (CNS) structure and function depends critically on precise stable,
and yet, plastic interconnections between neurons. The neural extracellular matrix (ECM)
is a critical regulator of this connectivity and plasticity and therefore a key regulator of
neural structure and function. A sub-structure within the neural ECM, the perineuronal
net (PNN), is the primary ECM structure implicated to regulate these functions. Unlike
the diffuse ECM, which is expressed ubiquitously throughout the CNS, PNNs form on
specific types of neurons and in specific areas of the brain. The pattern and precise timing
of their expression and cellular localization has led to increasing interest in the role of
this structure in neural function.
Recent work has strongly implicated PNNs in several forms of learning and
memory, and in neurodegenerative and psychiatric disorders such as Alzheimer’s disease
and schizophrenia (Romberg et al. 2013; Gogolla et al. 2009; Yang et al. 2015). As such,
PNNs are seemingly poised to add to our understanding of the complexities of learning
and memory and potentially serve as therapeutic targets for several neurological diseases.
However, currently there is a limited mechanistic function of PNNs, which is due in large
part to an incomplete understanding of their precise composition and structure.
In this work, we examined the role of the major ECM proteoglycan
RPTPζ/phosphacan in two contexts. Our first goal was to analyze its role in PNN
composition and structure.

In Chapter 2, we show RPTPζ/phosphacan contributes

critically to PNN structure, allowing for the development of a novel PNN structural
model.

As the ECM in the CNS is heavily invested with carbohydrates, a key to

understand the neural ECM is to begin to unravel the precise role of these carbohydrate
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attachments to proteins in neural functions. Therefore, the second goal of my studies was
to understand how altered glycosylation of RPTPζ/phosphacan could contribute to known
diseases. In Chapter 3, we investigated how altered glycosylation of RPTPζ/phosphacan
could contribute to pathology of a group of devastating disorders, congenital muscular
dystrophy with associated abnormalities (CMD).

4.1 RPTPζ is critical for perineuronal net structure: structural and functional
implications
To unravel PNN molecular composition and structure, we sought to examine PNNs in
mice without the known PNN component, RPTPζ and its secreted isoform phosphacan
(RPTPζ). After examining PNN structures in RPTPζ null mice, we found that PNN
morphology was severely disrupted. Instead of the typical lattice-like structure, PNN
components were aggregated on the neuronal surface in Ptprz1 KO mice. While we
originally hypothesized the receptor form RPTPζ served as an independent PNN anchor,
we were surprised to find in vitro evidence that the soluble form phosphacan had a
significant role in PNN structure. As such, the disrupted PNN phenotype provides
several potential insights into the secreted Ptprz1 isoform.
The role of phosphacan has been poorly understood, and is often neglected in
mechanistic functional studies of the Ptprz1 gene. The receptor form RPTPζ instead, has
been implicated in many of its neurological functions as its phosphatase domain interacts
with numerous developmentally relevant signaling pathways (Takeshi Sakurai et al.
1997; Maeda and Noda 1998; Tamura et al. 2006; McClain, Sim, and Goldman 2012; K.
Kuboyama et al. 2015). However, the implied functions of RPTPζ is in stark contrast to
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the abundance of phosphacan, in terms of both mRNA and protein, when compared to
RPTPζ in the adult brain (Canoll et al. 1996; T Sakurai, Friedlander, and Grumet 1996).
In fact, evidence from our lab and others (Chow et al. 2008; Nishiwaki, Maeda, and Noda
1998) shows intact RPTPζ with its phosphatase domain is scarcely observed throughout
mouse brain development. This contradiction is even more complex considering most of
the Ptprz1 protein found in humans is soluble, while only the receptor isoform transcript
RPTPζ is expressed.

Even in glioblastoma tumors, where Ptprz1 transcripts are

upregulated, intact RPTPζ is not detected (data not shown). These data indicate that the
extracellular region of the receptor form is likely cleaved, and shed into the extracellular
space.

Cleavage would also potentially explain the lack of a human phosphacan

transcript, as a cleaved extracellular region of RPTPζ is structurally similar to
phosphacan, thereby making it redundant.

While still needing to be confirmed in

humans, investigators have shown evidence that metalloproteinases cleave the
extracellular region of RPTPζ in adult mice (Chow et al. 2008).

Additionally, the

phosphatase domain is released from the membrane and sent to cytoplasm and nucleus by
presenilin/γ-secretase, though whether the phosphatase domain is functional is not yet
known (Chow et al. 2008). Considering these results and our data showing soluble
Ptprz1 is critical for PNN structure, it is likely phosphacan, or the cleaved extracellular
region of RPTPζ, and not an intact RPTPζ with its phosphatase domain, is responsible for
a majority of the Ptprz1 gene’s neurological functions.
RPTPζ is implicated to drive numerous neurological functions such as neural cell
differentiation and proper axonal remyelination by signaling through its phosphatase
domain (Meng et al. 2000; McClain, Sim, and Goldman 2012; Kazuya Kuboyama et al.
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2012). However, increasing evidence indicates RPTPζ is shed into the extracellular
space, thereby creating a need to reinterpret previous studies. For example, many studies
implicate that the ligand pleiotrophin (PTN) inhibits RPTPζ phosphatase activity,
affecting downstream signaling pathways (Maeda and Noda 1998; Meng et al. 2000;
McClain, Sim, and Goldman 2012; K. Kuboyama et al. 2015). Even if there were a small
amount of intact RPTPζ in the brain, the abundance of phosphacan in the extracellular
space would likely titrate out any effect of PTN directly on the receptor. There are
several potential alternative mechanisms for observed downstream phosphorylation
changes in these studies. Once thought to be a specific ligand to RPTPζ, PTN can also
bind to multiple receptors, such as anaplastic lymphoma kinase, integrin αvβ3 and
neuroglycan-C (González-Castillo et al. 2014) and initiate signaling pathway independent
of RPTPζ. The presence of phosphacan could additionally mediate the interactions of
PTN with its cell surface receptors. It is also possible PTN-phosphacan binding could
alter its interactions with other known cell surface receptors and initiate signaling. More
work is needed to elucidate these alternative mechanisms in future mechanistic functional
studies of RPTPζ/phosphacan. To address these alternative mechanisms and definitively
determine the role of the receptor form RPTPζ, it would be necessary to specifically
knockout RPTPζ in mice.

Initial experiments would examine PNN morphology to

determine if the receptor form is necessary for proper PNN development.

Further

experiments would then reevaluate previously implicated functions of an intact RPTPζ,
notably axonal remyelination, learning and memory.
Disrupted PNNs in Ptprz1 KO mice could serve as an alternative mechanism for
several known functions of the Ptprz1 gene, most notably its learning and memory
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deficits (Niisato et al. 2005; Tamura et al. 2006).

While some PNN components

remained bound to neurons in Ptprz1 KO mice, there are several pieces of evidence
showing that even partially disrupted PNNs could cause significant behavioral changes.
For example, HAPLN1 null mice, which have partially disrupted PNNs, had prolonged
novel object recognition memory (Romberg et al. 2013). As such, the disrupted PNNs in
Ptprz1 KO could cause impaired learning and memory previously observed. It is also
interesting to speculate the behavioral deficits in Ptprz1 KO mice could also reveal novel
PNN functions. A recent behavioral analysis of Ptprz1 KO mice revealed notable defects
in nociception (Lafont et al. 2009). Investigators found RPTPζ null mice had reduced
responses to thermal and tactile stimuli, though definitive mechanism was undetermined.
As pain is processed in the somatosensory cortex, a major area of PNN expression, it is
plausible disrupted PNNs could be involved in the pathology.
However, more experiments would be needed to definitively determine whether
disrupted PNNs can cause these Ptprz1 KO deficits.

RPTPζ is widely expressed

throughout the cortex, not just on PNNs. In fact, RPTPζ has several roles in the adult
brain that are PNN independent, such as oligodendrocyte differentiation and myelination
(Lamprianou et al. 2011; Harroch et al. 2000). Experiments to determine the functional
outcome of disrupted PNNs in Ptprz1 KO mice are not trivial and depend on several
unknown factors. An experiment conditionally deleting Ptprz1 in PNN bearing neurons
in adult mice may or may not specifically disrupt PNNs, as it’s possible additional RPTPζ
expressed by other cell types would compensate for the loss. Therefore future work
should better determine which Ptprz1 expressing cell type in vivo contributes to PNN
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structure before attempts to assess the functional outcome of disrupted PNNs in Ptprz1
KO mice.
Our study of PNNs in Ptprz1 KO mice additionally shed light on the poorly
understood relationships between RPTPζ and the glycoprotein tenascin-R (Tnr). We
hypothesized a probable interaction between the two proteins when we observed
similarly disrupted PNNs in Ptprz1 KO and tnr KO mice. There were, however, subtle
differences between the knockouts. The loss of Tnr from PNNs causes the additional loss
or reduction of several known PNN components such as neurocan, brevican, but
curiously, RPTPζ as well. However, in Ptprz1 KO cortical sections, we found Tnr and
other PNN components largely remained bound to PNNs. Curiously, the localization of
Tnr in Ptprz1 KO cultures was drastically different than what was observed in vivo. In
Ptprz1 KO neuronal cultures, binding of Tnr to neurons was significantly reduced,
highlighting a complex relationship between the two ECM components.
The morphology differences between PNNs in vivo and in vitro models could
likely play a significant role. While our neuronal culture model is useful for studying
PNN component interactions, it does not fully replicate the three-dimensional PNN
structural morphology as observed in vivo. For instance, in Ptprz1 KO cultures, the
morphology of core PNN components aggrecan and neurocan were severely disrupted,
with no discernable organization on the neuronal surface. Compared to Ptprz1 KO brain
sections, PNNs are indeed disrupted, but not to the same degree. While the factors
contributing to the PNN morphological differences in vitro and in vivo are unknown, it is
possible the severe disruption of ECM in Ptprz1 KO cultures blocks Tnr-proteoglycan
binding sites that would still be present in vivo. Indeed, in Ptprz1 KO cultures, aggrecan
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and neurocan aggregated on the neuronal surface, potentially blocking Tnr binding sites.
Future experiments should explore whether the Ptprz1 KO PNN morphological
differences affects Tnr binding to the neuronal surface. Experiments could utilize longterm mixed neuronal-glial cortical cultures that while never quite replicating in vivo PNN
morphology, neurons do express a lattice-like ECM structure.

Indeed, ECM

proteoglycans were not as severely disrupted in Ptprz1 KO long-term mixed cultures
compared to neuronal cultures (data not shown). As such, it would be interesting to
compare and quantify Tnr binding between Ptprz1 KO neuronal cultures to long-term
mixed cortical cultures.
While Tnr was severely reduced on neurons expressing PNN proteoglycans, its
binding was nearly eliminated on all other neurons in Ptprz1 KO cultures (data not
shown). This stark phenotype could shed light on the poorly studied relationship between
RPTPζ and Tnr in the diffuse ECM.

Both RPTPζ and Tnr, though known PNN

components, are heavily expressed in the diffuse ECM. The complete loss of Tnr in nonPNN expressing neurons in Ptprz1 KO cultures strongly suggests RPTPζ is necessary for
Tnr stabilization in the diffuse ECM. Exogenous RPTPζ addition in culture not only
restored ECM of PNN expressing neurons, but restored Tnr expression on non-PNN
neurons as well, indicating the membrane bound RPTPζ was not necessary for Tnr
binding to neuronal surfaces. Though its not clear if our neuronal culture model is
suitable to represent the diffuse ECM in vivo, we did observe a significant decrease of
Tnr in the diffuse ECM of adult Ptprz1 KO cortices (data not shown). This might
suggest RPTPζ and Tnr are mutually dependent for their stabilization in the cortex,
however in tnr KO mice, RPTPζ, though no longer bound to PNNs, is still present in the
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diffuse ECM.

Therefore it is possible other proteins in the ECM maintain RPTPζ

stabilization in the absence of Tnr, but these proteins cannot stabilize Tnr in the diffuse
ECM in the absence of RPTPζ. Additional work is needed to further define these
proteins so as to better understand the relationship between Tnr and RPTPζ in the diffuse
ECM.
Despite identifying PNNs in the early 20th century, we have yet to discover how
PNNs are uniquely attached to the neuronal surface, an answer that is critical to fully
understand PNN function. As hyaluronan (HA) is the major backbone of PNNs, it is still
a widely held hypothesis that its synthases, HAS1-3, anchor PNNs (Fawcett, Oohashi,
and Pizzorusso 2019). However, there is no published evidence that the loss of HAS1-3
effects PNN structure, keeping any clues as to the identity of an anchor a mystery. Our
findings suggest PNNs are bound to the surface by two distinct mechanisms. One
mechanism is dependent on a phosphacan-Tnr interaction that is sensitive to Ca2+ ions,
and the other dependent on the HA backbone. This lead us create a novel, more refined
structural model for PNNs that will help guide the development of future tools to
specifically target these structures. Detailing our model, CSPGs, such as aggrecan,
brevican and neurocan, are bound to the HA backbone of PNNs further stabilized by
HAPLN1. Tnr acts as an adapter protein by crosslinking these HA bound CSPGs to
RPTPζ, which binds to an unknown receptor.
One approach to identify the RPTPζ-Tnr PNN receptor is to coimmunoprecipitate purified RPTPζ after exogenous addition to Ptprz1 KO neuronal
cultures, as our data suggests purified RPTPζ can bind to this unknown receptor in
culture. As a control, Tnr can be added to Ptprz1 KO cultures and immunoprecipitated as
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it should not be able to bind to the unknown receptor. Immunoprecipitated material
would then be further analyzed through mass spectroscopy for identification. However,
while it is important to identify the RPTPζ-Tnr receptor, our studies indicate that the HA
receptor is the key nucleating event for PNN formation. As such, future studies should
focus on identifying and targeting the unique PNN receptor that binds the HA backbone.
There are several methods that could potentially uncover not only the RPTPζ-Tnr
PNN receptor, but, importantly, the HA dependent receptor as well.

Co-

immunoprecipitation experiments with known PNN components in culture are a
possibility, but the heavily anionic nature of the ECM may impede successful purification
necessary for accurate mass spectroscopy identification. A recent technique utilizing
peroxidase fusion constructs for proximity biotinylation might enrich previously
unpurifiable regions (Ting et al. 2016).

While this technique utilizes HRP-fusion

constructs expressed by the cell of interest, proteins with a HRP tag could be
exogenously added to neuronal cultures. As such, it would be beneficial to construct an
HRP-tagged ECM component that can specifically bind to PNN-like structures, such as
aggrecan. A control would be an ECM protein, such as Tnr or RPTPζ that binds to
multiple cell types, not only to the GABAergic interneurons that express PNN-like
structures. Additionally, to potentially further understand PNN structure and the effect of
exogenous RPTPζ addition, proximity labeling should be done with these HRP-tagged
ECM constructs and compared between WT and Ptprz1 KO cultures with and without the
addition of exogenous RPTPζ.
Alternatively, recent advances in single-cell RNA sequencing (scRNA-seq)
technologies could identify the unique HA receptor, as it’s likely to be expressed by only
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PNN bound neurons. There are several different methods used to create reliable RNA
libraries for specific cell types, each with a focus on improving sensitivity, accuracy and
full-length RNA reads, such as Smart-seq and Smart-seq2 ( for review see Hwang, Lee,
and Bang 2018; Mu, Chen, and Wang 2019). FACS (fluorescence-activated cell sorting)
is often used to separate distinct cell types in mammalian brains for scRNA-seq (GuezBarber et al. 2012). scRNA-seq using FACS sorting can be used to develop RNA
expression profiles of PNN specific neuronal subtypes to possibly identify the unique
components required for PNN formation. To identify the PNN components necessary for
unique PNN formation, a closely related neuronal control would be necessary.
Interestingly, PNNs are expressed largely by myosin binding protein C (mbpC) positive
parvalbumin interneurons in the mouse cortex, but not somatostatin positive parvalbumin
interneurons, and as such should be used as a control candidate in scRNA-seq
experiments.

4.2 Loss of RPTPζ in O-mannosyl deficient Congenital Muscular Dystrophy
The ECM is involved in multiple neurological diseases and deficits. In Ch3 we explored
the possible role of the ECM in congenital muscular dystrophy with associated brain
abnormalities (CMD).

To do so, we examined the loss of major ECM component

RPTPζ/phosphacan (RPTPζ) in CMD mouse models, POMT2f/f Emx-1 Cre+ and POMGnT1
KO mice. RPTPζ is implicated in a wide array of neurological functions, but there is a
surprising lack of major anatomical phenotypes in Ptprz1 KO mice. Our lab has
previously shown several lines of evidence that O-mannosylation on RPTPζ could shed
light on its in vivo functions (Abbott, Matthews, and Pierce 2008; Dwyer et al. 2012,
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2015). Through an in vitro model, we showed O-mannosyl glycans on RPTPζ inhibited
its phosphatase activity, increasing phosphorylation of β-catenin, a protein implicated in
multiple neurological functions (Nelson and Nusse 2004). Further showing RPTPζ was a
major source of O-mannosyl glycans in the mammalian brain, we hypothesized RPTPζ
was a possible contributor to the underlying defects in several O-mannosyl deficient
CMDs.
Despite these lines of evidence, we were not able replicate the altered lamination
phenotype detailed in Ptprz1 KO/ POMT2f/f Emx-1 Cre+ mice in Ptprz1/POMGnT1 KO
mice. It is possible altered lamination could only be observed in POMT2 conditional KO
mice, but this is unlikely as the final glycan structures on the O-mannosyl substrates
would be very similar.

Additionally, as POMGnT1 KO mice is not a conditional

deletion, the altered lamination phenotype should have been more apparent in
Ptprz1/POMGnT1 KO mice. The inability to replicate the altered lamination phenotype
indicates there is little function of RPTPζ O-mannosylation or it is quite subtle. Future
experiments could examine the non-neuronal functions of RPTPζ, such as remyelination.
In fact, astrocyte expressed RPTPζ O-mannosylation was previously implicated to
mediate remyelination (Kanekiyo et al. 2013) and would be worth further studies in
Ptprz1/POMGnT1 KO mice to confirm this function.
An incomplete penetrance of the altered lamination in Ptprz1 KO/ POMT2f/f Emx-1
Cre+ mice and lack of any major structural differences in Ptprz1 KO/ POMGnT1 KO
mice suggested that there were additional, significant O-mannosyl substrates. Indeed,
when staining with Cat315 in Ptprz1 KO mice, an antibody shown to detect an HNK-1
linked O-mannosyl glycan in early developing brains, we saw significant reactivity.
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Further biochemical work, we show compelling evidence that Cat315 is detecting an
HNK-1 linked O-mannosyl glycan on Cadherin EGF LAG seven-pass G-type receptor 2
(CELSR2). CELSR2, a large non-classical cadherin, has been shown to be critical for
neural cell migration (Wada et al. 2006; Qu et al. 2010, 2014), and axonal guidance
(Berger-Müller and Suzuki 2011; Matsubara et al. 2011; Shima et al. 2007).

The

presence of O-mannosyl glycans suggests that some of CELSR2 neurological functions
might be mediated through this glycosylation pathway. Importantly, CELSR2 could
critically contribute to the underlying pathology in O-mannosyl related CMDs.
In addition to its possible role in CMD, attached O-mannosyl glycans presents
novel mechanistic insight into the poorly understood non-classical cadherin.

While

CELSR2 is thought to function through planar cell polarity proteins, a precise
mechanistic function remains poorly understood. For example, CELSR2 and CELSR3
are structurally very similar to each other, with the only significant amino acid residue
differences in their C-terminal tail. In fact, they are functionally redundant in vivo,
showing a more severe axonal guidance phenotype when both are genetically deleted in
mice (Qu et al. 2014). However, gene-silencing studies in rat neuronal cultures show
opposing functions for CELSR2 and CELSR3. Knocking down CELSR2 suppressed
whereas CELSR3 enhanced neurite growth respectively (Shima et al. 2007).

The

discrepancy between CELSR2 and CELSR3 in vivo and in vitro serves to highlight the
poor mechanistic understanding of these cadherins. The presence of O-mannosyl glycans
on CELSR2 might mediate differential ligand interactions and regulate CELSR2
function.
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Another additional insight into CELSR2 function is a possible role in mediating
synaptic localization. Early work on the Cat315 antibody in rat neuronal cultures showed
that it detected a punta-like protein that surprisingly formed before synapse formation
(Dino et al. 2006). Interestingly, once synapses did form, Cat315 protein did not colocalize with synaptic markers, suggesting the Cat315 protein may delineate neuronal
synapse formation.

It was initially suggested that Cat315 detected RPTPζ in these

cultures, but our data showing similar Cat315 puncta staining in Ptprz1 KO neuronal
cultures suggest otherwise. CELSR2 instead might be this protein, shedding light on a
potential novel function in synapse development.
While we show compelling evidence of an additional O-mannosyl substrate, our
data does not definitively indicate CELSR2 is the carrier. Therefore, future work needs
to verify the presence of O-mannosyl glycans on CELSR2. Currently, we have found no
commercial antibodies that successfully detect CELSR2 in mice. As such, it is likely a
new antibody would need to be developed that would specifically detect CELSR2. After
an antibody is found or developed for CELSR2, experiments then would need to confirm
the molecular weight of the Cat315 band to that of CELSR2 were identical. This would
strongly suggest CELSR2 carries O-mannosyl glycans, but to definitively show this,
CELSR2 would need to be purified for glycan analysis as previously done with RPTPζ
(Dwyer et al. 2015). If it indeed does carry O-mannosyl glycans, future studies should
evaluate its potential as a therapeutic target in CMDs.
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4.3 Conclusions and future directions
Our understanding of PNN function has grown exponentially in the past decade.
Originally shown to restrict experience dependent plasticity, these structures are now
implicated to mediate multiple forms of learning and memory.

Unfortunately, our

understanding of PNN mechanistic functions is still poor and is needed before moving
the field forward. In this thesis, we shed light on the molecular composition and structure
of PNNs, a model that has not significantly changed in years. The expression of multiple
independent anchors, one dependent on RPTPζ-Tnr interaction and the other on HA,
provides critical insight for future mechanistic studies targeting PNNs.
Once these structures can be targeted specifically, investigators can begin to parse
through the many implicated functions of PNNs. Of particular interest is our poor
understanding of synapse dynamics on PNN bearing neurons. While it is hypothesized
PNNs modulate synapse structure or distribution to restrict plasticity, to date, very few
studies have thoroughly examined synapse dynamics on PNN expressing neurons. In
future studies, if investigators were to observe how pre and post inhibitory and excitatory
synapses behaved specifically on PNN bearing neurons as compared to non-PNN
neurons, we might begin to understand the functions of these mysterious and enigmatic
structures. The availability of genetic KO mice disrupting PNN structures, such as the
models detailed in this thesis, could further provide opportunities to understand how
individual ECM components contribute to synapse dynamics on PNN neurons.
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