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Abstract 

Hyaluronan (HA) is a glycosaminoglycan (GAG) that forms an integral part of the extracellular 

matrix (ECM). HA is synthesised by HA synthases (HAS1–3) and degraded by hyaluronidase 

(Hyal) enzymes. It is abundant in the brain, particularly in the cerebral cortex, where it forms the 

major scaffold of ECM structures around neurons, termed perineuronal nets (PNNs). Although 

HA and PNNs are important for neuronal function in the mature brain, the specific expression and 

functions of HA and PNNs in the developing CNS under physiological and pathophysiological 

conditions remain largely unknown. The specific aims of this thesis were to: (1) characterise HA, 

HAS, Hyal, and PNN expression in developing cortical neurons in vitro, (2) determine the short-

term effect of HAS inhibition on neuronal morphology in vitro, and (3) determine the longer term 

effect of selective HAS knockdown on neuronal morphology in vitro. The final aim (4) was to 

assess the effects of cerebral hypoxia-ischemia (HI) on PNN and interneuron expression in the 

term-equivalent fetal sheep.  

Primary cortical neuronal cultures were established from embryonic age (E)16 rats (Aims 1–3). 

For Aim 1, neurons were collected at 0–21 days in vitro (DIV) and processed for quantitative real-

time PCR (qPCR) or immunocytochemistry. HA, HAS, and Hyal expression were assessed at 

each time point. Next, the role of neuronal HA production in neuronal development was assessed 

by pharmacological blockade of HA synthesis with 4-methylumbelliferone (4-MU) (Aim 2) or 

transfection with short hairpin RNA (shRNA) constructs for HAS2 or HAS3 knockdown (Aim 3). 

For these studies, neurons were imaged live or labelled with structural markers, and then traced 

using Neurolucida software to assess morphological changes at DIV1–3 or DIV7. Aim 4 utilised 

the near-term (0.85 gestation) fetal sheep model of HI induced by 30 min bilateral carotid artery 

occlusion. Brains were perfused and collected after 7 d, and expression of interneurons and PNNs 

was quantified in the parasagittal cortex.  
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Cortical neurons were capable of independent HA synthesis throughout development (DIV0–21), 

with expression of HA and HASs on lamellipodia, filopodia, immature neurites, differentiated 

processes, and synapses (Chapter 3). Notably, HA was expressed earlier and more widely than 

PNNs. Neurons also expressed Hyal1–3 mRNA. In Chapter 4, pharmacological inhibition of HAS 

activity with 4-MU reduced HA expression and impaired lamellipodia and filopodia at DIV1–3. In 

Chapter 5, selective HAS2 or HAS3 knockdown reduced HA expression and impaired the growth 

and complexity of differentiated processes at DIV7. In Chapter 6, HI in the near-term fetal sheep 

reduced the density of interneurons, PNNs, and decreased the percentage of surviving 

interneurons with PNNs.  

This thesis provides novel evidence that cortical neurons themselves synthesise HA independent 

of glia, and demonstrates that this HA important for the development of lamellipodia and filopodia, 

as well as process outgrowth and arborisation, of cortical neurons in vitro. Together, these data 

indicate that neuronal HA production represents a novel mechanism by which neuronal 

morphology is regulated throughout critical developmental stages. This thesis also suggests that 

loss of cortical interneurons and PNNs may contribute to the pathogenesis of HI, and that PNN 

protection or restoration may improve outcomes after perinatal brain injury. 
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Chapter 1 – Introduction 
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1 Introduction 

 The extracellular matrix of the central nervous system 

The human brain contains an average of ~86 billion neurons and a similar number of glial cells 

(Azevedo et al., 2009), with a comparable glia to neuron ratio on average in the rodent (Herculano-

Houzel, 2014). The remainder of the central nervous system (CNS) is occupied by the 

extracellular matrix (ECM). The ECM is a complex arrangement of proteins and sugars, and 

resides in the extracellular space, which makes up approximately 40% of the juvenile CNS volume 

and 20% of the adult CNS (Lehmenkühler, Syková, Svoboda, Zilles, & Nicholson, 1993; Nicholson 

& Syková, 1998). The ECM consists predominantly of glycosaminoglycans (GAGs), chondroitin 

sulphate proteoglycans (CSPGs), and link proteins, with a smaller proportion made up of other 

proteoglycans, laminins, collagens, fibronectin, hyaluronidases, and proteases (Rauch, 2004; 

Yamaguchi, 2000). The ECM of the CNS is distinctive in its composition compared with other 

tissues because of the abundance of GAGs and relative lack of fibrous proteins (Novak & Kaye, 

2000). The CNS ECM also undergoes extensive remodelling throughout brain maturation, 

involving reorganisation of the permissive juvenile ECM into a more condensed matrix, with 

further deposition of ECM components (Rauch, 2004). Although the ECM has historically received 

little attention in CNS literature, and was considered to be a simple structural scaffold, there is 

now increasing evidence for numerous roles of the ECM in brain development and function, 

including in the generation, migration, growth, and differentiation of neuronal and glial cells 

(Bandtlow & Zimmermann, 2000; Faissner et al., 2010; Sanes, 1989; Sobeih & Corfas, 2002), 

and the control of neural plasticity, injury responses, and cell survival (Barros, Franco, & Müller, 

2011; Dityatev, Schachner, & Sonderegger, 2010; Galtrey & Fawcett, 2007; Happel & 

Frischknecht, 2016; Meredith, Fazeli, & Schwartz, 1993; Zimmermann & Dours-Zimmermann, 

2008). A basic schematic of the CNS ECM is shown in Figure 1-1. 
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Figure 1-1. General structure of the extracellular matrix (ECM) of the central nervous system (CNS).  Neural 

cells are surrounded by a matrix of hyaluronic acid (HA; red) and proteoglycans (e.g., CSPGs; green: 

chondroitin sulphate side chains; dark blue: core proteins) stabilised by link proteins (e.g., tenascin-R, 

black). Cells were adapted from Servier Medical Art, licenced under a Creative Commons Attribution 3.0 

Unported License. 

This chapter will review the CNS ECM and its major components (Sections 1.1 and 1.2), with a 

particular focus on the major ECM GAG hyaluronan (or hyaluronic acid [HA]). The structure and 

general properties of HA synthesising and degrading enzymes and their expression in the CNS 

will then be described (Sections 1.3 and 1.4), followed by the spatial and temporal expression of 

CNS HA and the potential origin of HA expressed on neurons (Section 1.5). Next, this section will 

review the role of HA as a major perineuronal net (PNN) component, including the structure, 

formation, and expression of PNNs on neurons in vitro and in vivo (Section 1.6), and evidence for 

the cellular sources of HA and other PNN components (Section 1.7). The known neuronal 

functions of HA and PNNs in neuronal signalling will then be described (Section 1.7), as well as 

the potential roles of HA in critical stages of neuronal cytoskeletal and process development, with 

a focus on the major stages of neuronal maturation (Section 1.9). Finally, this review will describe 
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the potential changes in the ECM, including HA and PNNs, in various neurological diseases, with 

a focus on hypoxic-ischaemic (HI) brain injury (Section 1.10). The thesis outline, aims, and 

hypotheses are presented at the end of this chapter. 

 ECM components 

 CSPGs and link proteins 

Lecticans (or hyalectans) are a major family of ECM CSPGs (reviewed by (Bandtlow & 

Zimmermann, 2000; Rauch, 2004; Yamaguchi, 2000)). The lectican family is composed of 

aggrecan (Zaremba, Guimaraes, Kalb, & Hockfield, 1989), versican (Bignami, Perides, & 

Rahemtulla, 1993), neurocan (Rauch, Karthikeyan, Maurel, Margolis, & Margolis, 1992), and 

brevican (Yamada, Watanabe, Shimonaka, & Yamaguchi, 1994), all of which are expressed in 

both the developing and adult CNS (Milev et al., 1998). Some CSPGs, for example neurocan, are 

more abundant in the juvenile ECM, while others, including brevican and aggrecan, are more 

common in the mature brain (Milev et al., 1998). Other non-lectican CSPGs include those 

associated with the cell surface (for example neural/glial antigen 2) and secreted proteoglycans 

such as phosphacan, which can carry either chondroitin sulphate or keratin sulphate chains 

(Bandtlow & Zimmermann, 2000; Morgenstern, Asher, & Fawcett, 2002). CSPGs consist of a 

protein core capable of binding chondroitin sulphate GAG side chains (N-acetylgalactosamine 

and glucuronic acid) that vary in length and number, while lecticans are further characterised by 

their binding domain for HA (described in Section 1.2.2) and a lectin domain (Yamaguchi, 2000). 

At their C-termini, CSPGs can associate with one another via binding proteins such as tenascins. 

Tenascin-R is responsible for cross-linkage between HA-lectican complexes (Aspberg et al., 

1997) (e.g. Figure 1-1), while other link proteins (e.g., cartilage link protein 1) stabilise the bond 

between HA and the HA-binding domain of CSPGs (Binette, Cravens, Kahoussi, Haudenschild, 

& Goetinck, 1994; Mörgelin, Heinegård, Engel, & Paulsson, 1994). Together, these features allow 

interactions between the various ECM components, which are important for overall ECM 

assembly.  
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 HA 

As described, GAGs are abundant constituents of the neural ECM (Jenkins & Bachelard, 1988; 

Margolis, Margolis, Chang, & Preti, 1975; Singh & Bachhawat, 1968), and are characterised by 

their linear, polymeric structure, and their composition of different sugar units. HA is the most 

abundant GAG in the neural ECM, forming the major structural backbone because of its ability to 

bind various proteoglycans. HA is a linear, non-sulphated, anionic polysaccharide composed of 

repeating units of D-glucuronic acid and N-acetyl-glucosamine connected by β1-3/β1-4 glucuronic 

bonds (Weissman, Meyer, Sampson, & Linker, 1954; Weissmann & Meyer, 1954). In its native 

state, HA predominantly exists in a high molecular weight form (K. Meyer & Palmer, 1934) of 

2,000–25,000 disaccharides, equating to 1 × 106–1 × 107 Daltons (Da) and 2–25 µm in length 

(Toole, 2004). Unlike other GAGs such as chondroitin sulphate, which are synthesised in the 

Golgi body, HA synthesis takes place at the plasma membrane (Monslow et al., 2003). HA can 

remain tethered to the cell surface via the HA synthase (HAS) enzymes (Kwok, Carulli, & Fawcett, 

2010) or via HA receptors such as CD44 (Knudson, Bartnik, & Knudson, 1993; Winkler et al., 

2012). It can also be secreted into the ECM, where it interacts with numerous other molecules 

(Girish & Kemparaju, 2007). HA is commonly associated with CSPGs via their HA-binding 

domains, but in contrast to other GAGs, which are bound to core proteins as part of proteoglycans 

(Gandhi & Mancera, 2008), HA is not typically found bound to core proteins. The structure of HA 

is shown in Figure 1-2. 

HA was first discovered and characterised in the vitreous humour of the bovine eye by Meyer and 

colleagues (K. Meyer & Palmer, 1934), but it is now known to be expressed in most tissues of the 

body (Fraser, Laurent, & Laurent, 1997), with a wide distribution in the mammalian brain (Bignami 

& Asher, 1992; Yasuhara, Akiyama, McGeer, & McGeer, 1994). The function of HA was initially 

thought to be primarily as a passive structural molecule (Laurent, Laurent, & Fraser, 1996), as it 

is important for tissue hydration (K. Meyer, 1947), skin structure (Ghersetich, Lotti, Campanile, 

Grappone, & Dini, 1994), and wound healing (Chen & Abatangelo, 1999). HA signalling was then 
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shown to regulate cell-cell adhesion of non-neural cells (Itano et al., 2002; Miyake, Underhill, 

Lesley, & Kincade, 1990; Underhill & Dorfman, 1978). More recently, HA was found to have an 

extraordinarily diverse range of functional (rather than simply structural) roles throughout the 

body, including in the CNS, as extensively reviewed (Frischknecht & Seidenbecher, 2008; Miyata 

& Kitagawa, 2017; Preston & Sherman, 2011; Sherman & Back, 2008; Sherman, Matsumoto, Su, 

Srivastava, & Back, 2015). Importantly, the biological effects of HA are size- and concentration-

dependent (Cyphert, Trempus, & Garantziotis, 2015; Stern, Asari, & Sugahara, 2006), and occur 

by signalling through various membrane receptors including CD44, the receptor for HA-mediated 

motility (RHAMM), and the innate immune receptor family of toll-like receptors (e.g., TLR2 and 

TLR4) (Dzwonek & Wilczynski, 2015; D. Jiang et al., 2005; Turley, Noble, & Bourguignon, 2002). 

The unique properties of HA, including its localised cell surface synthesis, variable size, and ability 

to bind multiple receptors and proteins, may allow HA to influence numerous cell signalling 

pathways that are inaccessible to other ECM molecules. This literature review will describe many 

of these functional properties of HA, including the potential involvement of HA in neuronal growth 

and signalling. 

 

Figure 1-2. Chemical structure of HA. The left image shows the repeating unit composition of an HA 

polysaccharide, while the right schematic represents one monomer of HA; i.e., one disaccharide unit of D-

glucuronic acid and N-acetyl-glucosamine. Molecular structure image adapted from Wikipedia (image in 

public domain). 
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 HAS enzymes 

 General properties 

Despite its widespread and abundant expression, HA is rapidly turned over with a half-life of 

minutes to weeks depending on the tissue type, amounting to approximately 30% of total body 

HA being replaced daily (Fraser, Laurent, Pertoft, & Baxter, 1981; Stern, 2003, 2004). Thus, 

enzymatic synthesis and degradation of HA are essential and ongoing processes. HA is produced 

by a family of glycosyltransferase enzymes termed HASs (Monslow et al., 2003; Weigel & 

DeAngelis, 2007). Three HAS genes are present in mammals—HAS1, HAS2, and HAS3—all of 

which are localised at the plasma membrane (Itano & Kimata, 2002; Weigel & DeAngelis, 2007). 

HA is synthesised from uridine diphosphate (UDP)-glucuronic acid and UDP-N-

acetylglucosamine, and based on current models, is secreted into the extracellular space via 

pores formed by the 4–6 transmembrane domains and 1–2 membrane-associated domains of the 

HAS enzymes (Hubbard, McNamara, Azumaya, Patel, & Zimmer, 2012; Weigel, 2015; Weigel, 

Hascall, & Tammi, 1997), or exported by multidrug resistance transporters (Prehm & 

Schumacher, 2004). Each HAS enzyme produces a distinct molecular weight range of HA, which 

in turn can activate a range of downstream signalling pathways and biological functions. HAS2 

preferentially generates high molecular weight HA of >2 × 106 Da, while HAS1 and HAS3 are 

thought to secrete a broader range of HA from approximately 2 × 105–2 × 106 Da (Itano et al., 

1999; Itano & Kimata, 2002) (Figure 1-3). HAS1–3 expression is also differentially regulated by 

a number of growth factors, cytokines, and other external factors (Jacobson, Brinck, Briskin, 

Spicer, & Heldin, 2000; Tammi et al., 2011). 
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Figure 1-3. Membrane-bound HA synthases (HAS1–3) produce HA polymers of different molecular 

weights. HAS2 generates high molecular weight HA of >2 × 106 Daltons (Da), while HAS1 and HAS3 

synthesise HA in the range of 2 × 105–2 × 106 Da. Each HAS enzyme contains several transmembrane 

and membrane-associated subunits (yellow), which are proposed to form a pore for secretion of HA after 

its synthesis on the inner surface of the plasma membrane (Hubbard et al., 2012; Itano & Kimata, 2002; 

Weigel, 2015). 

In addition to their variable HA product sizes, HASs differ in other functional properties. For 

example, HAS1 and HAS2 have faster rates of HA elongation than HAS3 (Itano et al., 1999). 

Further, in cultured COS (fibroblast-like) cells, although all HASs produced a cellular ‘coat’ of HA, 

HAS1 produced only a limited HA coat (Itano et al., 1999). Expression of HAS3, alongside 

aggrecan and cartilage link protein 1, was also sufficient for pericellular net construction in 

cultured human embryonic kidney (HEK) cells (Kwok et al., 2010). Our understanding of HAS 

expression and function in the CNS is limited, however HAS3 was expressed in a neuron-

dependent manner in co-cultures of neurons and glia, and was sufficient for the construction of a 

pericellular HA net (Giamanco & Matthews, 2012). Indeed, HAS3 is thought to be the major tether 

for HA at the cell membrane in peripheral cells, and in PNNs in the CNS (Section 1.6) (Giamanco 

& Matthews, 2012; Kwok et al., 2010).  
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 HAS expression in the CNS 

Despite the abundance of HA in the peripheral ECM, there are limited data on embryonic 

expression of HASs in the CNS. It is known that at embryonic day (E)15 in rodents, the major 

parts of the nervous system including the cerebral cortex are negative for HAS1–3 proteins 

(Torronen et al., 2013). In the mouse embryo, HAS1–3 mRNAs are widely expressed in different 

tissues, and multiple isoforms are often expressed within a given tissue (Spicer & McDonald, 

1998; Tien & Spicer, 2005; Torronen et al., 2013). The HASs also undergo changes in their 

regional distribution during development; for example HAS2 is thought to be the predominant 

HAS during embryogenesis because of its abundance in the embryo, and because HAS2 

knockout animals are not viable, while HAS1 and HAS3 knockouts survive (Camenisch et al., 

2000).  

The postnatal expression of HAS1–3 in the brain has been mainly characterised in the rat 

cerebellum. In the deep cerebellar nuclei, HAS1 mRNA was not present in either postnatal or 

adult animals, while HAS2 was first detectable by PND7, increased at PND14, and subsequently 

decreased. HAS3 showed a similar pattern to HAS2, but with expression detected from PND3 

(Carulli, Rhodes, & Fawcett, 2007). HAS2 and HAS3 mRNA are also present in various neuronal 

subtypes within the postnatal (PND3–PND21) and adult cerebellum, including on neurons with 

and without PNNs (Carulli et al., 2006, 2007). Further, HAS2 and HAS3 mRNA expression levels 

are higher in the developing rat cerebellum compared with those in the adult (Carulli et al., 2007). 

In non-human primates, HAS1–3 mRNAs were expressed at later postnatal stages (5–30 years 

of age, earlier ages not shown) in the prefrontal cortex, with increasing HAS1 mRNA and protein 

expression by reactive astrocytes with aging (Cargill et al., 2012). Although that study reported 

higher overall HAS2 and HAS3 expression compared with HAS1, HAS1 was not detected in 

neurons at any age, while neuron-specific HAS2 and HAS3 expression was not examined. Based 

on these studies and the effect of HAS knockout on HA synthesis (Arranz et al., 2014; Y. Li, Li, 
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Jin, Wang, & Zhao, 2017), HAS2 and HAS3 are thought to contribute to the majority of cortical 

HA synthesis, at least in the adult rodent. 

With regards to specific neural cell types, HAS1–3 proteins are expressed on the somata of 

mature cortical neurons, while HAS1 is also expressed on neuronal axons in the adult mouse 

brain (Y. Li et al., 2017). While the rodent cerebellar studies described above reported that HASs 

were neuronal, and not expressed by astrocytes or oligodendrocytes, there are also reports of 

HAS expression by oligodendrocyte progenitors and astrocytes in vitro (Preston et al., 2012), by 

glial fibrillary acidic protein (GFAP)-positive cells in the adult mouse subventricular zone (SVZ) 

and rostral migratory stream (RMS) (Lindwall, Olsson, Osman, Kuhn, & Curtis, 2013), and by 

reactive astrocytes in aged non-human primates (Cargill et al., 2012).  

 Hyaluronidase enzymes 

 General properties 

High molecular weight HA is degraded into smaller fragments by an endogenous family of 

enzymes called hyaluronidases (Hyals). Hyal activity, initially referred to as a ‘spreading factor’ 

for infection, was first characterised in testes extracts (Chain & Duthie, 1939, 1940). Until recently, 

there were six recognised Hyals encoded in the mammalian genome: Hyal1–4, PH20, and 

HYALP1 (a human pseudogene that is not translated) (Csoka, Frost, & Stern, 2001; Stern & 

Jedrzejas, 2006). An additional testicular enzyme, Hyal5, was identified in rodents, but is not 

present in humans (Kim et al., 2005). Two new mammalian Hyals have also recently been 

identified, designated transmembrane protein 2 (TEMP2) and CEMIP/KIAA1199 (Yamamoto et 

al., 2017; Yoshida, Nagaoka, Kusaka-Kikushima, et al., 2013; Yoshida, Nagaoka, Nakamura, et 

al., 2013). 

All Hyals are widely expressed throughout the body, with the exception of PH20, which is 

predominantly testicular (Csoka, Scherer, & Stern, 1999). Hyal1 and Hyal2 are the main Hyals 

responsible for HA degradation. These active Hyals hydrolyse the hexosaminidic β1–4 glycosidic 
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linkage of the HA polymer (Margolis et al., 1972), resulting in HA digestion products of different 

sizes. For example, Hyal2 produces HA fragments of ~20 kilodaltons (kDa; ~50 disaccharide 

units), while Hyal1 can degrade any size of HA and mainly generates tetrasaccharides (two 

disaccharide units; approximately 0.5 kDa) (Stern, 2003). In addition to HA, Hyals (at least those 

of bacterial origin) can degrade chondroitin and its sulphates, but this occurs at a much slower 

rate than for HA (Rigden & Jedrzejas, 2003). Hyal1 is an intracellular lysosomal enzyme thought 

to be more active than Hyal2 (Lepperdinger, Mullegger, & Kreil, 2001), while Hyal2 may be both 

lysosomal and glycosylphosphatidylinositol-anchored at the cell surface (Lepperdinger, Strobl, & 

Kreil, 1998; Rai et al., 2001). There is also evidence that Hyal1, Hyal2, and PH20 may exist in 

extracellular secreted forms (Cherr, Yudin, & Overstreet, 2001; Frost, Csóka, Wong, & Stern, 

1997; Harada & Takahashi, 2007; M. F. Meyer, Kreil, & Aschauer, 1997). Hyal3 is located 

intracellularly, but does not appear to be involved in HA degradation (Atmuri et al., 2008), and 

may regulate Hyal1 activity (Hemming et al., 2008), while Hyal4 is predominantly a 

chondroitinase, and may be localised at the cell surface (Kaneiwa, Mizumoto, Sugahara, & 

Yamada, 2009). Both TMEM2 and CEMIP2 are cell-surface HA-specific proteins that degrade 

extracellular HA to fragments of approximately 5 kDa and 10–100 kDa, respectively, when 

expressed in HEK cells or fibroblasts in vitro (Yamamoto et al., 2017; Yoshida, Nagaoka, Kusaka-

Kikushima, et al., 2013; Yoshida, Nagaoka, Nakamura, et al., 2013).  

As part of its overall catabolism, HA is thought to be initially degraded at the cell surface by Hyal2, 

then internalised for degradation via the CD44 receptor and processed further by intracellular 

Hyal1. However, it was recently proposed that TMEM2 and CEMIP may also participate in the 

degradation of HA to intermediate size fragments prior to its internalisation (Yamamoto et al., 

2017; Yoshida, Nagaoka, Kusaka-Kikushima, et al., 2013). Further, there is evidence that HA can 

be degraded extracellularly by both enzyme-mediated and non-enzymatic processes, particularly 

at sites of tissue injury and inflammation (Girish & Kemparaju, 2007). Given that the biological 

effects of HA are dependent on its molecular weight—for example HA molecules can be bioactive 

at high molecular weights (in the megadalton [MDa] range) down to lengths of only four 
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disaccharide units (in the Da range)—then degradation of HA also provides a critical additional 

control over HA biology.  

 Hyal expression in the CNS 

Despite the well-established peripheral expression and function of Hyals in the degradation of 

HA, there are only limited and somewhat conflicting studies examining Hyal expression in the 

CNS. The first evidence of Hyal activity in the brain was described in adult rats and cows 

(Margolis, Margolis, Santella, & Atherton, 1972). Expression of Hyal1 mRNA was then found in 

the adult mouse brain, including the cerebral cortex and white matter (Kim et al., 2005; Preston 

et al., 2012), although earlier studies found no Hyal1 mRNA expression in the adult mouse brain 

(Shuttleworth, Wilson, Wicklow, Wilkins, & Triggs-Raine, 2002) or adult human brain (Csoka et 

al., 1999). Another study found weak Hyal1 protein expression on neurons and cells resembling 

oligodendrocytes, but not on astrocytes, in the human cortex (Al’Qteishat, Gaffney, Krupinski, 

Rubio, et al., 2006). In terms of the developing brain, expression of Hyal2 mRNA was reported in 

the mouse brain from E10, but both Hyal2 mRNA and protein are downregulated in the first two 

weeks after birth, and remain either absent or barely detectable in adulthood (Lepperdinger et al., 

1998; Strobl, Wechselberger, Beier, & Lepperdinger, 1998). This corresponds with an absence of 

Hyal2 mRNA in the adult human brain (Csoka et al., 1999). By contrast, other reports have shown 

Hyal2 mRNA expression in the adult mouse brain, including in the cortex and white matter (Kim 

et al., 2005; Preston et al., 2012), and Hyal2 protein was observed on cortical neurons in the adult 

rat and human brain (Al’Qteishat, Gaffney, Krupinski, Rubio, et al., 2006; Al’Qteishat, Gaffney, 

Krupinski, & Slevin, 2006). Hyal3 mRNA is expressed in the adult mouse and human brain (Csoka 

et al., 1999; Shuttleworth et al., 2002). Further, there are reports of Hyal1–3 and PH20 expression 

on oligodendrocyte progenitors in vitro (Preston et al., 2012; Sloane et al., 2010), and of PH20 

expression in the adult mouse cortex and white matter (Preston et al., 2012), as well as in fetal 

sheep white matter and on astrocytes (Hagen et al., 2014). Conversely, PH20 expression in the 

brain has been disputed by others (Marella et al., 2017). Both TMEM2 and CEMIP mRNAs are 
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expressed at similar levels in the adult mouse brain, and CEMIP mRNA is also expressed in the 

human brain (Michishita, Garcés, Barrett, & Horikawa, 2006; Yamamoto et al., 2017). 

Even less is known about the activity of Hyals in the CNS under physiological conditions. 

Functional studies of Hyals have been hindered as Hyal2 knockout is embryonic lethal in the 

mouse. While Hyal1 knockout animals are viable (personal communication cited by (Stern, 

2003)), the neurological phenotype of these animals has not been reported. No apparent 

differences in tissue Hyal activity were reported between the neonatal and adult rat brain, although 

Hyal activity was higher in the grey matter than in white matter (Margolis et al., 1972), suggesting 

that Hyal activity levels may vary across different brain regions. Changes in Hyal levels have also 

been shown in the brain under pathological conditions (see Section 1.10). Overall, the debate in 

existing literature demonstrates that the expression patterns and functions of neural Hyals require 

further characterisation. 

 HA expression in the CNS 

 Timing of HA expression in the CNS 

As described, HA is a major ECM component in the brain, comprising approximately 35% of CNS 

GAGs (Singh & Bachhawat, 1968). This amounts to 35–115 µg/g and approximately 74 µg/g of 

HA in the adult human and rat brain, respectively (Fraser et al., 1997). HA is deposited early in 

CNS development, and is abundant during prenatal and postnatal periods (Margolis et al., 1975) 

in a predominantly diffuse organisation (i.e., not cell-associated) (Carulli et al., 2007; Shibata et 

al., 2013). In the rodent, HA is present in the neural tube as early as E9–11 (Bignami & Asher, 

1992; Fenderson, Stamenkovic, & Aruffo, 1993; Torronen et al., 2013), and is widely expressed 

throughout almost all CNS regions, including the cerebral cortex, by later embryonic stages (E15–

19) (Bignami & Asher, 1992). HA is also expressed in areas of neuronal migration and proliferation 

in the embryonic cortex (Delpech, Delpech, Brückner, Girard, & Maingonnat, 1989). In the fetal 
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human brain, HA is present at 12–16 weeks of gestation, including in the cortical plate (becomes 

layers 2–6), layer 1, and the subplate (Shibata et al., 2013). 

The expression of HA remains abundant and dynamic as the postnatal period progresses, with 

an overall decrease in expression between the embryonic/postnatal periods and adulthood 

(Delpech et al., 1989; Margolis et al., 1975). More specifically, in the rat, CNS HA levels decrease 

by approximately 40% from PND5–47, but subsequently increase by approximately 50%, 

reaching peak levels from PND47–100 (Jenkins & Bachelard, 1988). By 12–18 months, HA 

decreases again to approximately 25% of peak levels, and this level is maintained throughout the 

majority of adulthood (Jenkins & Bachelard, 1988; Margolis et al., 1975), although there is 

evidence that HA accumulates in grey matter during normal aging in non-human primates (Cargill 

et al., 2012). HA is also expressed in the SVZ and RMS in the adult mouse brain—areas 

associated with neural precursor proliferation and migration (Lindwall et al., 2013)—and forms 

fibrous structures in areas of neural precursor migration in the postnatal and adult cerebellum 

(Baier et al., 2007). Overall, these studies suggest that, in line with the timing of HAS expression 

(see Section 1.3.2), HA is present during almost all stages of brain development, and likely has 

different roles at each stage.  

 Patterns of HA expression in the CNS 

In addition to its unique molecular composition, a key feature differentiating the CNS ECM 

(including HA) from other body tissues is that it can be broadly subdivided into a diffuse 

extracellular component (as observed for peripheral tissues), as well as into condensed 

pericellular structures. Indeed, during prenatal and early postnatal development in humans and 

rodents, HA is initially expressed in a diffuse reticular pattern in the extracellular space between 

cells (Bignami & Asher, 1992; Carulli et al., 2007; Shibata et al., 2013), while later HA also forms 

condensed structures around neurons. For example, early postnatally, some neuronal somata in 

the rodent cortex are surrounded by a ring of HA, coupled with a weaker reticular pattern on the 

neuropil (Bignami & Asher, 1992). Neurons in the rat cerebellum also develop HA nets around 
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PND14 (Carulli et al., 2007). In the adult rat and human brain, including the cortex, neurons exhibit 

a pericellular pattern of HA on somata and proximal processes (Bignami, Asher, & Perides, 1992; 

Lindwall et al., 2013; Yasuhara et al., 1994), with HA-positive neurons (predominantly 

parvalbumin [PV]-positive interneurons, and some pyramidal neurons) distributed throughout 

cortical layers 2–6. This pericellular HA was not present on glia (Lindwall et al., 2013). Likewise, 

in vitro, a net-like pattern of HA is present on both inhibitory and excitatory neurons in cortical 

cultures (days in vitro [DIV]12 and DIV21; mainly on PV-positive neurons) (Giamanco & Matthews, 

2012; Miyata, Nishimura, Hayashi, & Oohira, 2005), mature hippocampal cultures (Frischknecht 

et al., 2009), and hippocampal slices (Kochlamazashvili et al., 2010), with evidence of somatic, 

dendritic, and perisynaptic localisation. Importantly, even though this neuronal HA expression 

resembled PNNs (see Section 1.6), these HA expression patterns were examined separately and 

are therefore not necessarily coupled to PNN expression. 

 PNNs 

In addition to both the diffuse and pericellular HA localisation described above, a further 

specialisation of the ECM occurs in numerous brain regions, whereby multiple ECM molecules 

are rearranged to form dense, mesh-like aggregates around neurons, termed PNNs (Figure 1-4) 

(Brückner et al., 1993; Celio & Blumcke, 1994). These unique structures encapsulate the cell 

bodies and proximal processes of neurons, but are absent from the synaptic cleft (Brückner et al., 

1993). Expression of PNNs and a subset of PNN components, including HA, aggrecan, and 

brevican, were also reported on axons (in particular the axon initial segment) (Brückner, Szeoke, 

Pavlica, Grosche, & Kacza, 2006; Dityatev et al., 2007; John et al., 2006), while PNNs and 

brevican expression were found around dendritic synaptic contacts as well (Dityatev et al., 2007; 

John et al., 2006). When PNNs were first identified by Camillo Golgi, they were proposed to be 

‘supportive and protective’ structures (Celio & Blumcke, 1994; Golgi, 1893, 1898). However, there 

is now strong evidence that PNNs are important regulators of many aspects of neural function, 

including synaptic formation and stabilisation, and neuronal plasticity (see Section 1.7).  
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Figure 1-4. Early artistic representations of perineuronal nets (PNNs) in multiple species. Reproduced with 

permission from Elsevier (licence number 4030530388596). Note the mesh-like covering of neuronal 

somata and proximal dendrites (Celio, Spreafico, De Biasi, & Vitellaro-Zuccarello, 1998).  

HA is the major component of PNNs, and is tethered to the neuronal surface, extending outwards 

from the plasma membrane to form the primary structural PNN scaffold. HA is proposed to be 

bound to the neuronal membrane via HAS enzymes (see Section 1.3) (Carulli et al., 2006; Kwok 

et al., 2010). The secondary structure of PNNs is then formed by CSPGs that attach to the HA 

scaffold (Figure 1-5). The major CSPGs associated with PNNs are the lecticans (see Section 

1.2.1), of which neurocan and brevican are the most CNS-specific. Aggrecan is found in most 

PNNs, while brevican, neurocan, and other CSPGs are found in a smaller proportion (Song & 

Dityatev, 2017). CSPGs are negatively charged and repel each other, creating a brush-like 

configuration, while the link protein tenascin-R creates linkages between CSPGs, adding 

structural integrity and forming the mature three-dimensional PNN structure (Aspberg et al., 

1997). The proteoglycan composition of PNNs can vary depending on the brain region (Gati & 
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Lendvai, 2013), although the macromolecular structure remains similar, with HA as the primary 

scaffold and most components bound in an HA-dependent manner. 

Because of their multi-molecular composition, mature PNNs are traditionally detected using 

lectins that bind to a wide range of CSPGs. One of the most commonly used lectins is Wisteria 

floribunda agglutinin (WFA), which labels the N-acetylgalactosamine residues of CSPGs to reveal 

PNNs (e.g., see Figure 1-5). Härtig and colleagues were the first to label PNNs with WFA, 

providing a description of their localisation in the rat brain and demonstrating comparable staining 

with other lectins (Härtig, Brauer, & Bruckner, 1992). 

 

Figure 1-5. Structure of PNNs. Left: organisation of key molecules comprising the three-dimensional 

structure of PNNs. Right: Cultured cortical neuron (purple) labelled with the mature PNN marker Wisteria 

floribunda agglutinin (WFA, green). Neuron on left was adapted from Servier Medical Art, licenced under a 

Creative Commons Attribution 3.0 Unported License. Scale bar: 20 µm. 

 Timing of PNN formation in the CNS 

In the embryonic brain and early postnatally (i.e., prior to PNN formation), many of the putative 

PNN components including HA and CSPGs are deposited in a diffuse pattern (Carulli et al., 2007; 

Milev et al., 1998) (see Section 1.5.2). These ECM components then undergo upregulation and 
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reorganisation to allow condensation and PNN formation, although many components are not 

exclusively perineuronal, and like HA, also remain part of the wider, non-pericellular ECM. PNNs 

form predominantly in the second postnatal week of development, but there is extensive variation 

in their timing between brain regions. In rodents, weakly WFA-stained (immature) PNNs first 

appear on neuronal somata in the cortex and hippocampus at PND14 (Brückner et al., 2000; 

Koppe, Brückner, Brauer, Hartig, & Bigl, 1997), and then reach peak maturity (detected by distinct 

net-like WFA reactivity) between PND21 and PND35–40 (Brückner et al., 2000; Koppe et al., 

1997). Interestingly, WFA-stained neuropil were reported between PND0 and PND7 in the cortex 

and hippocampus, prior to the appearance of PNNs on neuronal somata (Koppe et al., 1997). 

PNNs in non-cortical regions also generally appear before those in cortical regions (Brückner et 

al., 2000; Murakami et al., 1997; Nakagawa, Schulte, Wu, & Spicer, 1987). For example, in the 

cerebellum, immature WFA-positive PNNs first appear at PND7 on a subset of neurons (Brückner 

et al., 2000), while in the brainstem, weakly stained PNNs first appear even earlier, at PND4 

(Brückner et al., 2000). There is limited information regarding the timing of PNN formation in 

humans. PNNs in the human prefrontal cortex generally increase during postnatal development 

and late adolescence, with densities stabilising in early adulthood (Mauney et al., 2013). After 

formation, PNNs generally remain stable and only undergo turnover at a slow rate in the mature 

brain (Brückner et al., 1998).  

 Regional and cell-specific expression of PNNs 

PNNs are widely expressed in the brain (Brauer, Härtig, Bigl, & Brückner, 1993; Brückner et al., 

1993, 1996, 2000; Koppe et al., 1997; A. L. Mueller, Davis, Sovich, Carlson, & Robinson, 2016; 

Seeger, Brauer, Härtig, & Brückner, 1994), with the cerebral cortex and hippocampus by far the 

most extensively studied regions in terms of PNN expression and function (e.g., see Section 

1.8.2). In the cortex of mammalian species, PNNs are generally expressed in all layers except 

layer 1 (Brückner et al., 1993; Mauney et al., 2013; Vidal et al., 2006). In terms of specific areas 

within the cortex, there are abundant PNNs in the visual, auditory, motor, and somatosensory 
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cortices in both rodents and humans (Brückner et al., 1994; Hausen et al., 1996; Seeger et al., 

1994). PNNs are also found in a multitude of other adult brain regions (more than 100 regions 

reported in the rodent), including the brainstem, cerebellum, spinal cord, and subcortical nuclei 

(Seeger et al., 1994). PNNs are predominantly located on ɣ-aminobutyric acid (GABA)ergic 

interneurons, particularly on the PV-positive subtype (Brückner et al., 2000; Celio & Chiquet-

Ehrismann, 1993; Härtig et al., 1992; Kosaka & Heizmann, 1989), where they serve as regulators 

of inhibitory neuronal function (see Section 1.10) (Balmer, 2016; Dityatev et al., 2007; Favuzzi et 

al., 2017). There is also evidence of PNN expression on cortical and hippocampal pyramidal 

neurons, albeit relatively infrequently (Alpar, Gartner, Härtig, & Brückner, 2006; Brückner et al., 

1993). 

 Cellular source of HA and other PNN components in the CNS 

Despite a clear requirement for HA synthesis throughout the developing CNS, the specific cellular 

source of perineuronal HA, particularly during the earliest stages of development, is unclear. 

Astrocytes were classically considered to be the main producers of HA in the CNS (Asher & 

Bignami, 1991; Back et al., 2005; Maleski & Hockfield, 1997; Marret et al., 1994). Microglia can 

also produce HA in vitro (Back et al., 2005). Yet, evidence for neuronal HA production is less 

conclusive. Immature cortical neurons were initially shown to be incapable of constructing an HA 

matrix, at least during the first 7 d in culture (Maleski & Hockfield, 1997). Since this study, limited 

evidence has emerged supporting HA synthesis by cortical neurons in vitro. For example, diffuse 

and pericellular patterns of HA expression were observed at DIV12 in cultured cortical neurons, 

with only the pericellular component remaining after removal of glia (Giamanco & Matthews, 

2012). Thus, total neural HA may originate from both glial and neuronal sources, while the distinct 

net-like perineuronal HA may be derived from neurons themselves. In another study examining 

HA expression on cortical neurons cultured in the absence of glia, HA was expressed on the cell 

bodies and proximal dendrites of PV-positive neurons by DIV21, but earlier expression was not 

examined (Miyata et al., 2005). Similarly, Frischkneckt et al. reported that almost all dissociated 
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hippocampal neurons were positive for HA by DIV24, but only 2% had HA reactivity at DIV10 

(Frischknecht et al., 2009). This culture system also contained astrocytes, and it was not identified 

whether neurons or glia were the source of the HA. Overall, similar to reports on HAS expression 

(Section 1.3.2), these studies indicate that neurons can produce HA, but they have mostly focused 

on more mature neurons. 

In addition to HA and HASs, there are several other components that are essential for PNN 

formation, including CSPGs and link proteins (Kwok et al., 2010). These molecules are 

upregulated during the second postnatal week in the rodent, when PNNs are forming (Brückner 

et al., 2000; Carulli et al., 2007). According to an in vitro study of cortical neurons (Giamanco & 

Matthews, 2012) and in situ work in the cerebellum (Carulli et al., 2006, 2007), the aggrecan 

component of PNNs is produced by neurons, while brevican, phosphacan, and versican are glia-

dependent. The source of neurocan has not been fully determined, but it appears to be produced 

by both neurons and glia in the cerebellum (Carulli et al., 2006, 2007). Similarly, tenascin-R was 

produced by both neurons and glia in the cerebellum and in cortical neuron and astrocyte co-

cultures (Carulli et al., 2006; Giamanco & Matthews, 2012). Interestingly, there is also evidence 

that cultured cortical neurons can construct PNNs (WFA-positive or aggrecan- and HA-positive) 

in the absence of glia in vitro, indicating neuronal production of primary PNN structures and link 

proteins (Giamanco & Matthews, 2012; Miyata et al., 2005). Moreover, in neuron-astrocyte co-

cultures from the hippocampus, the deficits in PNN formation that occur after neuronal knockout 

of four ECM molecules (tenascin-C, tenascin-R, brevican, and neurocan) are not rescued by 

culturing knockout neurons with wild-type astrocytes, suggesting that neurons alone synthesise 

at least some crucial PNN components (Geissler et al., 2013). Neurons are also the main 

producers of the link proteins cartilage link protein 1 and brain link protein 2 in situ (Bekku et al., 

2003; Carulli et al., 2006, 2007), but cartilage link protein 1 may be glial-dependent in cortical 

cultures (Giamanco & Matthews, 2012). 
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Overall, the studies reviewed above demonstrate that HA expression is high during the embryonic 

and postnatal periods, suggesting potential roles in brain development, and that HA is expressed 

on multiple neuronal subtypes by later postnatal periods and in the adult, including as part of 

PNNs. Neurons can also synthesise many of the key PNN CSPG and link protein components. 

Nevertheless, conclusive evidence demonstrating a neuronal capacity for HA synthesis (and 

therefore a direct source of initial PNN formation) is lacking, and the expression of HA on 

developing neurons has not been fully characterised. In addition, despite studies showing that 

developing neurons in the cerebellum express HAS enzymes, and that neurons may express 

Hyals in the adult brain, the expression profile of individual HASs and Hyals in developing neurons 

is largely unknown. Given the density of neural cells in situ, many of the studies described also 

have a limited ability to resolve detailed HAS and Hyal expression on neurons. Thus, the 

expression patterns of HA, HASs, and Hyals, including the capacity of neurons to independently 

synthesise HA, will be investigated in dissociated neuronal cultures to identify their expression on 

specific cellular structures. This forms the basis for studies in Chapter 3 of this thesis. 

 Roles of HA and PNNs in the CNS 

The neuronal roles of HA and PNNs have been largely explored in the mature CNS. This section 

will first outline the currently well-established functions of HA and PNNs in neural signalling and 

plasticity (see (Senkov, Andjus, Radenovic, Soriano, & Dityatev, 2014) for an extensive review). 

Despite this, there is only limited information on the role of HA during early neuronal morphological 

development, and that literature will be presented in the second half of this section. 

 HA in neuronal signalling 

Negatively charged molecules such as HA are thought to affect extracellular ion homeostasis, 

and in turn, synaptic signalling in the CNS. For example, because of its perisynaptic localisation, 

anionic HA was proposed to affect passive flow of ions both intracellularly and extracellularly, and 

create cation sinks for calcium, potassium, and sodium, and may also regulate the clearance of 
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charged neurotransmitters such as glutamate (Frischknecht et al., 2009; Jenkins & Bachelard, 

1988). HA is also a major component of ECM complexes at the nodes of Ranvier in myelinated 

axons, where it forms a diffusion barrier by creating an ‘extracellular ion pool’. Disruption of these 

complexes by knockout of the HA-binding link protein Bral1 decreased axonal conduction velocity 

(Bekku et al., 2010).  

Several studies have used HA degradation by exogenous enzymes to examine its roles in 

neuronal signalling. Experimentally, HA can be degraded by addition of enzymes including 

chondroitinase ABC (ChABC; non-specific) and various Hyals. ChABC mainly degrades 

chondroitin sulphate and other GAGs, but digests HA as well (albeit more slowly). By contrast, 

hyaluronidase from Streptomyces hyalurolyticus is specific for HA (Derby & Pintar, 1978). 

Enzymatic removal of HA alters aspects of hippocampal synaptic plasticity and calcium signalling, 

as well as causing ultrastructural changes. For example, in hippocampal slice cultures derived 

from the postnatal rat brain, HA degradation with hyaluronidase reduced synaptic cleft width and 

impaired synaptic transmission (Kul’chitskii et al., 2009). Degradation of HA in hippocampal 

neuronal cultures also increased α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptor mobility and facilitated increased exchange between pools of extrasynaptic/naïve and 

synaptic receptors at the synapse (Frischknecht et al., 2009). This suggested that HA may 

compartmentalise the synaptic membrane by forming a physical barrier to regulate receptor 

turnover. Degradation of HA by hyaluronidase in hippocampal cultures also increased surface 

expression of the GluN2B N-methyl-D-aspartate (NMDA) receptor subunit and enhanced 

GluN2B-NMDAR mediated spontaneous excitatory postsynaptic currents, indicating a shift back 

to juvenile NMDA receptor composition and juvenile plasticity (Schweitzer et al., 2017). Further, 

enzymatic digestion of HA in hippocampal slice cultures from adult mice decreased activity of 

voltage-dependent calcium channels (VDCCs) and reduced postsynaptic calcium currents, 

resulting in abolition of the VDCC-mediated component of long-term potentiation in postsynaptic 

responses (Kochlamazashvili et al., 2010). Thus, HA expression around the synapse may 

modulate postsynaptic responses and regulate synaptic plasticity. Importantly, however, HA 
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degradation by Hyals may also result in PNN loss, making it difficult to isolate the specific roles 

of HA in mature neurons after PNNs have formed. Further, HA degradation may produce 

biologically active HA fragments that activate other signalling pathways (Shimada & Matsumura, 

1980). A few studies have also implicated the HA-based CNS ECM in learning and memory. 

Intrahippocampal injection of hyaluronidase and removal of HA in vivo impaired contextual fear 

memory in 2–3 month old mice (Kochlamazashvili et al., 2010), while hyaluronidase-mediated HA 

degradation in the auditory cortex of adult gerbils improved cognitive flexibility measured by 

reversal learning performance (Happel et al., 2014).  

 PNNs and neuronal plasticity 

Critical periods of brain development are defined as age ranges during which neural circuitry is 

more easily modified by experience. After closure of a critical period, the synaptic connections 

and circuitry remain largely stable and resistant to input-modification (Hensch, 2003; Takesian & 

Hensch, 2013). Importantly, PNNs are proposed to act as ‘molecular brakes’ to control closure of 

critical periods in brain regions such as the visual cortex, by modulating synaptic stability and 

restricting plasticity. The timing of PNN formation in different brain regions coincides with the 

timing of closure of associated critical periods and completion of CNS maturation (Berardi, 

Pizzorusso, & Maffei, 2004; Galtrey & Fawcett, 2007; Hockfield, Kalb, Zaremba, & Fryer, 1990). 

For example, in the visual cortex, neurons remain capable of modifying their connections to 

control ocular dominance until 3–5 weeks postnatally in the mouse (Gordon & Stryker, 1996), and 

PNN maturation corresponds with closure of the critical period in this region (Pizzorusso et al., 

2002; Ye & Miao, 2013). 

Experimental disruption of PNN formation can impair critical period closure and result in persistent 

neural plasticity. For instance, knockout of the PNN link protein cartilage link protein 1 during the 

critical period in mice decreased PNN formation and was associated with maintenance of juvenile 

plasticity levels in the visual cortex (Carulli et al., 2010). Further, disruption of established PNNs 

in the adult brain or in mature cultured neurons can restore neuronal plasticity. For example, 
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degradation of PNNs in the visual cortex of adult rats using ChABC reactivated ocular dominance 

plasticity following monocular deprivation, similar to the situation in juvenile animals (Pizzorusso 

et al., 2002). PNN disruption can also cause more specific changes in synaptic plasticity. 

Following knockout of four PNN molecules (tenascin-C, tenascin-R, brevican, and neurocan) in 

co-cultured mouse hippocampal neurons and astrocytes, Geissler et al. reported reduced 

synaptic puncta and decreased frequency of evoked excitatory and inhibitory postsynaptic 

currents (Geissler et al., 2013). Moreover, in the adult mouse hippocampus, long-term depression 

(LTD) and long-term potentiation (LTP) were impaired after ChABC treatment (Bukalo, 

Schachner, & Dityatev, 2001), while ChABC degradation or cartilage link protein 1 knockout 

enhanced LTD and increased basal synaptic activity (Romberg et al., 2013). Genetic knockout of 

neurocan or brevican also impaired LTP (Brakebusch et al., 2002; Zhou et al., 2001). 

Similar to HA studies (see Section 1.8.1), the synaptic alterations associated with PNN 

degradation can be accompanied by learning and memory changes. Removal of PNNs by ChABC 

and hyaluronidase in the hippocampus and medial prefrontal cortex impaired contextual and trace 

fear memory (Hylin, Orsi, Moore, & Dash, 2013). However, in the perirhinal cortex, knockout of 

cartilage link protein 1, or degradation of PNNs by ChABC, enhanced recognition memory 

(Romberg et al., 2013). Fear and drug memories are also susceptible to erasure during the critical 

period, and these memories are protected by PNNs after critical period closure. Indeed, 

degradation of PNNs in the amygdala of adult mice, again by ChABC, reactivated this 

susceptibility, allowing removal of these memories (Gogolla, Caroni, Luthi, & Herry, 2009; Xue et 

al., 2014). 

Overall, these studies demonstrate the involvement of HA and PNNs in various aspects of 

synaptic structure, plasticity, and learning and memory, mainly in the mature brain. Nevertheless, 

the specific functions of HA in early neural development, particularly in immature neurons, remain 

poorly understood, and will form a major focus of this thesis. 
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 HA in early neuronal development  

As described, the traditional view of the ECM as simply structural is now obsolete, and there are 

numerous studies demonstrating that the ECM can influence cell growth, migration, and signalling 

in peripheral tissues and in the brain (e.g., see Section 1.1). Despite this, there is a relative lack 

of information on the specific functions of HA in developing neurons. This section will review the 

known roles of HA in the regulation of various aspects of neuronal development, as well as 

highlight areas that require further study. 

The general stages of neuronal maturation in culture are shown in Figure 1-6. Neurons exhibit 

largely stereotyped patterns of morphological development in vivo, and these stages are largely 

preserved in vitro, albeit with altered timing (Barnes & Polleux, 2009; de Lima, Merten, & Voigt, 

1997; Dotti, Sullivan, & Banker, 1988; Polleux & Snider, 2010). Importantly, dissociated culture 

systems allow individual neurons to be clearly resolved. For these reasons, primary neuronal 

cultures have been used extensively as a model system for examining the mechanisms involved 

in neuronal development. 
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Figure 1-6. Key stages of neuronal development. Note the defining characteristics of each stage (1–5; 

purple) (de Lima et al., 1997; Dotti et al., 1988). 

 Role of HA in neuritogenesis and cytoskeletal development 

The sprouting of neurites is a critical stage in neuronal maturation in vivo and in vitro, and is 

essential in the development of axons and dendrites required for functional neural circuit formation 

(Da Silva & Dotti, 2002; Dotti et al., 1988). Neuritogenesis involves dynamic changes in neuronal 

actin organisation and assembly (Sainath & Gallo, 2014). When grown in culture, post-mitotic 

neurons initially exhibit a non-polar morphology (stage 1, no neurites), with a spherical shape that 

is broken by the formation of broad, sheet-like membrane structures called lamellipodia, tipped 

by finger-like actin projections termed filopodia (Da Silva & Dotti, 2002; Dotti et al., 1988). 

Lamellipodia are thin (0.1–0.2 µm thick) sheets containing a meshwork of filamentous actin (F-

actin) fibres, while filopodia contain tight parallel F-actin bundles and are less than 10 µm in length 

(Abraham, Krishnamurthi, Taylor, & Lanni, 1999; Bridgman & Dailey, 1989; Letourneau, 1983).  

For formation of nascent neurites (defined as unspecified extensions from the soma that contain 

microtubules), lamellipodia can either coalesce or segment (Dehmelt & Halpain, 2004; Dehmelt, 

Smart, Ozer, & Halpain, 2003), or filopodia can dilate and elongate (Dent et al., 2007). Neurons 

with multiple immature neurites are defined as multipolar (stage 2) (Dotti et al., 1988). These 
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neurites are capped by growth cones (Figure 1-7), which contain a lamellipodium and multiple 

filopodia at their leading edge (A. K. Lewis & Bridgman, 1992; Lowery & Van Vactor, 2009). The 

neuronal growth cone is an incredibly dynamic sensorimotor structure responsible for determining 

the rate and direction of neurite outgrowth, and later for directing axons and dendrites to their 

targets (Dent & Gertler, 2003; Gomez & Spitzer, 1999; Lowery & Van Vactor, 2009; Ren & Suter, 

2016). Filopodia on developing processes are also thought to form the precursors for neuronal 

spines, and thus formation of synapses (Sekino, Kojima, & Shirao, 2007; Ziv & Smith, 1996). The 

stabilisation of lamellipodia and filopodia depends on the formation of point contact sites between 

the cell membrane and the ECM, known as focal adhesion complexes (Chacon et al., 2012; 

Robles & Gomez, 2006; Robles, Woo, & Gomez, 2005). Once lamellipodia or filopodia extend in 

the correct direction, they are stabilised by these focal adhesions before further outgrowth can 

occur (C. H. Lin, Thompson, & Forscher, 1994). The structures of lamellipodia and filopodia, using 

growth cones as an example, are shown in Figure 1-7. 
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Figure 1-7. Neuronal growth cone structure and fluorescently labelled examples of lamellipodia and 

filopodia. Red: microtubules; green: F-actin. Top panel modified from: User Chris1387, licenced under a 

Creative Commons Attribution-ShareAlike 3.0 Unported licence. Link to material: 

https://en.wikipedia.org/w/index.php?curid=16834298. 

Although HA has not been shown to directly control the development of specific cytoskeletal 

structures on neurons, there is supporting evidence from in vitro studies in non-neural cells. For 

example, in epithelial cells, exogenous application of HA promoted localised lamellipodia 

formation and growth via activation of the CD44 receptor (Oliferenko, Kaverina, Small, & Huber, 

2000), while addition of HA to cultured MDA-MB-231 (breast adenocarcinoma) cells enhanced 

filopodia formation (Louderbough, Lopez, & Schroeder, 2010). Overexpression of HAS2 or HAS3 

in numerous epithelial cell lines also induced plasma membrane extensions resembling filopodia 

(Kultti et al., 2006). Conversely, HAS2 knockdown in keratinocytes reduced lamellipodia formation 

and disrupted adhesion complexes (Rilla et al., 2002). Further, HAS inhibition or HAS knockdown 
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were associated with downregulation of focal adhesion kinase (FAK; described further in Chapter 

4), reduced focal adhesion stability, and reduced filopodia formation in oesophageal carcinoma 

cells via altered signalling through the RHAMM receptor (Twarock, Tammi, Savani, & Fischer, 

2010). There are no equivalent studies in neurons, however overexpression of CD44 (the main 

receptor for HA) in neuroblastoma cells promoted filopodia formation and growth from 

lamellipodia, facilitating increased migration and invasive growth of these cells both in vitro and 

ex vivo (Pusch et al., 2010). Knockout of the TLR2 receptor also reduced neurite outgrowth of 

neural progenitor stem cells in vitro, i.e., impaired their differentiation into neurons (Rolls et al., 

2007). 

 Role of HA in neuronal process outgrowth 

The polarisation of undifferentiated neurites requires extensive rearrangement of the microtubule 

and actin cytoskeleton. During the development of neurites, one neurite begins to grow rapidly 

over a period of several hours to become the axon (stage 3; Figure 1-6) (de Lima et al., 1997; 

Dotti et al., 1988; Polleux & Snider, 2010). Following extension of the axon, remaining neurites 

differentiate into dendrites and begin to undergo growth and arborisation (stage 4) as they 

approach maturity (Scott & Luo, 2001). Both axons and dendrites have growth cones responsible 

for their elongation, branching, and navigation to appropriate targets (Bray, 1973; Crino & 

Eberwine, 1996; Lowery & Van Vactor, 2009; Scott & Luo, 2001). The branching of axons and 

dendrites can arise from bifurcation of growth cones, or can involve protrusive lamellipodia and 

filopodia along process shafts (interstitial branching) (Bray, 1973; Dailey & Smith, 1996; Gallo, 

2011; Scott & Luo, 2001). Lastly, neurons enter a stage dominated by extensive process 

branching, outgrowth, and synaptogenesis (stage 5) (Dotti et al., 1988).  

There is some evidence that HA can influence neuronal process outgrowth. Growth of hippocampal 

neurons on an HA substrate enhanced neurite outgrowth and adhesion at lower concentrations, but 

this effect was reversed at higher concentrations (Oohira et al., 2000). Growth of cultured chick 

dorsal root ganglion neurons on an HA substrate also resulted in slower extension rate of growth 
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cones, fewer filopodia on growth cones, and slower and less straight process growth compared 

with commonly used artificial substrates (Saxod & Bizet, 1988). Further, addition of low molecular 

weight fragments of HA promoted axonal regeneration and functional recovery after spinal cord injury 

in rats (Wakao et al., 2011). In addition, the HA receptor RHAMM is expressed on the somata, 

processes, and growth cones of primary rat and human neurons, and can alter neurite extension 

and motility in a number of cell types including a neuroblastoma/spinal cord cell line, rat primary 

brainstem/spinal cord neurons, and human primary cortical neurons (Nagy, Hacking, 

Frankenstein, & Turley, 1995). The HA receptor CD44 is also expressed on the somata and 

dendrites of developing cortical neurons (Glezer, Bittencourt, & Rivest, 2009; Skupien et al., 

2014). CD44 knockout increased dendritic arborisation of cortical and hippocampal neurons both 

in vitro and in vivo, suggesting an inhibitory role in neuronal dendritogenesis (Skupien et al., 

2014). Similarly, in vivo studies indicate that CD44 regulates axonal guidance in developing 

neurons (Chan, Wang, Lin, Hao, & Chan, 2007; L. Lin, Wang, Chan, & Chan, 2007; Ries, 

Goldberg, & Grimpe, 2007; Sretavan, Feng, Pure, & Reichardt, 1994).  

These studies provide suggestive evidence that HA can control neuronal cytoskeletal and process 

development, but there is no evidence that HA can directly drive these effects, particularly as 

neurons progress through critical early developmental stages prior to PNN formation. Thus, the 

role of neuronal HA synthesis in cytoskeletal and process outgrowth in developing neurons forms 

the basis for studies in Chapters 4 and 5 of this thesis.  

 HA and PNNs in neurological disease 

This section will outline evidence for disruption of the neural ECM, including HA and PNNs, in 

selected disorders of the adult and developing brain, including, epilepsy, stroke, autism spectrum 

disorders, schizophrenia, and perinatal HI. 
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 Mature CNS disorders 

Alterations in the expression and integrity of the ECM have been associated with numerous 

neurological disorders in the adult brain. For example, persistent reductions in multiple ECM 

components (e.g., aggrecan, tenascins, and HAS3) occurred after status epilepticus in an adult 

rodent pharmacological model of epilepsy, with evidence of compromised PNN structural integrity 

(McRae, Baranov, Rogers, & Porter, 2012). Knockout of HAS3 in adult mice also resulted in 

seizure activity via reduced volume of the extracellular space (Arranz et al., 2014), while 

hyaluronidase treatment in hippocampal cultures was associated with seizure-like spiking activity 

(Vedunova et al., 2013). By contrast, HA levels were elevated in human patients and rodent 

models of temporal lobe epilepsy, which may reflect an increase in the extracellular, unbound 

component of HA, and may contribute to mossy fibre sprouting (an epileptogenic process) 

(Bausch, 2006; Perosa et al., 2002). Reduced hippocampal HAS1 and increased HAS3 

expression were also found in a mouse model of Alzheimer’s disease, and these changes were 

implicated in ECM disruption, PNN impairment, and subsequent deficits in plasticity observed in 

Alzheimer’s disease (Y. Li et al., 2017). 

Disruption of PNNs and altered HA expression have also been reported in adult rodent models of 

stroke. For example, downregulation of PNNs in the peri-infarct region of the cerebral cortex 

occurred from 1 d to 4 weeks after focal ischaemia in adult rats (Carmichael et al., 2005; Hobohm 

et al., 2005). Elevated expression of Hyal1 and Hyal2 on neurons in the infarct and peri-infarct 

regions of the cortex was also observed from 1 d to 3 weeks after middle cerebral artery occlusion 

in adult rats (Al’Qteishat, Gaffney, Krupinski, & Slevin, 2006). Similarly, upregulation of 

intracellular Hyal1 in neurons, as well as translocation of HAS2 into neurons and extracellular 

aggregation of HAS1 around neurons, was observed in the infarct and peri-infarct regions of post-

mortem brain tissue of human stroke patients. Interestingly, within this injured tissue, HA staining 

was increased, and persisted for up to 37 d (Al’Qteishat, Gaffney, Krupinski, Rubio, et al., 2006). 

Other ECM-degrading enzymes including matrix metalloproteinases (MMPs) and the ‘a 
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disintegrin and metalloproteinase with thrombospondin motifs enzymes’ (ADAMTSs) are also 

upregulated in rodent models of adult focal ischaemia (Amantea et al., 2007; Park et al., 2009; 

Planas, Solé, & Justicia, 2001; Romanic, White, Arleth, Ohlstein, & Barone, 1998). Collectively, 

these findings indicate increased ECM turnover following a combination of elevated synthesis and 

degradation of HA and PNN components after ischaemia.  

 Neurodevelopmental disorders 

The developing brain is particularly vulnerable to insults, particularly during the time when PNNs 

are forming and circuitry is being established (see Section 1.8.2). Several neurodevelopmental 

disorders have been associated with alterations in the ECM, including PNNs. For instance, 

changes in expression of multiple ECM-associated genes, including PNN-degrading enzymes, 

are associated with schizophrenia (Pantazopoulos, Berretta, Pantazopoulos, & Berretta, 2016). 

Loss of PNNs was reported in the cerebral cortex of post-mortem tissues from schizophrenia 

patients (Enwright et al., 2016; Mauney et al., 2013), which was hypothesised to cause 

dysregulation of glutamate receptor organisation at the synapse (Berretta, 2012). As described 

above, similar alterations in glutamate receptor organisation occur experimentally following 

enzymatic HA degradation (Frischknecht et al., 2009; Schweitzer et al., 2017). By contrast, in 

patients with Rett syndrome, which has a partially overlapping phenotype with autism, PNNs are 

increased in the motor cortex (Belichenko, Hagberg, & Dahlström, 1997). In addition, genetic 

studies indicate that a number of PNN-remodelling enzymes may be altered in autism spectrum 

disorders, although these findings require further investigation (Pantazopoulos et al., 2016).  

Importantly, disruption of GABAergic circuitry and loss of the excitatory-inhibitory balance of 

activity in the cerebral cortex during development are thought to contribute to a number of 

neurological disorders. For example, dysfunction and loss of GABAergic interneurons have been 

associated with epilepsy (Powell et al., 2003; Schuler et al., 2001; Tasker & Dudek, 1991), 

schizophrenia (D. A. Lewis & Moghaddam, 2006; Morishita, Kundakovic, Bicks, Mitchell, & 

Akbarian, 2015), and autism (Gogolla, LeBlanc, et al., 2009; Pizzarelli & Cherubini, 2011). Thus, 
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given the importance of PNNs in regulating interneuron development and activity, alterations in 

the ECM and PNNs may contribute to the GABAergic dysfunction and underlying neural deficits 

observed in these disorders. 

1.10.2.1 Perinatal brain injury 

Reduced oxygen delivery (hypoxia) and blood flow (ischemia) to the brain (cerebral HI) around 

the time of birth is a relatively common cause of death and neurodevelopmental impairment, with 

moderate-severe HI occurring in 1–3 per 1000 live term births (Kurinczuk, White-Koning, & 

Badawi, 2010). Up to 50% of survivors sustain persisting motor and cognitive impairments, 

including cognitive delay, epilepsy, and cerebral palsy (Millar, Shi, Hoerder-Suabedissen, & 

Molnár, 2017). A major pattern of brain injury observed following moderate-severe HI in term born 

babies involves damage to the parasagittal cortex, as well as injury to subcortical grey matter and 

white matter structures (Baenziger et al., 1993; Bano & Chaudhary, 2017; C. P. Chao, Zaleski, & 

Patton, 2006; Gunn & Bennet, 2009; Hill & Volpe, 1981; Huang & Castillo, 2008; Kuenzle et al., 

1994; Steinman et al., 2009). This pattern of injury is strongly associated with adverse 

neurological outcomes, including cerebral palsy, cognitive delay, and epilepsy (Carlsson, 

Hagberg, & Olsson, 2003; Mulligan et al., 1980; Pappas & Korzeniewski, 2016; Robertson & 

Finer, 1985; Robertson, Finer, & Grace, 1989). 

There is limited experimental evidence for ECM disruption in human perinatal HI, however cortical 

brevican, neurocan, and phosphacan decreased from 24 h after HI brain injury in term-equivalent 

rats, while phosphacan then increased at 24 h and 8 d following injury (Matsui et al., 2005). More 

persistent reductions in ECM components were also reported after neonatal HI in rats, with a 

reduction in brevican in the hippocampus from 1–14 d recovery (Aya-ay et al., 2005), and in 

brevican (4 d) and versican (4–21 d) in the cortex and hippocampus (Leonardo, Eakin, Ajmo, & 

Gottschall, 2008). Nevertheless, changes in HA and PNNs after perinatal HI have not been 

described. Perinatal HI may also cause deficits in the cortical GABAergic system. For example, 

following perinatal brain injury in preterm human infants, post-mortem analysis revealed deficits 
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in GABA receptor expression on neurons within the cortex, and on migrating subplate and white 

matter neurons in the areas underlying the cortex (Robinson, Li, Dechant, & Cohen, 2006). 

Experimentally, reductions in glutamic acid decarboxylase (GAD) protein and in total GAD-

positive interneurons in the cerebral cortex occurred after prenatal hypoxia and postnatal HI in 

mice (Louzoun-Kaplan, Zuckerman, Regino Perez-Polo, & Golan, 2008; F. L. Xu, Zhu, & Wang, 

2006). Further, neonatal asphyxia reduced the number of calbindin-positive interneurons in the 

rat cortex (Van De Berg et al., 2003).  

Overall, these studies demonstrate the importance of maintaining ECM integrity in the brain. 

However, despite the suggestive evidence for GABAergic circuit impairment and ECM/PNN 

disruption in various neurodevelopmental disorders, including adult models of HI, an association 

between loss of cortical interneurons and PNN expression in perinatal HI has not been reported. 

Thus, the potential contribution of cortical PNN and interneuron loss to the pathogenesis of 

perinatal HI brain injury will be investigated in Chapter 6 of this thesis. 
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 Hypotheses and specific aims of the thesis 

The central hypotheses of this thesis are that cortical neurons can synthesise HA, which is 

important in controlling multiple aspects of neuronal development, and that loss of HA-based 

PNNs may contribute to the pathogenesis of HI brain injury. 

Aim 1: Characterise the expression of HA, HAS, and PNNs in developing cortical neurons in vitro. 

Working hypothesis: Cultured cortical neurons will express endogenous HAS enzymes and can 

synthesise HA independently of glia, and HA will be localised to key structures required for 

neuronal outgrowth. 

Aim 2: Determine the effect of broad HAS inhibition on the morphological development of cortical 

neurons in vitro. 

Working hypothesis: HA produced by neurons is an important regulator of neuronal lamellipodia 

and filopodia growth, and acute blockade of HA synthesis in vitro will reduce outgrowth of these 

structures that express HA. 

Aim 3: Determine the effect of selective HAS knockdown on the morphological development of 

cortical neurons in vitro. 

Working hypothesis: HA produced by neurons is an important regulator of neuronal process 

development, and specific knockdown of HAS2 or HAS3 in vitro will alter neuronal process 

growth. The magnitude of these effects on neuronal outgrowth will also differ for HAS2 and HAS3 

because of their different enzymatic properties. 

Aim 4: Determine the effect of cerebral HI on PNN and GABAergic interneuron expression in the 

cerebral cortex of the near term fetal sheep. 
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Working hypothesis: The expression of PNNs and interneurons will be reduced following HI in 

the fetal cerebral cortex compared with controls, which may contribute to brain injury and cortical 

dysfunction, including neuronal loss and seizures. 

 Thesis outline 

Chapter 2: General methods 

This chapter provides a general overview of methods common to the main results chapters. These 

include primary cortical neuronal culture, immunocytochemical procedures, RNA extraction, 

cDNA synthesis, quantitative real-time polymerase chain reaction (qPCR) protocols, and western 

blotting. Specific methods are described within the appropriate chapters. 

Chapter 3: HA synthesis by developing cortical neurons in vitro 

This chapter presents a published manuscript slightly modified from its original form, which 

examines the specific expression of HA, HASs, and PNNs on cultured cortical neurons from 

DIV0–21. This manuscript was published under a Creative Commons Attribution 4.0 International 

License, which allows for its reproduction in this thesis. 

Chapter 4: HA synthesis inhibition alters cytoskeletal growth of cortical neurons in vitro 

This chapter examines the short-term effects (DIV1 and DIV3) of pharmacological HAS inhibition 

on neuronal cytoskeletal development in vitro. 

Chapter 5: Selective HAS knockdown alters cortical neuronal process growth and 

complexity in vitro 

This chapter examines the longer-term effects (DIV7) of selective HAS2 or HAS3 knockdown on 

neuronal process development in vitro. 

Chapter 6: Loss of interneurons and disruption of PNNs in the cerebral cortex following HI 

in near-term fetal sheep 
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This chapter presents a submitted co-authored manuscript examining changes in cortical PNN 

and interneuron expression in the term-equivalent fetal sheep model of HI brain injury. 

Chapter 7: Summary and Conclusions 

This chapter provides a summary of key experimental findings, an overall discussion of 

implications of these findings, the potential limitations of these studies, and suggests possible 

future studies arising from this work. 
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2 General Methods 

 Ethics for animal procedures 

All animal procedures in this thesis were approved by the University of Auckland Animal Ethics 

Committee (R1045 and R1643) and performed in accordance with the New Zealand Government 

Animal Welfare Act. 

 Primary cortical neuronal cultures 

Cultures of primary cortical neurons used in Chapters 3–5 were performed as previously 

described (Beaudoin 3rd et al., 2012; Polleux & Ghosh, 2002), with some adaptions. 

 Coverslip cleaning  

Glass coverslips (12 mm diameter; #HERE1051201; Heinz Herenz Medizinalbedarf GmbH, 

Hamburg, Germany) were cleaned prior to coating, as reported previously (Albuquerque, Joseph, 

Choudhury, & MacDermott, 2009). In brief, coverslips were placed in a glass beaker, covered with 

1 N nitric acid, sonicated for 1 h with occasional swirling to increase coverslip exposure to the 

acid, and then rinsed three times with sterile water and sonicated in 1 N hydrochloric acid for 1 h, 

washed 10 times with Milli-Q water, and stored in 90% ethanol until use.  

 Substrate coating of coverslips and plastic cultureware 

A stock solution of 8 µg/mL laminin (#L2020; Sigma-Aldrich, St. Louis, MO, USA) and 80 µg/mL 

poly-D-lysine (#P0899; Thermo Fisher Scientific, Waltham, MA, USA) in sterile Milli-Q H2O was 

used for coating. Approximately 0.3 mL of substrate solution per coverslip was added to coverslips 

in 24-well sterile culture plate (#353047; BD Bioscience, San Jose, CA, USA), or 5 mL was added 

directly to each 100 mm sterile culture dish (#353003; BD Biosciences). Plates were incubated 

overnight (~24 h) in an incubator at 37°C. On the day of neuronal culture seeding, the coating 

solution was removed, and the coverslips washed twice with sterile Milli-Q H2O. After washing, 
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sufficient culture medium was added to cover each coverslip or culture dish, and the plates/dishes 

were incubated at 37°C until cell seeding. 

 Preparation of culture solutions and media 

All glassware dedicated specifically to neuronal cultures was washed at high temperatures without 

detergents and then autoclaved (Central Sterilisation Services, University of Auckland, New 

Zealand). Milli-Q H2O was also sterilised by autoclaving. All final culture solutions were filter 

sterilised with a 0.2 µM Millex syringe filter unit (#SLGP033RS; Merck Millipore, Billerica, MA, 

USA) or a Steritop filter unit (#SCGPT10RE; Merck Millipore) before use in neuronal cultures. 

Complete Hank’s Buffered Salt Solution (HBSS) was prepared with 10× HBSS (Thermo Fisher 

Scientific; diluted to 1×), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; #15630-

080; Thermo Fisher Scientific; 2.5 mM), D-glucose (Sigma-Aldrich; 30 mM), CaCl2 (Sigma-Aldrich; 

1 mM), MgSO4 (Sigma-Aldrich; 1 mM), NaHCO3 (Sigma-Aldrich; 4 mM), and phenol red (Sigma-

Aldrich; 0.001%) in Milli-Q H2O. Neuronal dissociation medium was prepared with Na2SO4 

(Sigma-Aldrich; 98 mM), K2SO4 (Sigma-Aldrich; 30 mM), MgCl2 (Sigma-Aldrich; 5.8 mM), CaCl2 

(0.25 mM), HEPES (1 mM), D-glucose (20 mM), phenol red (0.001%), and NaOH (Sigma-Aldrich; 

0.125 mN) in Milli-Q H2O.  

Enzyme solution (dissociation medium containing cysteine [#C1276; Sigma-Aldrich; 0.32 mg/mL] 

and papain [#10108014001; Roche, Basel, Switzerland; 20 U/mL]) was prepared and placed in a 

37°C water bath for 15 min prior to use. Heavy inhibitory solution (dissociation medium containing 

bovine serum albumin [BSA; #30036578; Sigma-Aldrich; 10 mg/mL] and soybean trypsin inhibitor 

[#17075029; Thermo Fisher Scientific; 10 mg/mL]), and light inhibitory solution (heavy inhibitory 

solution diluted 10× in dissociation medium) were then prepared using pre-warmed dissociation 

medium. The enzyme solution was incubated at 37°C for 15 min prior to use. The pH of the 

solutions was adjusted with 0.1 N NaOH to produce an orange colour (approximately pH 6.9–

7.2). 
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Neurobasal culture medium (#21103-049; Thermo Fisher Scientific) was supplemented with 50× 

B-27 serum-free supplement (#17504-044; Thermo Fisher Scientific; diluted to 1×), 100× 

GlutaMAX supplement (#35050-061; Thermo Fisher Scientific; diluted to 1×), and 100× penicillin-

streptomycin (#15140-122; Thermo Fisher Scientific; diluted to 1×).  

 Dissection of rat embryos  

Pregnant dams at E16 of pregnancy were euthanised with CO2 for 5 min, and cervical dislocation 

then performed. Embryos were removed from the abdomen and placed in Complete HBSS on 

ice. The embryos were extracted, rinsed in Complete HBSS, and placed in fresh Complete HBSS 

on ice. The embryos were then decapitated and brains removed under a dissection microscope 

(PZMTIII; World Precision Instruments, Sarasota, FL, USA). Meninges and non-cortical tissue 

were removed using fine forceps. 

 Dissociation and plating of cortical neurons  

Cerebral cortices from approximately 14 embryos were cut into pieces in Complete HBSS using 

fine curved forceps and transferred to 10 mL enzyme solution. Tissue was then incubated in 

enzyme solution for 20 min at 37°C, and the tube was rocked every 2–3 min to prevent clumping. 

This process was repeated with the remaining 10 mL enzyme solution. The enzyme solution was 

then removed, the tissue rinsed in light inhibitory solution, and then incubated in heavy inhibitory 

solution for 2 min at 37°C. The heavy inhibitory solution was removed, the tissue rinsed in culture 

medium, and 5 mL fresh culture medium added. A fire polished pipette was used to gently triturate 

the tissue approximately 10 times to produce a single cell suspension. A 10 µL aliquot of the 

suspension was diluted 10× in trypan blue, and cell counts were obtained using a 

haemocytometer. 

For immunocytochemical studies, cells were plated at 1 × 105 cells/well (1 mL per well in a 24-

well plate). For mRNA collection studies, cells were plated at 2 × 105 cells/mL (10 mL per 100 mm 

dish + 2 mL additional medium). Cells were maintained in a 37°C, 5% CO2 incubator (HeraCell; 
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Thermo Fisher Scientific). An initial full medium change was performed after 24 h after plating, 

followed by a 50% medium change twice weekly. 

 Immunocytochemistry protocol for cortical neuronal cultures  

The general protocol for immunocytochemical staining of primary cortical neurons was performed 

as previously described (Beaudoin 3rd et al., 2012), with some adaptions. 

 Fixation and antibody/binding protein incubation 

Neurons were rinsed twice in pre-warmed 0.1 M phosphate-buffered saline (PBS), and fixed in 

2% paraformaldehyde (PFA) in 0.2 M phosphate buffer (pre-warmed to 37°C) for 20 min. Cells 

were then washed for 3 × 5 min in PBS, permeabilised in 0.1% Triton-X-100 in PBS for 10 min, 

washed twice in PBS, and then blocked in 5% normal goat serum (NGS; #PCN5000; Thermo 

Fisher Scientific) for 1 h. Variations from NGS blocking are described in the appropriate chapters. 

Neurons were incubated with various combinations of primary antibodies/binding proteins 

overnight in PBS/3% NGS at 4°C. 

Following primary antibody incubation, coverslips were washed for 3 × 10 min in PBS, and 

incubated in appropriate secondary antibodies (1:500 for all; Thermo Fisher Scientific; PBS/3% 

NGS; 0.3 mL/well) for 2.5 h at room temperature (RT). Note that secondary antibodies were 

centrifuged for 2 min at 5,000 × g before use to pellet clumps of fluorophore and reduce speckling 

in stained cultures. The DNA-binding dye Hoechst 33258 (1;10,000; #H3569; Thermo Fisher 

Scientific) was also added to secondary antibody incubations to label cell nuclei. After 3 × 5 min 

washing in PBS, coverslips were mounted onto glass slides using ProLong Gold Antifade 

mountant (#P36930; Thermo Fisher Scientific), cured overnight at RT, and sealed with nail polish 

for long-term storage. Omission of primary antibodies/binding proteins was routinely performed, 

with no evidence of positive staining. Specific details of primary and secondary antibodies are 

given in the various experimental chapters. Specific methods for immunohistochemical staining 

of sheep brain tissue are described in Chapter 6. 
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 Imaging procedures 

Confocal fluorescent imaging and combined differential interference contrast (DIC) imaging of 

neurons were performed using an Olympus FV1000 confocal microscope (Olympus Co., Center 

Valley, PA, USA) with a 60× (numerical aperture [N.A.] 1.35) or 100× (N.A. 1.4) objective. 

Fluorescence imaging for cell counts and tissue imaging was performed using a Zeiss AxioImager 

M2 fluorescent microscope (Carl Zeiss, Thornwood, NY, USA) with 2.5× (N.A. 0.085), 5× (N.A. 

0.17), 10× (N.A. 0.3), 20× (N.A. 0.5), 40× (N.A. 0.75), or 63× (oil; N.A. 1.4) objectives. 

Fluorescence imaging for live cell tracing was performed using a Nikon Ti-S (10× or 20× objective, 

N.A. 0.30 or 0.45, respectively; Nikon Co., Tokyo, Japan). Fluorescence imaging for HA cell 

counts (Chapter 3) was performed using a Nikon Eclipse 80i microscope under a 40× objective 

(N.A. 0.95). Stereo Investigator software (MBF Bioscience, Williston, VT, USA) was used for 

tissue image analysis including cell counts. Neurolucida software (MBF Bioscience) was used for 

neuron tracing. Zen software (Carl Zeiss) was used for qualitative observations and cell counting, 

unless otherwise stated. Specific details of these procedures are described in the various results 

chapters.  

 RNA extraction, cDNA synthesis and qPCR 

 RNA extraction from rat whole brain tissue and testes 

Animals were euthanised by decapitation or by CO2 for 5 min, followed by cervical dislocation. 

Brain or testes rat tissues were rapidly collected at post-mortem, and used fresh after dissection, 

or rapidly frozen in dry ice or liquid nitrogen and stored at −80°C until use. RNA extraction was 

performed using the TRIzol Reagent protocol (#15596-018; Thermo Fisher Scientific). 1 mL of 

TRIzol per 100 mg of tissue was used. Samples were homogenised in PCR-clean 1.5 mL tubes 

(#EP0030123328; Eppendorf, Hamburg, Germany) using a Bio-Gen PRO200 rotor homogeniser 

(PRO Scientific, Oxford, CT, USA) that was rinsed with TRIzol between samples. Samples were 

then aliquoted into new 1.5 mL tubes. Phase separation, RNA precipitation, and RNA washes 

were performed as per the manufacturer’s protocol. In brief, samples were incubated in TRIzol 
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for 5 min, 0.2 mL chloroform was added to each tube, and samples were shaken vigorously by 

hand for 15 s, incubated for 3 min at RT, and then centrifuged for 15 min at 12,000 × g at 4°C. 

The aqueous phase was removed and placed in a new tube. 0.5 mL of isopropanol was added to 

each tube for RNA precipitation, the samples mixed by inversion, incubated at RmT for 10 min, 

and then centrifuged for a further 10 min at 12,000 × g at 4°C to produce an RNA pellet. The 

supernatant was discarded and the pellet was washed once with 75% ethanol, vortexed briefly, 

and then centrifuged at 7500 × g for 5 min. The pellet was dried for ~10 min, and then RNA was 

resuspended in 30 µL UltraPure DNase/RNase-Free distilled H2O (#10977; Thermo Fisher 

Scientific), and samples stored at −80°C until use. 

 RNA extraction from cortical neuronal cultures 

Total RNA was extracted from neurons cultured in 100 mm culture dishes, with three dishes 

pooled for each sample, as follows (Figure 2-1). Culture medium was removed from dishes, and 

6 mL TRIzol reagent was added to one dish. A cell scraper was used to remove adhered neurons, 

and the TRIzol solution was transferred to the second culture dish, and then the third dish. Thus, 

each sample consisted of three pooled 100 mm dishes in a total of 6 mL TRIzol. Samples were 

aliquoted into four 1.5 mL PCR-clean Eppendorf tubes (to allow RNA extraction in this tube size) 

and processed as for tissues (see Section 2.3.1), except that after isopropanol addition, neurons 

were centrifuged for an additional 5 min (15 min total) to allow sufficient pellet visualisation 

because of the small sample mass. RNA from the four tubes was resuspended in a total of 30 µL 

Ultrapure H2O. 
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Figure 2-1. Workflow for RNA extraction from primary neuronal cultures grown in 100 mm dishes. Dishes 

and tubes adapted from Servier Medical Art, licenced under a Creative Commons Attribution 3.0 Unported 

License. 

The RNA concentration of all samples was assessed using a NanoDrop 2000 Spectrophotometer 

(Thermo Fisher Scientific). Only samples with absorbance peaks at 260 nm and A260/280 

(measure of nucleic acid purity) and A260/230 (secondary measure of purity) ratios of >1.6 were 

used for downstream applications. Lower ratios can indicate the presence of contaminants from 

RNA extraction procedures that absorb strongly at ~230 or ~280 nm, such as residual phenol or 

protein (Gallagher, 2001). As a further RNA quality control, the Agilent 2100 Bioanalyzer System 

and the Agilent RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA, USA) were also used 

to assess RNA integrity and quality for 11 brain and testes RNA samples collected using the 

TRIzol method. All RNA samples tested had an RNA Integrity Number of >6.5 (mean: 8.73 ± 

0.37), indicating minimal degradation, and a suitable 28S/18S ribosomal RNA ratio of >1.0 (mean: 

1.64 ± 0.12) (Fleige & Pfaffl, 2006). 
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 cDNA synthesis from whole brain and neuronal culture RNA 

DNA synthesis was performed using iScript Reverse Transcription Supermix for qPCR 

(#1708841; Bio-Rad, Hercules, CA, USA). cDNA was stored at −20°C prior to use. cDNA 

synthesis reactions were set up with 4 µL iScript, 1 µg RNA, and Ultrapure H2O to a total volume 

of 20 µL/reaction. Samples were then incubated in a thermal cycler using the following cycle 

conditions: 25°C × 10 min, 50°C × 30 min, 85°C × 5 min, and 12°C holding temperature. cDNA 

was stored at −20°C until use. 

 qPCR 

qPCR experiments were performed in consultation with the Minimum Information for Publication 

of Quantitative Real-Time PCR Experiments (MIQE) Guidelines (Bustin et al., 2009). Commercial 

probe-based assays were used that were pre-optimised by the manufacturer to maximise 

efficiency of amplification and were guaranteed to perform with efficiencies of 90–110% 

(https://sg.idtdna.com/pages/products/gene-expression/primetime-qpcr-assays-and-primers). All 

assays were also exon-spanning to minimise the possibility of detecting genomic DNA. The 

probe-based approach is advantageous compared with a DNA binding dye such as SYBR green 

as probe-based assays are target-specific, whereas SYBR binds to all double-stranded DNA in a 

given sample (Lind, Ståhlberg, Zoric, & Kubista, 2006).  

qPCR experiments were performed in 384 well plates (#4309849; Thermo Fisher Scientific) using 

the QuantStudio 12K Flex Real-Time PCR system (Thermo Fisher Scientific). Each reaction 

contained 5 µL 2× SsoAdvanced Universal Probes Supermix (#172-5284; Bio-Rad; diluted to 1×), 

0.5 µL 20× probe-based assay (PrimeTime Predesigned qPCR Assays; Integrated DNA 

Technologies, Coralville, IA, USA; or TaqMan Gene Expression Assays; Thermo Fisher Scientific; 

all diluted to 1×), 2 µL undiluted cDNA template, and UltraPure H2O to a total volume of 10 µL. A 

master mix of the above components (except cDNA) was prepared for each gene. An automatic 

pipetting robotic system (EpMotion; Eppendorf) using 50 µL EpTIPS (Eppendorf) was used to 

load the master mix (containing Supermix, probe, and H2O) and the appropriate cDNA template 

into the 384 well plates. Each reaction was performed with 3–5 technical replicates. qPCR 

https://sg.idtdna.com/pages/products/gene-expression/primetime-qpcr-assays-and-primers
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conditions were as follows: hold stage (50°C × 2 min, 95°C × 10 min), PCR stage (95°C × 15 s, 

60°C × 1 min), with a ramping speed of 1.6°C/s, for 40 PCR cycles. 

For analysis, quantification cycle (Cq) data were calculated using QuantStudio software (Thermo 

Fisher Scientific) using automatic thresholding. Data were exported to Microsoft Excel (Microsoft 

Co., Redmond, WA, USA), technical replicates were averaged for each gene/sample, and fold 

changes were calculated using the ΔΔCq method for relative expression analysis (Applied-

Biosystems, 2008; Schmittgen & Livak, 2008). Global normalisation was used to normalise 

samples to 1–3 endogenous controls (details given in appropriate chapters). DIV0 neurons were 

used as reference samples for fold change calculation, and testes tissue served as a positive 

control in preliminary experiments because of its robust HAS and Hyal expression. Negative 

controls containing no cDNA template (no template controls [NTCs]) were included for every 

experimental condition to detect reaction contamination. Where there was amplification of an 

NTC, the data were included only when the NTC Cq differed from the unknown sample by >5 

cycles and when less than three replicates showed amplification, otherwise the data for that 

sample/target combination were excluded (Bustin et al., 2009). Multicomponent plots were also 

checked to ensure that amplification (measured by the dye FAM, a fluorescein derivative) 

occurred above the background fluorescence measured by the passive reference dye (ROX) level 

(Applied-Biosystems, 2008). 

 Western blotting 

 Protein extraction from brain tissue 

Animals were euthanised by decapitation or by CO2 for 5 min, followed by cervical dislocation. 

Rat brains were rapidly collected at post-mortem, and either used fresh after dissection, or rapidly 

frozen in dry ice or liquid nitrogen and stored at −80°C until use. For homogenisation, frozen 

tissue samples (~100 mg) were weighed, and added to seven volumes (weight/volume) of ice-

cold radioimmunoprecipitation assay buffer (RIPA; 50 mM Tris HCl pH 8.0, 150 mM NaCl, 0.1% 

Triton-X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate [SDS]), with a cocktail 
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of protease inhibitors (#5892970001; Roche) and phosphatase inhibitors (#4906837001; Roche). 

RIPA:sample ratios were optimised in preliminary experiments to produce final protein 

concentrations of 1–5 mg/mL. Samples were homogenised with a rotor homogeniser in Protein 

Lo-Bind tubes (#EP0030108116; Eppendorf), which was rinsed well with RIPA buffer between 

samples. Homogenates were agitated constantly for 2 h at 4°C, protein lysates were cleared by 

centrifugation at 16,000 × g for 20 min at 4°C, and the supernatants collected and stored at −80°C 

until use. 

 Protein extraction from cell cultures 

Protein was extracted from neurons cultured in 100 mm culture dishes, and 3–4 dishes were 

pooled for each sample. The cell extraction protocol from Thermo Fisher Scientific was used, with 

a few modifications (https://www.thermofisher.com/nz/en/home/references/protocols/cell-and-

tissue-analysis/elisa-protocol/elisa-sample-preparation-protocols/cell-extraction-protocol.html). 

Culture medium was removed from culture dishes, dishes were washed once briefly with ice-cold 

PBS, and then 6 mL ice-cold PBS per dish was added to the first dish, followed by addition to the 

next dish, and then pooling of 3–4 dishes similar to the RNA protocol (e.g. Figure 2-1). A cell 

scraper was used to remove adhered cells, with dishes kept on ice during this time. Samples were 

then centrifuged at 3000 revolutions per min (rpm) for 10 min to pellet the cells. The supernatant 

was removed, and cells were incubated in three volumes of RIPA buffer/protease and 

phosphatase inhibitors on ice for 30 min, with occasional vortexing to promote cell lysis. The 

protein lysates were cleared by centrifugation at 16,000 × g for 10 min at 4°C, and the 

supernatants collected in Protein Lo-Bind tubes and stored at −80°C until use. 

 Protein quantification 

Total protein concentration was measured using the Bio-Rad DC protein assay (#5000116; Bio-

Rad), according to the manufacturer’s protocol. A 4 mg/mL BSA stock was prepared in RIPA 

buffer, and was used to produce a six-point linear serial dilution for a standard curve (4000, 2000, 

1000, 500, 250, and 125 µg/mL). 5 µL of samples or standards were added to each well, followed 

https://www.thermofisher.com/nz/en/home/references/protocols/cell-and-tissue-analysis/elisa-protocol/elisa-sample-preparation-protocols/cell-extraction-protocol.html
https://www.thermofisher.com/nz/en/home/references/protocols/cell-and-tissue-analysis/elisa-protocol/elisa-sample-preparation-protocols/cell-extraction-protocol.html
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by 25 µL Reagent A’, and then 200 µL Reagent B. All samples and standards were run in duplicate 

for each assay. After 15 min, absorbance at 750 nm was measured using an EnSpire microplate 

reader (Biotek Instruments, Winooski, VT, USA). Average absorbance readings for the 0 µg 

standard wells were subtracted from average sample and standard readings. A linear equation 

was fitted to the standard values and unknown concentrations were calculated. 

Based on protein assay calculations, lysates were diluted in RIPA buffer/protease and 

phosphatase inhibitors to make stock solutions (~200 µg/mL for neurons, 1000 µg/mL for HEK 

293 cells, and 3000 or 5000 µg/mL for tissues). Samples were then combined with either 2× or 

4× Laemmli buffer (Bio-Rad) depending on the amount of protein to be loaded (giving a 1:1 or 1:3 

buffer to sample ratio, respectively), and heated at 95°C for 5 min to denature the proteins. 

Samples were then vortexed briefly, and centrifuged at 16,000 × g for 1 min at 4ºC. Samples were 

loaded into Bio-Rad Mini Protean TGX Stain-Free AnykD gradient gels (Bio-Rad; well size, 

loading amount, and gel percentage varied depending on target protein; see specific experimental 

chapters), with two wells containing Precision Protein Western C pre-stained protein standards 

(5 µL; Bio-Rad). 

 SDS polyacrylamide gel electrophoresis and protein transfer 

Running buffer consisted of 10× Tris/Glycine/SDS buffer (Bio-Rad) diluted to 1× in Milli-Q water. 

Gels were run in a Mini Protean Tetra Cell system (Bio-Rad) for 5 min at 50 V to stack the proteins, 

and then for ~60 min at 120 V at RT. Runs were terminated when the dye front reached the black 

reference mark on the cassette. To visualise total protein, gels were activated for 2.5 min under 

ultraviolet light using the stain-free gel option on a ChemiDoc system (Bio-Rad). Protein was then 

transferred to a nitrocellulose membrane using pre-made Transblot Turbo transfer packs 

(#1704158; Bio-Rad) and a Transblot Turbo machine (Bio-Rad) using the 7 min mixed molecular 

weight pre-programmed protocol. The membrane was then re-imaged to capture the total protein 

transferred using the stain-free blot option on the ChemiDoc system.  
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 Target protein detection 

Membranes were washed in 1× Tris-buffered saline solution (TBST; pH 7.6; 0.1% Tween 20) for 

5 min at RT, blocked in 5% skim milk/TBST for 1 h, and washed for 3 × 10 min in TBST at RT. 

Appropriate primary antibodies (antibodies and concentrations given in specific experimental 

chapters) were diluted in 3 mL TBST/1% skim milk in a 50 mL conical tube, and membranes were 

incubated overnight at 4°C on a roller. The membranes were then washed for 3 × 10 min in TBST, 

and incubated with biotinylated secondary antibody (1:5,000) in 3 mL TBST in a 50 mL conical 

tube for 1 h at RmT on a roller. Membranes were washed again in TBST for 3 × 10 min, incubated 

in StrepTactin-horse radish peroxidase (HRP) conjugate (1:10,000 in 3 mL TBST; Bio-Rad) for 1 

h at RT, and then washed in TBST for 3 × 10 min. Clarity Western ECL Substrates (Bio-Rad) 

were mixed in a 1:1 ratio and added to the membrane for 5 min at RT, protected from light. Protein 

expression on the membranes was imaged using the ChemiDoc machine with the 

chemiluminescent ‘hi sensitivity’ protocol.  

 Analysis 

Lanes and bands were defined manually using Image Lab software (Bio-Rad). Boundaries for 

bands of interest were also checked for consistency using the lane profile function (i.e., to ensure 

that they only spanned the peak region). For normalisation within each blot, target bands were 

first normalised to total protein load for each lane using the manufacturer’s protocol ‘Western Blot 

Normalisation Using Image Lab Software’. The disk size for background subtraction was set to 

70 as recommended. This produced intensity values for each band of interest (Step 1). Next, to 

normalise these intensity values between different blots, one control lane was selected from one 

blot, and the total protein intensity values for each remaining lane (from every blot) were 

measured and divided by this control lane to obtain normalisation factors. The target band 

intensity values from Step 1 were then divided by the corresponding normalisation factors to 

obtain final intensity values (Step 2). Molecular weights of target bands were calculated using 

Precision Protein Western C pre-stained protein standards and ImageLab software. 
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3 HA synthesis by developing cortical neurons in vitro 

 Introduction 

HA is a linear GAG found in the ECM of most tissues throughout the body. HA is produced by a 

family of three transmembrane synthase enzymes (HAS1–3) (Spicer, Augustine, & McDonald, 

1996; Spicer, Olson, & McDonald, 1997; Watanabe & Yamaguchi, 1996), and degraded by Hyal 

enzymes (Csoka et al., 2001; Stern & Jedrzejas, 2006). It exists most commonly as a high 

molecular weight molecule, with a size of 1 × 106–1 × 107 Da (K. Meyer & Palmer, 1934; Toole, 

2004). Originally described as an important structural scaffold for tissues, there is now increasing 

evidence for widespread roles of HA in cellular signalling, differentiation, proliferation, and 

migration in peripheral organs and in the CNS (Preston & Sherman, 2011; Toole, 2004). 

HA is widely expressed in the developing and adult CNS (Bignami & Asher, 1992; Margolis et al., 

1975; Morriss-Kay, Tuckett, & Solursh, 1986; Preston & Sherman, 2011; Yasuhara et al., 1994). 

However, there are limited studies examining the cellular sources of HA in the brain (Bugiani et 

al., 2013; Cargill et al., 2012; Carulli et al., 2006), and it is controversial whether neurons 

independently contribute to HA synthesis. Astrocytes are well-established to produce HA, and 

express a range of HAS genes (Asher & Bignami, 1991; Bugiani et al., 2013; Cargill et al., 2012; 

Marret et al., 1994). In vitro, astrocytes formed pericellular HA matrices, while cortical neurons in 

the same cultures did not (Maleski & Hockfield, 1997). By contrast, in another study HA 

expression was observed on a subset of mature PV-positive neurons in cortical cultures devoid 

of astrocytes (Giamanco & Matthews, 2012; Miyata et al., 2005), suggesting potential neuronal 

HA production. 

In the cerebral cortex, as well as other grey matter regions, HA can form the backbone of 

specialised lattice-like ECM structures termed PNNs, which surround the somata and proximal 

processes of mature GABAergic interneurons (Brückner et al., 1993; Celio & Blumcke, 1994; 

Celio & Chiquet-Ehrismann, 1993; Celio et al., 1998; Härtig, Brauer, Bigl, & Bruckner, 1994; Härtig 
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et al., 1992). PNNs appear postnatally in the developing rodent and human brain (Brückner et al., 

2000; Härtig et al., 1992; Koppe et al., 1997; Mauney et al., 2013), and are associated with 

synaptic stability (Hockfield et al., 1990; D. Wang & Fawcett, 2012) and closure of critical periods 

of plasticity (Carulli et al., 2010; Pizzorusso et al., 2002; Sur, Frost, & Hockfield, 1988; D. Wang 

& Fawcett, 2012). However, the expression and function of HA on neurons without PNNs is 

unclear. In the present study, using dissociated cultures of primary cortical neurons, we assessed 

the specific timing and structural localisation of HA and HASs throughout neuronal development. 
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 Methods 

 Neuronal culture 

Dissociated cultures of cortical neurons were generated from time-mated E16 rat brains using 

established protocols (Beaudoin 3rd et al., 2012; Polleux & Ghosh, 2002). The E16 rat brain is 

widely used for enriched cultures of cortical neurons, as the main period of gliogenesis in the rat 

cortex occurs after E17 and neuronal cells remain the predominant cell type until E19–20 (Bayer 

& Altman, 2004). In brief, neurons were plated onto poly-D-lysine (80 µg/mL) and laminin (8 

µg/mL) coated glass coverslips in 24-well plates (1 × 105 cells/well) for immunocytochemistry or 

100 mm dishes (2 × 106 cells/dish) for mRNA analyses. Cultures were maintained in Neurobasal 

medium containing B-27 Supplement (1×), penicillin-streptomycin (10 µg/mL), and GlutaMAX 

(1×). Neurons were collected at 4 h (DIV0), DIV1, 3, 7, 14, and 21 to cover key neuronal 

maturation stages, including dendrite, axon, and synapse development (de Lima et al., 1997; Dotti 

et al., 1988; Polleux & Snider, 2010). For neurons collected at DIV21, a 1 mM cytosine β-D-

arabinofuranoside (AraC; #C1768; Sigma-Aldrich) stock was made in sterile H2O and added to 

neuronal cultures on DIV1 at a 500 nM final concentration to inhibit glial proliferation associated 

with longer-term cultures (Giamanco & Matthews, 2012; Robert, Cloix, & Hevor, 2012). The 

medium was then fully exchanged to non-AraC containing medium at DIV3. Doses above 500 nM 

were tested in preliminary studies, but were found to cause toxicity. The percentage of GFAP-

positive astrocytes in the neuronal cultures was 0% at DIV0, DIV1, DIV3, and DIV7, <3% at DIV14, 

and <1% at DIV21. Using qPCR, only seven samples out of 23 showed detectable GFAP 

expression (at DIV0, DIV14, and DIV21), while when all time-points from DIV0–21 were 

combined, the average GFAP mRNA expression was >10,000-fold less than that for the neuronal 

marker microtubule-associated protein 2 (MAP2). All protocols were approved by the University 

of Auckland Animal Ethics Committee, and were performed in accordance with the New Zealand 

Government Animal Welfare Act. 
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 RNA isolation and qPCR 

For each time point, 3–4 samples from independent cultures were obtained by pooling three 100 

mm dishes per culture. Total RNA was extracted from cortical neurons using TRIzol according to 

the manufacturer’s protocol, and samples were stored at −80ºC until use. RNA concentration and 

purity were assessed using the NanoDrop 2000. 

For qPCR, cDNA was synthesised from 1 µg total RNA using the iScript cDNA synthesis kit 

according to the manufacturer’s protocol. Experiments were performed using the QuantStudio 

12K Flex Real-Time PCR System with pre-optimised hydrolysis probe assays. A minimum of three 

technical replicates were used per sample. Genes examined and details of probes used are 

shown in Table 3-1. All probes were exon-spanning and designed to detect no genomic DNA. 

GFAP and MAP2 probes were used to confirm culture purity (Table 3-2). 

Data analysis was performed using QuantStudio software, and calculations were performed in 

Microsoft Excel. Relative gene expression was normalised to three endogenous controls, 

including β-actin, TATAA-box binding protein (TBP), and acidic ribosomal phosphoprotein P0 

(ARBP) using global normalisation. mRNA expression was quantified by the ΔΔCq method 

(Schmittgen & Livak, 2008) using DIV0 neurons as reference samples. Cq values of the β-actin, 

TBP, and ARBP genes did not differ significantly between developmental time points or biological 

replicates (data not shown). These genes were previously described as suitable qPCR reference 

genes for use in cortical neurons (L. Zhang et al., 2014). 
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Table 3-1. Hydrolysis probes used for gene expression analysis. 

Gene Assay details 

ARBP (NM_022402) 

Rn.PT.58.45174577 

Probe: 5’-/56-FAM/CGTGATGCC/ZEN/CAGGGAAGACAGG/3IABkFQ/-3’ 

Primer 1: 5’-GAAGCATTTTGGGTAGTCATCC-3’ 

Primer 2: 5’-GTCCTCATTAGAGTGACATCGTC-3’ 

β-actin (NM_031144) 

Rn.PT.58.10607869 

Probe: 5’-/56-FAM/CCGCCACCA/ZEN/GTTCGCCATG/3IABkFQ/-3’ 

Primer 1: 5’-GGAGCCGTTGTCGACGA-3’ 

Primer 2: 5’-AGTACAACCTTCTTGCAGCTC-3’ 

GFAP (NM_017009) 

Rn.PT.58.36145160 

Probe: 5’-/56-FAM/CAACCTCCA/ZEN/GATCCGAGAAACCAGC/3IABkFQ/-3’ 

Primer 1: 5’-CATCTCCACCGTCTTTACCAC-3’ 

Primer 2: 5’-AACCGCATCACCATTCCTG-3’ 

HAS1 (NM_172323) 

Rn.PT.58.11307716 

Probe: 5’-/56-FAM/AGTCACAGA/ZEN/CCTGCACGTAGTCCA/3IABkFQ/-3’ 

Primer 1: 5’-CTTCATCCAGCACTCGCA-3’ 

Primer 2: 5’-TCATGTACACGGCTTTCAAGG-3’ 

HAS2 (NM_013153) 

Rn.PT.58.33810760 

Probe: 5’-/56-FAM/ACATAATCC/ZEN/ACGCTTCTGCCCAGT/3IABkFQ/-3’ 

Primer 1: 5’-GACCTTCACCATCTCCACAF-3’ 

Primer 2: 5’-AAGTCATGTACACCGCCTTC-3’ 

HAS3 (NM_172319) 

Rn.PT.58.10107850 

Probe: 5’-/56-FAM/ACCCAGCCT/ZEN/GCACCATTGAGA/3IABkFQ/-3’ 

Primer 1: 5’-CTCCTCCAACACCTCCTACT-3’ 

Primer 2: 5’-GGCAACTCAGTGGACTACATC-3’ 

Hyal1 (NM_207616) 

Rn.PT.58.35621791 

Probe: 5’-/56-FAM/CTGCACTCT/ZEN/CTCCCAGGCTGT/3IABkFQ/-3’ 

Primer 1: 5’-CTTTAATGGCTTGGCATGACTC-3’ 

Primer 2: 5’-ATTATCTTCTACCCCTGGAGGA-3’ 

Hyal2 (NM_172040) 

Rn.PT.58.11096822 

Probe: 5’-/56-FAM/CGCTTCAAG/ZEN/TATGGAGAACTGCCAGA/3IABkFQ/-3’ 

Primer 1: 5’-GCGTCTGCGTTAGGTACTTC-3’ 

Primer 2: 5’-ACAGAACTTAGCCAGATGGAC-3’ 
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Hyal3 (NM_207599) 

Rn.PT.58.7401752 

Probe: 5’-/56-FAM/AGTCGAGTT/ZEN/CCAAGATGCTCCGC/3IABkFQ/-3’ 

Primer 1: 5’-CGTGATCATGCCACAGAGAT-3’ 

Primer 2: 5’-CAGAGACAGCGAGTTAACCAA-3’ 

MAP2 (NM_013066) 
Rn01401429_m1 (Thermo Fisher Scientific) 

Probe context sequence: GG-ACCACCAGGT-CAGAACCAAT-TCG 

TBP 
(NM_001004198) 

Rn.PT.58.18641244 

Probe: 5’-/56-FAM/ACTCCTGCC/ZEN/ACACCAGCCTC/3IABkFQ/-3’ 

Primer 1: 5’-CAAGTTTACAGCCAAGATTCACG-3’ 

Primer 2: 5’-TTCACCAATGACTCCTATGACC-3’ 

ARBP, Acidic ribosomal phosphoprotein P0; GFAP, glial fibrillary acidic protein; HAS1–3, hyaluronan 

synthase 1–3; Hyal1–3, hyaluronidase 1–3; MAP2, microtubule-associated protein 2; TBP, TATAA-box 

binding protein. All probes were sourced from Integrated DNA Technologies unless otherwise stated. Note 

that only the context sequence for the MAP2 probe was provided by ThermoFisher Scientific. 

 Immunocytochemistry 

For optimal HA staining, neurons on coverslips were fixed in ethanol-acetic acid-formalin (70%, 

5%, 4% volume/volume, respectively) in PBS for 5 min at −20°C (de la Motte & Drazba, 2011). 

Coverslips were then washed for 3 × 5 min in PBS, and blocked for 1 h in 5% BSA/PBS. Cells 

were incubated with biotinylated HA binding protein (bHABP; 1:500; #385911; Merck Millipore) 

and mouse monoclonal anti-MAP2 (1:500; #M4403; Sigma-Aldrich) in PBS/3% BSA overnight at 

4ºC. HABP consists of the HA-binding domain and the link module portions of aggrecan, and 

allows detection of endogenous HA, since HA is not immunogenic (de la Motte & Drazba, 2011; 

Ripellino, Klinger, Margolis, & Margolis, 1985). Cells were then washed for 3 × 5 min in PBS, and 

incubated in PBS/3% BSA with appropriate secondary antibodies (1:500 for each), including 

streptavidin-conjugated Alexa Fluor 594 and goat anti-mouse Alexa Fluor 488/660, for 2.5 h at 

RT, followed by Hoechst 33258 (1:10,000) to identify cell nuclei. Axons were also identified on 

neurons stained with bHABP/MAP2, and were classified as thin diameter, non-tapered processes 

that showed weak or no MAP2 immunoreactivity. 
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For HAS2–3 immunocytochemistry, neurons were fixed in 2% PFA for 20 min. Cells were then 

washed for 3 × 5 min in PBS, permeabilised in 0.1% Triton-X-100 in PBS for 10 min, washed 

twice in PBS, and then blocked in 5% NGS for 1 h. Neurons were incubated with rabbit polyclonal 

anti-HAS2 (1:100; #sc-66916; Santa Cruz Biotechnology, Dallas, TX, USA) or rabbit polyclonal 

anti-HAS3 (1:200; #NBP1-86328; Novus Biologicals, Littleton, CO, USA), with anti-MAP2 (1:500) 

overnight at 4°C. Phalloidin-488 (#A12379; 1:100; Thermo Fisher Scientific) was added with 

secondary antibodies for 2.5 h. The commercial HAS2 antibody is a rabbit polyclonal raised 

against amino acids 121–180 (DGN SED DLY MMD IFS EVM GRD KSA TYI WKN NFH EKG 

PGE TDE SHK ESS QHV TQL VLS NKS) within an internal region of HAS2 of human origin. The 

HAS3 antibody is a rabbit polyclonal raised against amino acids 127–186 (RQE DAY MLD IFH 

EVL GGT EQA GFF VWR SNF HEA GEG ETE ASL QEG MDR VRD VVR AST FSC) within an 

internal region of HAS3 of human origin. The full rat HAS2 (NCBI accession, AAB63209) and 

HAS3 (NCBI accession, NP_758822) amino acid sequences have 70% similarity, while the HAS2 

and HAS3 sequences used to generate the antibodies have 40% similarity. Further, the HAS2 

antibody amino acid sequence has only 42% similarity to rat HAS3, with no overlapping regions 

spanning more than four amino acids in length, while the HAS3 antibody amino acid sequence 

has only 41% similarity to rat HAS2, with no overlapping regions spanning more than four amino 

acids in length.  

To examine for potential cross-reactivity of the HAS2 and HAS3 antibodies, each antibody was 

pre-incubated with a blocking peptide (10:1 concentration; #NBP1-86328PEP; Novus Biologicals) 

against the HAS3 antibody; a blocking peptide for the HAS2 was not commercially available. By 

immunocytochemistry, there was a marked reduction in neuronal HAS3 staining when using the 

HAS3 antibody that was pre-incubated with the HAS3 blocking peptide, supporting the specificity 

of the HAS3 antibody (Figure 3-1). Further, a normal pattern of neuronal HAS2 staining was 

observed when using the HAS2 antibody that was pre-incubated with the HAS3 blocking peptide, 

suggesting no cross-reactivity of the HAS2 antibody with endogenous HAS3 protein.  
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Figure 3-1. HAS2 and HAS3 labelling of cortical neurons after pre-incubation of antibodies with a HAS3 

blocking peptide. Representative examples from neurons at DIV7 are shown. (A) HAS3 labelling without 

blocking peptide pre-incubation. (B) HAS3 staining after pre-incubation of the HAS3 antibody with the HAS3 

blocking peptide. Note the reduction in red HAS3 immunoreactivity on the neuronal cell body and processes 

after antibody blocking. (C) HAS2 labelling without blocking peptide pre-incubation. (D) HAS2 staining after 

pre-incubation of the HAS2 antibody with the HAS3 blocking peptide. Note also that HAS2 labelling was 

not changed with HAS3 blocking peptide pre-incubation. Scale bar: 30 µm; BP, blocking peptide. 

For synaptic staining, cells were incubated with a combination of bHABP (1:500) and rabbit 

polyclonal anti-synaptophysin (pre-synaptic marker; 1:300; #ab68851; Abcam, Cambridge, MA, 

USA) or mouse monoclonal anti-postsynaptic density protein 95 (PSD95; post-synaptic marker; 
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1:200; #MA1-046; Affinity BioReagents, Golden, CO, USA). Cells were washed for 3 × 5 min in 

PBS, and incubated in appropriate secondary antibodies, including streptavidin-conjugated Alexa 

Fluor 594 and goat anti-mouse Alexa Fluor 488/660, for 2.5 h at RT, followed by Hoechst 33258 

to identify cell nuclei. In preliminary experiments using goat polyclonal anti-HAS1 antibody (1:100; 

#sc-23145; Santa Cruz Biotechnology), we were unable to produce optimal HAS1 staining. To 

detect PNNs, neurons were stained with the established CSPG marker biotinylated WFA (1:500; 

#L1516; Sigma-Aldrich) (Härtig et al., 1992) and MAP2 using the procedures described above. 

Omission of primary antibodies/binding proteins resulted in no positive staining. 

After 3 × 5 min washing in PBS, coverslips were mounted onto glass slides using ProLong Gold 

Antifade mountant, cured overnight at RT, and then sealed. The specificity of HA staining was 

confirmed by pre-treatment of fixed neurons with hyaluronidase from Streptomyces hyalurolyticus 

(37°C for 1 h; Sigma-Aldrich; 4 U/mL), which eliminated the HABP signal (Figure 3-2) (Ohya & 

Kaneko, 1970). Neurons were imaged using an Olympus FV1000 confocal microscope under a 

60× or 100× objective, while a Zeiss AxioImager M2 fluorescent microscope under a 20× objective 

was used for cell counting images. Combined DIC and fluorescent images were also obtained 

using the Olympus FV1000 confocal microscope. 
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Figure 3-2. Pre-treatment of neurons with hyaluronidase abolishes HA labelling. Representative examples 

from neurons at DIV14 are shown. Neurons were stained with biotinylated HA binding protein (bHABP; left: 

grey, right: red), microtubule-associated protein 2 (MAP2, green), and Hoechst 33258 (blue). (A) HABP 

labelling with no hyaluronidase pre-treatment. (B) HABP labelling after hyaluronidase pre-treatment. Note 

that HABP labelling was absent after hyaluronidase pre-treatment. Scale bar: 30 µm. 

 Western blot for HAS2 and HAS3 antibody validation 

The specificity of the HAS2 and HAS3 antibodies was further confirmed by western blot. Adult rat 

testes tissue was homogenised with a rotor homogeniser in RIPA buffer with a cocktail of protease 
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and phosphatase inhibitors, and incubated at 4ºC with constant agitation for 2 h. The lysate was 

centrifuged for 20 min at 14,000 × g, and the supernatant was collected. Protein concentration 

was determined using the Bio-Rad DC protein assay. Protein was incubated in Laemmli buffer for 

5 min at 95ºC. For each sample, 30 µg of protein was loaded onto AnykD Mini-Protean TGX Stain-

Free gels, with a Precision Plus WesternC Protein Standard. The gel was run at 50 V for 5 min, 

followed by 120 V for 80 min, at RT. Proteins were transferred onto a nitrocellulose membrane 

using the Transblot Turbo system (mixed molecular weight program). Membranes were blocked 

in 5% skim milk/TBST for 1 h, and then incubated in rabbit anti-HAS2 (1:100; Santa-Cruz 

Biotechnology) or rabbit anti-HAS3 (1:200; Novus Biologicals) in 3% skim milk/TBST overnight at 

4ºC. Membranes were washed for 3 × 10 min in TBST, incubated in biotinylated goat anti-rabbit 

antibody (1:5000; Vector Laboratories, Burlingame, CA, USA) for 1 h at RT, washed for 3 × 10 

min in TBST, and then incubated with StrepTactin-HRP (1:20,000) for 1 h at RT. Finally, 

membranes were washed for 3 × 10 min, and then incubated in Clarity Western ECL Substrate 

for 5 min. Protein bands were visualised using the ChemiDoc system. Blots for both HAS2 and 

HAS3 showed a single band at the expected molecular weight for each antibody (Figure 3-3). 
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Figure 3-3. Western blot showing HAS2 (top, lane 1) and HAS3 (bottom, lane 1) protein expression in 

testes lysate.Note the appearance of a single dark band for HAS2 and HAS3 (arrows, approximately 63 

kilodaltons [kDa]). There was minimal background staining produced by incubation with secondary and 

tertiary antibodies (lane 3). A 10–250 kDa ladder is shown in lane 2. The exposure time was 2 s for both 

membranes. 
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 Quantitative analysis of HA expression 

Assessment of the percentage of cortical neurons that expressed HA was performed on neurons 

double-labelled with MAP2 and bHABP. A circular region of interest was traced 1000 µm inside 

the outer edge of each coverslip, and 10 random sites were imaged (Zeiss AxioImager M2). 

MAP2-positive neurons were then classified as either positive or negative for HA, and counts 

were obtained for each site using ImageJ (Schindelin, Rueden, Hiner, & Eliceiri, 2015).  

 Statistical analysis 

For qPCR experiments, data are presented as relative expression values (relative quantification, 

RQ) compared with DIV0 of culture. One-way analysis of variance (ANOVA) followed by a 

Dunnett's multiple comparisons test was used to assess differences between the reference group 

(DIV0) and other time points using ΔCq values. One-way ANOVA with Tukey’s multiple 

comparisons post-hoc test was used to analyse differences in the percentages of HA-positive 

neurons between time points in culture. A value of p < 0.05 was considered statistically significant. 

Graphs were generated using GraphPad software (GraphPad Software, Inc., La Jolla, CA, USA). 

Data are presented as mean ± standard error of the mean (SEM). 

 Results 

 Cultured cortical neurons express the family of HASs and Hyals throughout 

development in vitro 

3.3.1.1 HAS mRNA expression by qPCR 

Cultured cortical neurons expressed HAS1, HAS2, and HAS3 mRNA at all time points. Using 

normalised ΔCq data, HAS3 was expressed at the highest levels (~670 fold higher than HAS1), 

followed by HAS2 (~130 fold greater than HAS1), while HAS1 consistently had the lowest 

expression (Table 3-2). Lower ΔCq values reflect higher gene expression values. 
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Table 3-2. Average Δ quantification cycle (Cq) values of HAS1–3, MAP2, and GFAP over time in culture. 

 HAS1 HAS2 HAS3 MAP2 GFAP 

DIV0 17.57 ± 0.22 10.84 ± 0.59 8.32 ± 0.40 5.35 ± 0.64 18.88 

DIV1 17.36 ± 0.26 11.52 ± 0.66 8.21 ± 0.64 5.83 ± 0.74 n.d. 

DIV3 16.27 ± 0.32 8.69 ± 0.12 6.23 ± 0.19 3.58 ± 0.17 n.d. 

DIV7 15.41 ± 0.57 9.24 ± 0.14 5.43 ± 0.29 3.31 ± 0.40 n.d. 

DIV14 14.77 ± 0.64 9.42 ± 0.05 7.13 ± 0.30 2.59 ± 0.18 16.85 

aDIV21 14.13 ± 0.29 14.78 ± 0.40 11.99 ± 0.57 5.37 ± 0.50 13.99 ± 0.45 

Data are mean ± SEM. n = 3–4 samples per developmental stage (from 3–5 independent cultures). ΔCq 

values reflect quantitative real-time PCR (qPCR) amplification cycle differences between the target genes 

and endogenous controls. Lower ΔCq values reflect higher gene expression. DIV, days in vitro; n.d., not 

detected. Note that GFAP was only expressed in 2/5 samples at DIV0 and 2/4 at DIV14. aDIV21 neurons 

were treated with cytosine β-D-arabinofuranoside (AraC) to inhibit glial proliferation. 

There was a significant overall effect of time in culture on HAS1–3 gene expression (one-way 

ANOVA, p < 0.03). Thus, we assessed the fold-change in target gene expression over time in 

culture. Relative to DIV0, HAS1 and HAS3 mRNA expression progressively increased to peak at 

DIV21 and DIV7, respectively (Figure 3-4A, C), while HAS3 expression progressively decreased 

thereafter. HAS2 expression peaked at DIV3, and subsequently decreased (Figure 3-4B). 
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Figure 3-4. HAS1–3 mRNA expression during cortical neuron development in vitro.  Gene expression was 

normalised to days in vitro (DIV)0 to provide relative quantification values (RQ). n = 3–4 samples from 3–5 

independent cultures for each developmental stage. Error bars are minimum and maximum RQ; *p < 0.05, 

**p < 0.01, ***p < 0.001 relative to DIV0. 

3.3.1.2 Hyal mRNA expression by qPCR 

Hyal1–3 were expressed at all time points examined. Based on ΔCq data, Hyal2 was expressed 

at the highest level, followed by Hyal3, and Hyal1 was the lowest. At DIV0, Hyal2 was ~22-fold 

higher than Hyal1, and Hyal3 was ~4.5 fold higher than Hyal1. PH20 and Hyal5 mRNAs were not 

detected in these cultures. Hyal4 was not examined as it is not thought to exhibit functional 

hyaluronidase activity (Kaneiwa et al., 2012). 

Table 3-3. Average ΔCq values of Hyal1–3 from DIV0–DIV21 in culture. 

 Hyal1  Hyal2  Hyal3 

DIV0 11.15 ± 0.96  6.53 ± 0.59  8.98 ± 0.98 

DIV1 13.56 ± 1.55  7.16 ± 1.48  7.84 ± 1.32 

DIV3 11.62 ± 0.93  6.18 ± 0.12  6.56 ± 0.13 

DIV7 7.68 ± 0.34  5.82 ± 0.19  5.89 ± 0.32 

DIV14 5.70 ± 0.26  5.92 ± 0.09  5.59 ± 0.30 

DIV21a 13.38 ± 0.54  10.14 ± 0.96  10.12 ± 0.84 
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Data are mean ± SEM. n = 3–4 samples per developmental stage (from 3–5 independent cultures). ΔCq 

values reflect qPCR amplification cycle differences between the target genes and endogenous controls. 

Lower ΔCq values reflect higher gene expression. aDIV21 neurons were treated with AraC to inhibit glial 

proliferation. 

RQ analysis showed that Hyal1 and Hyal3 progressively increased with time in culture to peak at 

DIV14, and then decreased by DIV21. Interestingly, Hyal1 was extensively upregulated at DIV14 

to around 37-fold higher than DIV0. Hyal2 mRNA remained relatively constant with no significant 

changes in expression throughout the time points examined.  

 

Figure 3-5. Hyaluronidase (Hyal1–3) mRNA expression during cortical neuron development in vitro. Gene 

expression was normalised to DIV0 to provide relative quantification values (RQ). n = 3–4 samples from 3–

5 independent cultures for each developmental stage. Error bars are minimum and maximum RQ. *p < 

0.05, **p < 0.01, ***p < 0.001 relative to DIV0. 

3.3.1.3 HAS protein expression by immunocytochemistry 

Next, we assessed the expression of HAS2 and HAS3 proteins on MAP2-positive cortical neurons 

by immunocytochemistry. At DIV0, immature neurons showed limited somatic HAS2 and HAS3 

immunoreactivity, while by DIV3, most neurons exhibited a punctate pattern of HAS2 and HAS3 

(Figure 3-6 and Figure 3-7) on somata and processes. With neuronal maturation (DIV7 and 

DIV14), more extensive HAS2 and HAS3 protein expression was observed on neuronal 

processes (e.g., Figure 3-6B). At early developmental stages (up until DIV7), there was also 
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evidence of HAS2 and HAS3 expression on F-actin-positive lamellipodia, growth cones, and 

filopodia (e.g., Figure 3-7A).  

 

Figure 3-6. HAS2 protein expression on cortical neurons in vitro.  HAS2 (left: grey, right: red) and F-actin 

(green) at (A) DIV3, (B) DIV7, and (C) DIV14. A high magnification example of a neuronal process 

expressing HAS2 is shown (B, inset). Scale bar: 5 µm (inset), 30 µm. 
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Figure 3-7. HAS3 protein expression on cortical neurons in vitro. HAS3 (left: grey, right: red) and F-actin 

(green) at (A) DIV3, (B) DIV7, and (C) DIV14. A high magnification example of a growth cone expressing 

HAS3 is shown (A, inset). Scale bar: 5 µm (inset), 30 µm. 

 Cortical neurons produce HA throughout development in vitro 

To determine whether the neuronal HASs were functional, we assessed the expression of HA on 

cortical neurons using bHABP, which selectively labels HA ≥10 monosaccharides in size 

(Ripellino et al., 1985). The percentages of HA-positive neurons over time in culture are shown in 

Table 3-4.  
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Table 3-4. Percentage of neurons expressing HA or Wisteria floribunda agglutinin (WFA) throughout 

development in vitro. 

 DIV0 DIV1 DIV3 DIV7 DIV14 DIV21 

%HA+ 16.2±1.3 60.4±1.8† 84.2±1.3† 91.5±1.0† 97.4±0.5* 92.6±2.5 

%WFA+ – – – 7.5±1.3 16.8±2.3 53.4±4.3† 

Neuronal HA and WFA labelling was confirmed by MAP2 co-labelling. Data are mean ± standard error of 

the mean (SEM). *p < 0.05, †p < 0.001, vs. previous culture time point. n = > 20 sites counted per time point 

from 2–3 independent cultures. 

At 4 h after culture, ~16% of cortical neurons showed a pattern of small HA puncta on cell bodies 

(Figure 3-8A). At DIV1 and DIV3, neurons showed a more extensive pattern of pericellular HA 

surrounding the cell body and extending along the length of developing neurites (Figure 3-8B, 

C). By DIV7, DIV14, and DIV21, almost all neurons expressed HA (Table 3-4), with larger puncta 

localised to the cell bodies, and smaller puncta along processes (Figure 3-8D, E). Additionally, 

from DIV14, more diffuse HA was present in the pericellular and extracellular regions. Pre-

treatment of cultured neurons with hyaluronidase from Streptomyces hyalurolyticus abolished HA 

staining (see Figure 3-2). 
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Figure 3-8. HA expression on cortical neurons in vitro. Neurons at DIV0, 1, 3, 7, 14, and 21 (A–F) were 

stained with biotinylated HA binding protein ([bHABP] left: grey, right: red), MAP2 (green), and Hoechst 

33258 (blue). Scale bar: 30 µm. 
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 HA is localised to specific neuronal structures in vitro 

To confirm our findings of HAS expression on specific neuronal structures (see Section 3.3.1.3), 

we examined the detailed expression patterns of neuronal HA. HA was frequently localised to 

neuronal lamellipodia (Figure 3-9A), immature neurites (Figure 3-9B, C), and growth cones 

(Figure 3-9C) in developing neurons from DIV1–7 (only DIV3 images are shown), with occasional 

expression on filopodia (Figure 3-9B, C). In more mature neurons, HA was also localised to 

dendrites and axons (Figure 3-9D). In addition, we examined the spatial association of neuronal 

HA with the mature synapse by comparing HA labelling with immunoreactivity for presynaptic 

(synaptophysin) and postsynaptic (PSD-95) markers on mature neurons. Both presynaptic 

boutons and postsynaptic sites were closely associated with HA matrix along neuronal processes, 

although we did not observe any direct overlap of HA with synaptic markers (Figure 3-10). 
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Figure 3-9. Structural localisation of HA on cortical neurons in vitro. Subcellular structures were visualised 

under differential interference contrast (DIC) optics. bHABP localisation (red) was observed on neuronal 

lamellipodia (arrowheads; A), immature neurites (between arrowheads; B), growth cones (arrowheads; C), 

filopodia (arrows; B–C), dendrites (arrows; D), and axons (defined as a thin, MAP2-negative process, 

arrowheads; D). MAP2, green. Scale bars: 10 µm (A–C), 30 µm (D). 
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Figure 3-10. Spatial relationship between HA and synaptic markers on cortical neurons in vitro. 

Representative examples of neurons labelled with bHABP (red) and synaptophysin (A, green) or PSD-95 

(B, green) at DIV21 are shown. High magnification images indicate small spatial separation, but no 

colocalisation, between HA (C, D) and synaptophysin (SYN; E, G) or PSD-95 (F, H) immunoreactive puncta 

on neuronal processes. Scale bars: 20 µm (A, B), 5 µm (C–H). 
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 Development of mature PNN components on cortical neurons in vitro 

Finally, we assessed the timing of formation of PNN-like structures in our culture system using 

WFA, which labels the N-acetylgalactosamine component of CSPGs and is commonly used to 

identify mature PNNs (Härtig et al., 1992). The percentages of WFA-positive neurons over time 

in culture are shown in Table 3-4. There was no evidence of WFA labelling on cortical neurons at 

DIV0–3 (Table 3-4). However, at DIV7, DIV14, and DIV21, ~7%, ~17%, and 53%, respectively, 

of all cortical neurons expressed pericellular WFA. This contrasts with our finding that almost all 

neurons (>90%) showed HA labelling from DIV7–DIV21. At DIV7, only a few small WFA-positive 

puncta were visible on neuronal cell bodies, with no obvious process staining (Figure 3-11A). By 

DIV14 there were larger WFA-positive puncta localised to neuronal cell bodies, and expression 

of smaller puncta along processes (Figure 3-11B). By DIV21, there was a more extensive pattern 

of pericellular WFA (Figure 3-11C), which closely resembled a classical mesh-like PNN structure 

(Celio & Blumcke, 1994; Miyata et al., 2005). 
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Figure 3-11. PNN expression on cortical neurons in vitro. Neurons at DIV7, DIV14, and DIV21 (A–C) were 

stained with biotinylated WFA (left: grey, right: red), MAP2 (green), and Hoechst 33258 (blue). Scale bar: 

30 µm. 
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 Discussion 

There is now strong evidence that PNNs can control CNS plasticity, particularly in the cerebral 

cortex and hippocampus (D. Wang & Fawcett, 2012). HA is a major component of the ECM in the 

brain, and contributes to PNN-mediated regulation of neuronal signalling and synaptic plasticity 

in developmentally mature neurons (Frischknecht et al., 2009; Kochlamazashvili et al., 2010; 

Kul’chitskii et al., 2009). Herein, we provide new in vitro evidence that cortical neurons express 

the entire family of HAS enzymes, and produce HA on multiple structures important for neuronal 

development and synaptic function. 

Astrocytes are a major source of HA (Asher & Bignami, 1991; Marret et al., 1994), and contribute 

to the formation of PNNs in vitro and in vivo (Brückner et al., 1993; Carulli et al., 2006). Indeed, 

in co-cultures with cortical neurons, astrocytes produced a pericellular HA matrix by DIV7, while 

neurons did not (Maleski & Hockfield, 1997). However, in longer recovery experiments in purified 

neuronal cultures, a small subset of cortical neurons expressed pericellular HA in a classical PNN-

like pattern at DIV12 and DIV21 (Giamanco & Matthews, 2012; Miyata et al., 2005). Further, 

cultured hippocampal neurons expressed HA at DIV24, but not at DIV10 (Frischknecht et al., 

2009). By contrast, in our enriched neuronal cultures largely devoid of astrocytes, we found 

punctate HA expression on ~16% of immature cortical neurons as early as 4 h in vitro, while ~85% 

of neurons expressed HA by DIV3, and >90% at DIV7–21. Finally, only ~17% of DIV14 neurons 

and 53% of DIV21 neurons were positive for WFA, a marker of PNNs (Härtig et al., 1992). Overall, 

these findings suggest that neurons produce HA independent of astrocytes, that HA expression 

is not limited to neurons with PNNs, and that HA expression appears much earlier in the 

maturation of neurons than previously reported. 

We observed abundant HA puncta on multiple structures on immature neurons, including cell 

bodies and developing neurites. The function of this HA is unclear, however, growth of dorsal root 

ganglion neurons on an HA substrate reduced neurite extension (Saxod & Bizet, 1988). Further, 

the major HA receptor CD44 is expressed on neuronal dendrites, and blockade of CD44 
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increased dendritic arborisation of cortical and hippocampal neurons both in vitro and in vivo 

(Skupien et al., 2014). Conversely, blockade of RHAMM, another HA receptor, inhibited neurite 

extension in cultures of primary neurons and other neural cell lines (Nagy et al., 1995). Thus, HA 

located on developing neurites may be important for neurite outgrowth, potentially through 

receptor-mediated signalling pathways. Indeed, HA signalling through the CD44 receptor 

regulates various cytoskeleton-mediated processes, including motility in astrocytes and adhesion 

and metastasis in cancer cells (Bourguignon, 2012; Martin, Harrison, Mansel, & Jiang, 2003).  

We also found evidence of HA expression on lamellipodia and filopodia of immature cortical 

neurons in vitro. Although there are no equivalent studies in the brain, HA is expressed on 

lamellipodia and filopodia of oesophageal carcinoma cells and epidermal keratinocytes, where it 

plays a key role in outgrowth and adhesion (Rilla et al., 2002; Twarock et al., 2010). Further, 

addition of HA induces lamellipodia outgrowth in mouse mammary epithelial cells (Oliferenko et 

al., 2000), while growth of chick dorsal root ganglion neurons on a substrate of synthetic HA 

reduced growth cone extension (Saxod & Bizet, 1988). In addition, CD44 expression enhanced 

filopodia growth of neuroblastoma cells (Pusch et al., 2010). Thus, HA may be important for 

controlling cytoskeletal adhesion and outgrowth in early stage cortical neurons. 

HA was also located along axons of more mature neurons (i.e., from DIV14–DIV21). Others have 

not reported axonal localisation of HA in cortical neurons, but HA is expressed in axons of granule 

cells in the rat cerebellum (Ripellino et al., 1985) and surrounds axons in the white matter and 

spinal cord (Bignami & Asher, 1992). Other PNN components such as brevican are expressed at 

particularly high levels on the axon initial segment of mature hippocampal neurons (John et al., 

2006) and motor neurons in the superior colliculus (Brückner et al., 2006). ‘Axonal coats’ of 

aggrecan are also present in various human basal ganglia regions (Brückner, Morawski, & Arendt, 

2008), in the human lateral geniculate body (Lendvai et al., 2012), and in the rat thalamus (Gáti 

et al., 2010), often independently of PNNs. Interestingly, there is evidence that HA can control 

axonal outgrowth of optic tract and locus coeruleus neurons (Chan et al., 2007; L. Lin et al., 2007; 
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Nagy, Price, Staines, Lynn, & Granholm, 1998). Further, removal of HA promoted regeneration 

of severed axons in the rat brain (Moon, Asher, & Fawcett, 2003), and it was later shown that 

addition of low molecular weight HA oligosaccharides (likely mimicking HA degradation products) 

enhanced axonal regrowth following spinal cord injury (Wakao et al., 2011). Overall, these data 

suggest potential roles of HA in axon development and function. 

In mature cortical neurons (DIV21), we observed a close spatial association of HA with synaptic 

contact sites. In mature hippocampal neuronal cultures, HA enwraps spine necks (Frischknecht 

et al., 2009), while synapses are also embedded in brevican and neurocan (both CSPG 

components of mature PNNs) (John et al., 2006). In the present study, we found no obvious 

overlap of HA with synaptophysin or PSD-95, which is supported by evidence that PNN 

components enclose synapses, but are absent from the sites of synaptic contact (Frischknecht et 

al., 2009; John et al., 2006). This synaptic association of HA on cortical neurons supports its role 

as part of the perisynaptic matrix, which may stabilise synaptic architecture and assist in 

maintaining the synaptic microenvironment by regulating receptor trafficking  (Frischknecht et al., 

2009), ion diffusion (Bekku et al., 2010), and neurotransmitter spillover (Murakami & Ohtsuka, 

2003). Indeed, removal of HA using hyaluronidase impaired voltage-dependent calcium currents 

and long-term potentiation in brain slices (Kochlamazashvili et al., 2010), and fear memory in vivo 

(Hylin et al., 2013; Kochlamazashvili et al., 2010). Similarly, disruption of the CSPG components 

of PNNs using chondroitinase impaired fear memory (Gogolla, Caroni, et al., 2009), synaptic 

stability, and postsynaptic currents (Geissler et al., 2013), prevented critical period closure (Carulli 

et al., 2010), and enhanced recognition memory and long-term depression (Romberg et al., 2013). 

Together, these studies implicate HA, both alone and as a major PNN scaffold, in the control of 

synaptic plasticity. 

The capacity of cultured cortical neurons to independently produce HA was confirmed by robust 

expression of HAS2 and HAS3 mRNA. Further, HAS2 and HAS3 protein expression coincided 

with the widespread distribution of HA throughout various neuronal structures. By contrast, 
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expression of HAS1 mRNA was relatively low, and we were unable to detect HAS1 protein by 

immunocytochemistry. Although there are limited studies of HAS expression in the CNS, HAS2 

and HAS3 mRNA (but not HAS1) are expressed in the rat embryonic brain and in selected 

neurons in the rat visual cortex and cerebellum (Carulli et al., 2006, 2007). HAS1 and HAS3 

mRNA are also found in developing spinal cord neurons (Galtrey, Kwok, Carulli, Rhodes, & 

Fawcett, 2008), and HAS3 mRNA is expressed by cultured cortical neurons at DIV8 (Giamanco 

& Matthews, 2012). HAS1 and HAS2 proteins are also expressed on cortical neurons following 

stroke in humans (Al’Qteishat, Gaffney, Krupinski, Rubio, et al., 2006). The specific contributions 

of HAS1–3 to neuronal HA production are unknown. However, in cultured HEK cells, HAS2 or 

HAS3 expression resulted in a larger pericellular HA matrix compared with HAS1 (Kwok et al., 

2010; Spicer & McDonald, 1998). Interestingly, HAS1 and HAS2 synthesise higher molecular 

weight HA (2 × 105–2 × 106 Da) compared with HAS3 (1 × 105 Da–1 × 106 Da) (Itano et al., 1999). 

Further, the biological effects of HA are dependent on its size, through activation of different 

receptor-mediated signalling pathways (Cyphert et al., 2015; Stern, 2003). Thus, differing patterns 

of HAS expression and molecular weights of HA on neurons may serve a range of biological 

functions depending on the timing of their expression. 

The delayed (DIV7) but progressive increase in punctate WFA labelling observed on neuronal 

cell bodies and processes in the present study is consistent with the pattern previously reported 

in vitro (Miyata et al., 2005), and with the delayed formation of PNNs in the rat cerebral cortex in 

vivo (Brückner et al., 2000). In the latter study, weak PNNs were first observed at PND14, and 

then progressively increased until PND40 (Brückner et al., 2000). WFA labels the N-

acetylgalactosamine component of CSPGs on mature PNNs (Härtig et al., 1992), including 

neurocan, versican, brevican, aggrecan, and phosphacan. These components are linked to the 

HA backbone via link proteins to form the lattice-like PNN structure. We did not examine the 

individual expression of these PNN components in the present study, as their specific 

development on neurons has been previously characterised in vitro and in vivo, with evidence for 

both neuronal- and glial-dependent synthesis (Carulli et al., 2006, 2007; Deepa et al., 2006; 
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Giamanco & Matthews, 2012; John et al., 2006; Koppe et al., 1997; Lander, Zhang, & Hockfield, 

1998; Miyata et al., 2005). 

This study also demonstrated expression of Hyal1–3 mRNA by cortical neurons from DIV0–21 in 

vitro. Importantly, the robust expression of Hyal1 and Hyal2, the main Hyals responsible for HA 

degradation (Stern, 2004), by neurons implies that cortical neurons themselves likely degrade 

HA. Hyal expression has not been shown on developing neurons, however Hyal1 and Hyal2 

proteins were expressed on neurons in the adult rat and human cortex (Al’Qteishat, Gaffney, 

Krupinski, Rubio, et al., 2006; Al’Qteishat, Gaffney, Krupinski, & Slevin, 2006), and Hyal1, Hyal2, 

and Hyal3 mRNA were shown in the adult mouse brain (Kim et al., 2005; Shuttleworth et al., 

2002). On the other hand, other studies indicate that Hyal2 is downregulated after PND14, and 

that the adult rodent and human brain express little to no Hyal1 and Hyal2 mRNA and protein 

(Lepperdinger et al., 1998; Shuttleworth et al., 2002; Strobl et al., 1998). This conflicts with our 

observation of robust Hyal1 and Hyal2 mRNA expression (consistent Cqs of 22–32) by cortical 

neurons, including mature neurons at DIV21. The lack of Hyal5 or PH20 expression in cortical 

neurons is supported by studies showing no Hyal5 (Kim et al., 2005; Reitinger, Laschober, Fehrer, 

Greiderer, & Lepperdinger, 2007) or PH20 expression in adult mouse CNS tissue and in primary 

cortical neurons (Marella et al., 2017). However, other studies have reported PH20 expression in 

the rodent, sheep, and human CNS, predominantly in the white matter (Hagen et al., 2014; 

Preston et al., 2012). Speculatively, these contrasting findings may relate to a marked 

developmental regulation of Hyal expression, as indicated by our HAS1–3 qPCR data.  

In conclusion, this study indicates that cortical neurons have the capacity to independently 

synthesise HA on multiple neuronal structures throughout their maturation, and may also degrade 

HA. The specific cellular functions of this neuronal HA may depend on the stage of neuronal 

maturation, as well as the co-expression of PNN components. Further studies are required to 

determine the precise roles of HA in neuronal development. 
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4 HA synthesis inhibition alters cytoskeletal growth of 

cortical neurons in vitro 

 Introduction 

A major event in early neuron maturation is the initiation and extension of neurites, which 

ultimately differentiate into dendrites and axons. As outlined in Section 1.9.1, this process is 

dependent on the formation and stabilisation of critical cytoskeletal structures including 

lamellipodia and filopodia (Da Silva & Dotti, 2002; Sainath & Gallo, 2014). The highly 

coordinated alterations in the neuronal actin cytoskeleton required for lamellipodia and 

filopodia formation, and subsequent neuritogenesis (Da Silva & Dotti, 2002; Sainath & Gallo, 

2014) are, at least in part, controlled by interactions between the cytoskeleton and the ECM 

(Barros et al., 2011; Reichardt, 1991). For example, in vitro studies have demonstrated roles 

for ECM molecules including CSPGs, collagen, and fibronectin in the regulation of neuronal 

lamellipodia/growth cone and filopodia outgrowth and guidance (Beller et al., 2013; Gomez & 

Letourneau, 1994; Jang et al., 2010; Saxod & Bizet, 1988; Snow, Brown, & Letourneau, 1996). 

A well-studied mechanism of ECM-cytoskeletal interactions involves the assembly of large, 

integrin-containing protein complexes between the neuronal surface and the ECM, known as 

point contacts or focal adhesions (Burridge, 1988; Chacon et al., 2012; Robles & Gomez, 

2006; Robles et al., 2005; Zamir & Geiger, 2001). FAK is a key signalling component of these 

complexes, and is enriched on neuronal lamellipodia and filopodia (Contestabile, Bonanomi, 

Burgaya, Girault, & Valtorta, 2003; Menegon et al., 1999).  

As described (see Sections 1.3 and 1.5), HA is a predominant ECM component of the brain 

(Margolis et al., 1975; Singh & Bachhawat, 1968), and is synthesised at the plasma membrane 

and secreted into the extracellular space by a family of three enzymes (HAS1–3) (Itano & 

Kimata, 2002). Chapter 3 of this thesis demonstrated that developing cortical neurons in vitro 

express HAS1–3 and can synthesise HA independent of astrocytes. Moreover, HAS2, HAS3, 
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and HA were expressed on the somata, lamellipodia, growth cones, filopodia, and neurites of 

cortical neurons from as early as DIV1, as well as on dendrites and axons of more mature 

neurons (Fowke et al., 2017). It is unclear whether neuronally-produced HA specifically 

regulates neuronal cytoskeletal development and neuritogenesis, however HA can alter the 

actin cytoskeleton in non-neural cells, including focal adhesion formation and FAK signalling 

(Hall, Wang, Lange, & Turley, 1994; Tofuku, Yokouchi, Murayama, Minami, & Komiya, 2006; 

Twarock et al., 2010). Additionally, in keratinocytes, mouse mammary epithelial cells, and 

oesophageal squamous carcinoma cells, a reduction of HA production by pharmacological 

HAS inhibition (Twarock et al., 2010) or by HAS knockdown (Rilla et al., 2002) decreased 

outgrowth of lamellipodia and filopodia via altered signalling through the HA receptors CD44 

or RHAMM. Conversely, exogenous addition of HA to mouse mammary epithelial cells 

promoted lamellipodia development via CD44 signalling (Oliferenko et al., 2000). Similar 

evidence in neurons is limited, although blockade of RHAMM inhibited neurite extension in 

cultured neuroblastoma/glioblastoma and neuroblastoma/spinal cord hybrid cell lines (Nagy 

et al., 1995). Chick dorsal root ganglion neurons grown on a substrate of exogenous HA also 

showed impaired neurite extension and reduced growth cone size and outgrowth (Saxod & 

Bizet, 1988), while hippocampal neurons grown on an HA substrate have either enhanced or 

impaired neurite outgrowth depending on the HA concentration (Oohira et al., 2000). 

Thus, in the present study we examined the hypothesis that neuronally-produced HA regulates 

the neuronal cytoskeleton, including the formation and stability of lamellipodia and filopodia, 

during early neuronal development. We also hypothesised that alterations in neuronal 

morphology may relate to changes in FAK signalling.  

 Methods 

All protocols were approved by the University of Auckland Animal Ethics Committee, and were 

performed in accordance with the New Zealand Government Animal Welfare Act. 
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 Neuronal culture 

Cultures of primary cortical neurons were generated from E16 rats, as detailed in Sections 2.2 

and 3.2.1. For morphological studies, neurons were cultured in 24-well plates at 1 × 105 

cells/well, and then collected at DIV1 and DIV3. For protein studies, neurons were grown in 

100 mm dishes at 2 × 106 cells/dish, and then collected at DIV1. 

 4-methylumbelliferone treatment 

The broad HAS inhibitor 4-methylumbelliferone (4-MU) (#M1381; Sigma-Aldrich) was 

dissolved in dimethyl sulfoxide (DMSO; D2650; Sigma-Aldrich) at 37°C to make 100 mM, 300 

mM, and 500 mM stock solutions. 4-MU decreases HA synthesis in vitro and in vivo by 

depletion of the glucuronic acid pool for HA synthesis and downregulation of HAS mRNA 

transcription (Kultti et al., 2009; A. M. Mueller, Yoon, & Sadiq, 2014; Nakamura et al., 1995). 

4-MU and DMSO stock solutions were first dissolved in pre-warmed culture medium at 1× or 

5× concentrations, and then added to neurons at final concentrations of 0.1, 0.3, or 0.5 mM 

(0.1% final DMSO concentration), as follows. At DIV0, 0.2 mL of culture medium was removed 

from each well and replaced with 0.2 mL of 5× 4-MU solution. At DIV1, all medium (1 mL) was 

removed from each well and replaced with 1× 4-MU solution. Both DMSO (0.1%) alone and 

untreated neurons (no treatment [NT]) were used as controls. Neurons were either treated at 

DIV0 (4 h) and collected at DIV1, or treated at DIV0, followed by a complete medium change 

and treatment at DIV1, and then collected at DIV3. Thus, neurons received either one or two 

4-MU treatments, allowing continuous 4-MU exposure until collection. For protein expression 

studies, neurons in 100 mm dishes were treated with 0.3 mM 4-MU for 24 h, and protein was 

collected by pooling four dishes per treatment group for each sample. As the lower doses of 

4-MU (0.1 and 0.3 mM) showed some alterations in cytoskeletal outgrowth at DIV1 (e.g., see 

Figure 4-3), the 0.1 mM dose was chosen for neurons collected at DIV3 to minimise the 

potential for toxic effects of continuous drug dosing. 
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 RNA isolation and qPCR 

DIV0, DIV1, DIV3, DIV7, and DIV14 neuronal RNA samples from Chapter 3 were used for 

analysis of CD44, RHAMM, and FAK mRNA expression by qPCR (n = 3–5 independent 

cultures per time point). Details of RNA isolation, cDNA synthesis, and qPCR protocols, 

including use of endogenous controls (HPRT, TBP, β-actin), are detailed in Section 3.2.2. 

Probe details for CD44, RHAMM, and FAK are shown in Table 4-1 below. 

Table 4-1. Hydrolysis probes used for gene expression analysis. 

Gene Assay details 

CD44 

(NM_012924) 

Rn.PT.58.7916098 

Probe: 5’-/56-FAM/TCTTTCTGCC/ZEN/CACACCTTCTCCTACT/3IABkFQ/-3’ 

Primer 1: 5’-TTTCCTGTCTTCCACTGTTCC-3’ 

Primer 2: 5’-TCTGATTCTTGCCGTCTGC-3’ 

FAK 

(NM_013081) 

Rn.PT.58.6834277 

Probe: 5’-/56-FAM/ACACATACA/ZEN/CCATGCCCTCAACCA/3IABkFQ/-3’ 

Primer 1: 5’-CTCCAATACAGCGTCCAAGT-3’ 

Primer 2: 5’-GACAGATGACTATGCCGAGAT-3’ 

RHAMM 

(NM_012964) 
Rn00564204_m1 (Thermo Fisher Scientific) 

FAK, focal adhesion kinase; RHAMM, receptor for HA-mediated motility. All probes were sourced from 

Integrated DNA Technologies unless otherwise stated. Note that the sequence for the RHAMM probe 

was not provided by ThermoFisher Scientific. 
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 Western blot 

Protein collection, western blotting, and quantification were performed as described in Section 

2.5, with some adaptations. One DMSO-treated sample and one 4-MU-treated sample were 

collected from each independent culture to generate a total of 6 paired samples. Briefly, 15 µg 

of protein per lane was loaded into AnykD Mini-Protean TGX Stain-Free gels (10 lane gel). 

Each lane was run in duplicate. Membranes were incubated with primary antibodies for 

phosphorylated FAK (pFAK Tyr 397; 1:500; #3283; Cell Signaling Technologies, Danvers, MA, 

USA) or FAK (1:1000; #3285; Cell Signaling Technologies) in 3% milk at 4°C overnight. 

Membranes were then incubated in biotinylated goat anti-rabbit antibody (1:5,000), followed 

by StrepTactin-HRP (1:20,000). Analysis of total FAK (tFAK) and activated phospho-FAK 

(pFAK) protein expression was performed as described in Section 2.5.6. The ratio of pFAK to 

tFAK protein expression was also calculated for each pair of samples as an estimate of FAK 

signalling. 

 Immunocytochemistry 

Immunocytochemistry was performed as described in Sections 2.3 and 3.2.3. In brief, to 

examine neuronal HA expression, neurons grown on coverslips were permeabilised in 0.1% 

Triton-X-100/PBS, blocked in 5% BSA/PBS, then incubated with bHABP (1:500) and mouse 

monoclonal anti-MAP2 (1:500) in PBS/3% BSA overnight at 4°C. Coverslips were then 

washed for 3 × 5 min in PBS, and incubated in PBS/3% BSA with appropriate secondary 

antibodies (1:500), including streptavidin-conjugated Alexa Fluor 488 and goat anti-mouse 

Alexa Fluor 594, for 2.5 h at RT, along with Hoechst 33258 (1:10,000) to identify cell nuclei. 

To examine cell morphology, the same protocol as above was used, except that bHABP was 

omitted, NGS was used as the blocking agent at the same concentrations as BSA, and 

phalloidin-488 (1:100) was included in the secondary antibody incubation to label the F-actin 

cytoskeleton. For pFAK labelling, neurons were permeabilised and blocked in 5% NGS as 

above, and incubated in rabbit polyclonal anti-pFAK (Tyr397; 1:100; Cell Signaling 
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Technologies) and MAP2 in 3% NGS/PBS. Neurons were then incubated with phalloidin-488, 

goat anti-rabbit Alexa Fluor 594, and goat-anti mouse Alexa Fluor 660. Neurons were then 

washed for 3 × 5 min in PBS and mounted onto glass slides using ProLong Gold Antifade 

mountant. 

 Imaging and morphological analysis 

Imaging of immunolabelled neurons for morphological analysis was performed using a Nikon 

Eclipse 80i fluorescent microscope. The experimenter (T.M.F.) was blinded to the treatment 

groups during imaging and analysis. A circular region of interest was traced ~1000 µm inside 

the outer edge of each coverslip to avoid areas of neuronal clumping often observed close to 

the edge. ~40 random sites were imaged within this region under a 40× objective using Stereo 

Investigator software (MBF Bioscience).  

To assess HA expression, five random sites per coverslip (three coverslips from 2–3 

independent culture preparations) were imaged under a 40× objective using a Zeiss 

AxioImager M2. For each treatment group, the numbers of HA-positive neurons (classified as 

MAP2-positive cells with five or more immunoreactive puncta and non-condensed Hoechst-

labelled nuclei) were calculated as a percentage of the total MAP2-positive cells per field. 

For morphological analysis, images were opened in Neurolucida software (MBF Bioscience), 

and neurons that were MAP2-positive, with non-condensed nuclei (by Hoechst 33258), and 

no extensive overlap with other cells, were selected for analysis. Using the manual tracing 

option in Neurolucida, the outlines of the cell body, neurites, lamellipodia, and filopodia were 

traced for each neuron. Minor processes positive for MAP2 and greater than 10 µm were 

defined as neurites (prior to axonal and dendritic specification), while nascent axons and 

dendrites observed on more mature neurons (stage 3+) were collectively defined as processes 

(Dehmelt & Halpain, 2004; Dotti et al., 1988). Lamellipodia stained for F-actin were defined by 

their lack of microtubules relative to neurites and neuronal somata (by MAP2 co-labelling) and 
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flat appearance (Dent & Gertler, 2003; Lowery & Van Vactor, 2009). Filopodia were classed 

as thin actin-positive projections of <10 µm in length, as previously reported (reviewed by 

(Mattila & Lappalainen, 2008)). Note that filopodia on growth cones and lamellipodia (filopodia 

per lamellipodium) were classified separately from filopodia on neuronal somata and neurites. 

Examples of neuronal tracings are shown in Figure 4-4. A minimum of 30 neurons were traced 

per treatment group (3–6 coverslips per group from 2–3 independent culture preparations). 

Neurolucida software data output included neuronal cell body area, total neurite number per 

neuron, number of lamellipodia, lamellipodia mean area, number of filopodia per 

lamellipodium, and neurite and filopodia length and complexity. This method of calculating 

complexity was adapted from the ‘Dendritic Complexity Index’ described by (Pillai et al., 2012), 

where Complexity = [sum of the terminal orders + number of terminals] * [total dendritic length 

/ number of primary dendrites]. 

 Analysis of pFAK immunocytochemical expression 

To assess relative levels of pFAK protein on lamellipodia of DMSO and 4-MU treated neurons, 

images obtained on a Zeiss AxioImager M2 (63×) were equivalently thresholded, binary 

images were created, the watershed option applied to segment puncta, and puncta on cell 

body lamellipodia and growth cones were quantified using Fiji software with the ‘Analyse 

Particles’ function. The area of the largest lamellipodium for each neuron was measured using 

the contour function in Fiji, and the number of puncta was then normalised to this area.  

 Statistical analysis 

Groups were first tested for normality using the Shapiro–Wilk normality test, and at least one 

group within each time point did not meet the criteria for normality. Thus, a one-way ANOVA 

with a Kruskal–Wallis non-parametric test was used to test for an overall effect of treatment 

with various 4-MU doses on morphological parameters at DIV1 and DIV3, and a Dunn’s 

multiple comparisons post-hoc test was used to test for differences between individual 

treatment groups for each time point. For western blot data, the normalised intensity values 
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were analysed using paired Student’s t-tests (DMSO vs. 4-MU) for tFAK, pFAK, and the pFAK 

to tFAK ratios, and the percentage changes relative to control samples were then plotted. For 

analysis for pFAK puncta density data, an unpaired Student’s t-test was used. A value of p < 

0.05 was considered statistically significant. Graphs and statistical analyses were generated 

using GraphPad software. All data are presented as mean ± SEM. 

 Results 

 Treatment with 4-MU reduces HA expression on cortical neurons in vitro 

Immunocytochemistry using bHABP was used to confirm the inhibitory effect of 4-MU 

treatment on HAS activity in cultured cortical neurons. There was an overall decrease in the 

proportion of neurons expressing somatic puncta of HA in the 0.1 mM, 0.3 mM, and 0.5mM 4-

MU treatment groups compared with DMSO treated control neurons at DIV1 (Table 4-2; one-

way ANOVA; p = 0.0231); the effect was significant for the 0.3 mM (p = 0.0280) and 0.5 mM 

(p = 0.0334) doses. The reduction in neuronal HA expression with 4-MU treatment is shown 

in Figure 4-1. Note the punctate pattern of HA expression, as detailed in Chapter 3 (Fowke et 

al., 2017), the moderate decrease in neuronal HA with 0.1 mM 4-MU (some HA puncta still 

present extracellularly), and the near complete reduction in HA in the 0.3 mM and 0.5 mM 4-

MU groups. 

Table 4-2. Comparison of the percentage of neurons expressing HA at DIV1 in cultures treated with 

dimethyl sulfoxide (DMSO) or 4-methylumbelliferone (4-MU). 

HA expression is presented as a percentage of total neuron counts confirmed by MAP2 co-labelling. 

Data are mean ± SEM. *p < 0.05 vs. dimethyl sulfoxide (DMSO) group. n = >5 sites counted per 

coverslip, with three coverslips per group from 2–3 independent cultures.  

 DMSO 0.1 mM 4-MU 0.3 mM 4-MU 0.5 mM 4-MU 

%HA+ 24.88 ± 6.64 10.26 ± 4.74 3.91 ± 0.86* 4.70 ± 1.37* 
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Figure 4-1. Treatment with 4-methylumbelliferone (4-MU) decreases HA synthesis in cortical neurons 

in vitro. Fluorescent images of DIV1 neurons treated with DMSO, 0.1 mM, 0.3 mM, or 0.5 mM 4-MU for 

24 h and stained with bHABP (red), MAP2 (green), and Hoechst 33258 (blue) are shown. Similar 

findings were also observed at DIV3 (not shown). Scale bar: 30 µm. 

Neuronal cultures can be sensitive to DMSO treatment (Hanslick et al., 2009), and there is 

evidence that higher doses of 4-MU can induce apoptosis in cancer cell lines (Ban, Uchakina, 

& McKallip, 2015; Lokeshwar et al., 2010). Thus, we first assessed the effects of DMSO and 

4-MU treatment on neuronal survival. There were no significant differences in the proportions 

of condensed/fragmented Hoechst-positive nuclei versus non-condensed/fragmented nuclei 
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between DMSO controls and 4-MU treated cultures at DIV1 or DIV3, or between NT and 

DMSO controls. 

 

Figure 4-2. DMSO and 4-MU treatment is not associated with toxicity in neuronal cultures at DIV1 and 

DIV3. The percentage of neurons with Hoechst-condensed nuclei is shown. Treatment groups: NT, no 

treatment; D, DMSO; 0.1, 0.3, 0.5, 0.1 mM, 0.3 mM, 0.5 mM 4-MU, respectively. n = 30–120 neurons 

per treatment group from 2–3 independent cultures.  

 Treatment with 4-MU impairs development of lamellipodia and filopodia on 

cortical neurons 

Next, we assessed the morphological effects of HAS inhibition by 4-MU on lamellipodia and 

filopodia using phalloidin staining to label the F-actin cytoskeleton. Note that there were no 

significant differences between the NT and DMSO control groups for any morphological 

parameters measured. There were overall effects of 4-MU treatment on lamellipodia number, 

lamellipodia area, filopodia per lamellipodium, and filopodia complexity (one-way ANOVA for 

each time point; p ≤ 0.0007 for all). Post-hoc analysis showed that 4-MU treatment was 

associated with a significant decrease in the average number of lamellipodia per neuron at 

both DIV1 (0.3 mM and 0.5 mM doses; p = 0.0054 and 0.0008, respectively, Figure 4-3A) and 

DIV3 (0.1 mM dose; p = 0.0099) compared with DMSO controls. In addition, the remaining 

lamellipodia at DIV1 were smaller compared with DMSO controls (0.5 mM dose; p = 0.0090), 
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but there was no significant effect at DIV3 (Figure 4-3B). Representative images and tracings 

are shown in Figure 4-4. Note that these effects were observed on both the lamellipodia 

extending directly from neuronal somata and the lamellipodia at the leading edge of growth 

cones on developing neurites (e.g., Figure 4-4A, arrows). 4-MU treatment was also 

associated with a significant reduction in the average number of filopodia on each 

lamellipodium at DIV1 (0.3 mM and 0.5 mM doses; p = 0.0011 and 0.0002, respectively) 

(Figure 4-3C). These filopodia also had markedly reduced complexity at DIV1 (0.1, 0.3, and 

0.5 mM groups; p = 0.0157, < 0.0001, and < 0.0001, respectively) and DIV3 (p = 0.0016) 

(Figure 4-3D). Thus, overall, neurons treated with 4-MU showed fewer and smaller 

lamellipodia, with fewer and less complex filopodial extensions.  
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Figure 4-3. 4-MU treatment reduces lamellipodia number and mean area, and the number and 

complexity of filopodia. (A) Mean lamellipodia number, (B) mean lamellipodia area (C), mean filopodia 

per lamellipodium, and (D) mean filopodia complexity. Treatment groups: NT, no treatment; D, DMSO; 

0.1, 0.3, 0.5, 0.1 mM, 0.3 mM, 0.5 mM 4-MU, respectively. n = 30–120 neurons per treatment group 

from 2–3 independent cultures. *p < 0.05, **p < 0.01, ***p < 0.001, vs. DMSO group. Neurons were 

confirmed to be MAP2+ before tracing. 
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Figure 4-4. Morphology of DIV1 and DIV3 neurons treated with DMSO or 4-MU. The top panel shows 

F-actin- (green) and Hoechst 33258-labelled neurons treated with either (A) DMSO or (B) 0.3 mM 4-

MU, with a cell body lamellipodium, a growth cone, and filopodia indicated (A, arrows). The bottom 

panel shows representative examples of DIV1 and DIV3 traced neurons treated with DMSO or 4-MU 

(0.3 mM 4-MU shown for DIV1, 0.1 mM 4-MU shown for DIV3). Scale bars: top, 30 µm; bottom, 20 µm. 

Neurons were confirmed to be MAP2+ before tracing. 

 Treatment with 4-MU has no effect on neurite development in cortical neurons 

As the formation of lamellipodia and filopodia during early neuronal maturation is critical for 

the initiation and extension of neurites (Dehmelt et al., 2003; Dent et al., 2007), we next 

assessed the acute changes in neurite development with 4-MU treatment. However, there 

were no significant effects of 4-MU treatment on neurite number, length, or complexity (using 

the Neurolucida complexity calculation and Sholl analysis) at DIV1 or DIV3 (Figure 4-5A–E). 

There was a small reduction in filopodia complexity (p = 0.0122) at DIV1 with 0.5 mM 4-MU 

(Figure 4-5G), but no effect on the number of filopodia per neuron (i.e. excluding filopodia on 

lamellipodia;  Figure 4-5F) or filopodia length (Figure 4-5H). 
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Figure 4-5. 4-MU does not cause significant changes in outgrowth of neurites. Total outgrowth per 

neuron (A), mean neurite number (B), mean neurite length (C), mean neurite complexity (D), DIV3 Sholl 

analysis (E), filopodia per neuron (F, including filopodia on somata and neurites), filopodia complexity 

(G), and mean filopodia length (H) are shown. Treatment groups: NT, no treatment; D, DMSO; 0.1, 0.3, 

0.5 mM 4-MU. n = 30–120 neurons per treatment group from 2–3 independent cultures. *p < 0.05 

relative to DMSO-treated group. 

 4-MU-mediated reduction in lamellipodia and filopodia is not associated with 

changes in FAK signalling 

The formation of focal adhesions (anchoring sites between the neuron and the ECM) is 

essential for the development of neuronal lamellipodia and filopodia (Chacon et al., 2012; 

Robles & Gomez, 2006; Robles et al., 2005). FAK signalling forms an important component 

of focal adhesion assembly and turnover in neurons (Calalb, Polte, & Hanks, 1995; Robles & 

Gomez, 2006), and is dependent on the phosphorylation of FAK to an activated form (pFAK). 

Several studies of non-neuronal cells (Hall et al., 1994; Tofuku et al., 2006; Twarock et al., 

2010), and one study of neurons (Skupien et al., 2014), have provided evidence that HA 

signalling can trigger FAK phosphorylation and regulate focal adhesion turnover. Thus, we 

examined changes in neuronal pFAK mRNA and protein in cortical neurons to examine a 

potential role of FAK in regulating the cytoskeletal effects of 4-MU. We also examined the 

mRNA expression of the key HA receptors CD44 and RHAMM.  

By qPCR, neurons expressed mRNA for FAK, as well as the HA receptors CD44 and RHAMM 

(Table 4-3 and Figure 4-6). FAK mRNA was expressed at robust levels throughout neuronal 

development, including at DIV0–3; i.e. at the early neuronal time points used for 4-MU studies. 

When normalised to DIV0 neurons, there were no significant changes in mRNA expression of 

FAK or RHAMM expression throughout the time points examined, while there was a marked 

and significant increase in CD44 levels at DIV14 (to approximately 18-fold higher than DIV0). 

RHAMM was consistently expressed at higher levels than CD44 (Table 4-3). 
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Table 4-3. Average ΔCq values of CD44, FAK, and RHAMM over time in culture. 

 FAK CD44 RHAMM 

DIV0 3.66 ± 0.46 12.47 ± 0.51 5.86 ± 0.57 

DIV1 3.97 ± 0.81 15.74 ± 1.47 6.37 ± 0.87 

DIV3 2.89 ± 0.13 20.10 ± 1.21 6.82 ± 0.47 

DIV7 2.48 ± 0.11 15.82 ± 0.80 5.15 ± 0.24 

DIV14 2.59 ± 0.04 8.35 ± 0.59 6.57 ± 1.08 

Data are mean ± SEM. n = 3–4 samples per developmental stage (from 3–5 independent cultures). ΔCq 

values reflect qPCR amplification cycle differences between the target genes and endogenous controls. 

Lower ΔCq values reflect higher gene expression.  

 

 

Figure 4-6. mRNA expression of focal adhesion kinase (FAK) and HA receptors by cortical neurons in 

vitro. The graphs show FAK (A), CD44 (B), and receptor for HA-mediated motility (RHAMM; C) mRNA 

expression from DIV0–14. Gene expression was normalised to DIV0 to provide relative quantification 

values (RQ). n = 3–4 samples from 3–4 independent cultures for each developmental stage. Note the 

differences in scales for each graph. Error bars are minimum and maximum RQ; *p < 0.05 relative to 

DIV0. 



Chapter 4 – HAS inhibition alters neuronal cytoskeletal growth 

96 
 

By immunocytochemistry, we observed expression of pFAK (activated form of FAK) in a 

punctate pattern on neuronal lamellipodia, filopodia, and neurites (Figure 4-7), but were 

unable to obtain successful immunolabelling using an antibody for tFAK. The robust 

expression of pFAK and the established role of FAK in lamellipodia and filopodia adhesion in 

non-neuronal cells led to the hypothesis that the impaired cytoskeletal growth on cortical 

neurons observed with 4-MU may be related to alterations in FAK signalling. However, 

western blot analysis of pFAK and tFAK protein expression in neuronal cultures treated with 

4-MU for 24 h showed no consistent changes in either of these proteins compared with DMSO 

treated controls (Figure 4-7; tFAK: p = 0.2635, pFAK: p = 0.1342; statistical analyses 

performed using normalised band intensity values; data presented as percentages normalised 

to control samples). Note that there was considerable variation in the direction of FAK and 

pFAK changes between cultures. The ratio of pFAK/tFAK was also used as a measure of FAK 

signalling, and although four out of six samples showed a reduction in this ratio (suggesting 

reduced FAK signalling), this was not significant (p = 0.1017). Finally, using 

immunocytochemistry we assessed the effect of 4-MU treatment on the density of pFAK 

puncta on neuronal lamellipodia at DIV1, but found no significant difference between the 4-

MU and control groups (p = 0.1117). 
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Figure 4-7. pFAK protein expression on neurons and tFAK/pFAK protein expression data following 

DMSO or 4-MU treatment. A: Neurons (F-actin, green), labelled with pFAK (red). B: Representative 

western blot showing tFAK and pFAK expression (at approx.125 kDa) in untreated neuronal culture 

samples. The graphs show the percentage change for tFAK (C) and pFAK (D) expression between 

DMSO and 4-MU groups, the percentage change between pFAK:tFAK ratios (E), and preliminary data 

showing the density of pFAK-positive puncta on lamellipodia/growth cones (F). Each line represents 

one pair of samples. Treatment groups: D, DMSO; 4-MU, 0.3 mM 4-MU. Samples were run in duplicate 

for each gene. Note that different exposure times were used for FAK and pFAK in the representative 

blot image, and that there are two values overlapping in the tFAK graph (around 90%). tFAK, total FAK; 

pFAK, phospho-FAK; L, ladder. n = 6 independent cultures for western blot data and n = 11–13 neurons 

from one culture for pFAK density data. Scale bars: 20 µm (top) and 10 µm (bottom). 
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 Discussion 

The outgrowth and stability of neuronal structures such as lamellipodia and filopodia are highly 

influenced by the ECM, through its interactions with the neuronal cytoskeleton (Barros et al., 

2011; Reichardt, 1991). However, a direct role of extracellular HA in neuronal cytoskeletal 

development is unknown. The main findings of the present study were that blockade of 

neuronal HA synthesis with 4-MU, a pharmacological inhibitor of HAS1–3 activity, reduced 

both the number and size of lamellipodia, and the number, length, and complexity of filopodial 

extensions from lamellipodia, during early stages of cortical neuron maturation in vitro. 

Paradoxically, despite the involvement of lamellipodia and filopodia in various aspects of 

neuritogenesis, these changes were not associated with neurite alterations. These findings 

provide a novel cellular mechanism of early neuronal cytoskeletal development involving 

neuronal HA synthesis. 

Chapter 3 of this thesis showed that HA was localised to lamellipodia and filopodia of cultured 

cortical neurons as early as DIV1 (e.g., see Figure 3-9). In the present chapter, inhibition of 

HA synthesis by blockade of HAS enzyme activity reduced this neuronal HA expression, and 

was associated with reduced numbers of lamellipodia extending from the neuronal cell body 

and as part of growth cones, at DIV1 and DIV3. Further, at DIV1 the remaining lamellipodia 

were smaller, with fewer, less complex filopodia. It is unclear whether these changes reflect 

alterations in lamellipodia and filopodia initiation, growth, or stability. However, lamellipodia 

and filopodia were still present on treated neurons at DIV1 and DIV3, suggesting relatively 

normal initiation events. Further, at least in non-neural cells, there is evidence that HA can 

regulate cytoskeletal outgrowth and stability. For example, HAS2 knockdown reduced 

lamellipodia spreading in keratinocytes (Rilla et al., 2002), while pharmacological HAS 

inhibition impaired filopodia adhesion in carcinoma cells (Twarock et al., 2010). Exogenous 

HA application also promoted lamellipodia development in mouse mammary epithelial cells 

(Oliferenko et al., 2000).  



Chapter 4 – HAS inhibition alters neuronal cytoskeletal growth 

99 
 

Interestingly, despite the ~50% reduction in the number of lamellipodia on 4-MU treated 

neurons at DIV3, the size of remaining lamellipodia at this time was similar to controls. Further, 

although we observed a persistent reduction in filopodia complexity at DIV1 and DIV3, the 

number of filopodia per lamellipodium was only altered at DIV1. These discrepancies are likely 

dose-related, as 0.1 mM 4-MU did not completely eliminate neuronal HA. Thus, continued 

treatment with 0.3 mM 4-MU may have shown more persisting effects at DIV3. It is also 

possible that neuronal HA synthesis partially recovered between DIV1 and DIV3, even though 

4-MU was still present in the medium during this period. Finally, the function of HA may also 

be dependent on the developmental stage of the neurons, since DIV3 neurons have 

predominantly progressed to a different maturational stage compared with DIV1 (de Lima et 

al., 1997; Dotti et al., 1988).  

The specific signalling pathways that underlie these effects of HA are unknown. FAK is the 

major component of the focal adhesion complexes responsible for stabilising neuronal 

lamellipodia and filopodia, and interacts with a number of extracellular molecules to regulate 

lamellipodia and filopodia dynamics, filopodia elongation, and neuritogenesis (reviewed by 

(Navarro & Rico, 2014)). In fibroblasts and osteosarcoma cells, addition of HA promoted FAK 

phosphorylation and focal adhesion assembly and turnover (Hall et al., 1994; Tofuku et al., 

2006), while blockade of HA synthesis or RHAMM signalling, as well as HA degradation, 

stimulated FAK cleavage, reduced pFAK expression, and impaired filopodia stability and focal 

adhesion complexes in carcinoma cells (Twarock et al., 2010). In neurons, CD44 signalling 

can also activate FAK (Skupien et al., 2014). Thus, we hypothesised that disruption of focal 

adhesion complexes may reduce lamellipodia and filopodia stability in neurons. Conversely, 

we found no consistent changes in neuronal FAK receptor expression or signalling after 4-MU 

treatment, suggesting that HA may regulate cytoskeletal outgrowth via a different pathway, as 

described below. Alternatively, despite our choice of a FAK phosphorylation site known to be 

associated with control of the actin cytoskeleton (Twarock et al., 2010), FAK has multiple 

additional phosphorylation sites that can have different signalling consequences (Navarro & 
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Rico, 2014). Thus, selection of another phosphorylation site may have produced different 

findings.  

Technical factors may also have affected our ability to detect changes in FAK and pFAK after 

4-MU treatment. For example, our pFAK puncta data were only collected from one culture 

preparation, with limited sample numbers. Alternatively, detection of small changes in target 

proteins such as those within specific neuronal substructures (e.g., lamellipodia or growth 

cones) may have been outside of the sensitivity of our western blot protocol. In addition, 

although we used FAK as a marker of focal adhesions, multiple other proteins make up focal 

adhesion complexes (Deakin & Turner, 2008; Zaidel-Bar, Itzkovitz, Ma’ayan, Iyengar, & 

Geiger, 2007; Zamir & Geiger, 2001), and some, for example paxillin, can also be activated 

via HA-RHAMM signalling, at least in endothelial cells (Lokeshwar & Selzer, 2000). Finally, in 

chondrocytes, HA can form its own point contacts that precede integrin-mediated focal 

adhesion formation and may be important for initial stability of the cytoskeleton (Cohen, Kam, 

Addadi, & Geiger, 2006). Thus, speculatively, HA may control cell-matrix adhesion 

independently of FAK and focal adhesions in neurons, and the changes in lamellipodia and 

filopodia development with 4-MU treatment in the present study be a direct result of loss of 

neuronal ‘HA-adhesion-like’ structures. 

In cortical neurons, we found that CD44 and RHAMM mRNA were expressed at all time points 

(Figure 4-6 and Table 4-3). Although we did not assess HA receptor expression after 4-MU 

treatment, CD44 and RHAMM are considered key molecules involved in signal transduction 

from the ECM to the cytoskeleton (Entwistle, Hall, & Turley, 1996). In particular, CD44 signals 

through various effectors including Rac1 and Cdc42, which are expressed on neuronal growth 

cones (Da Silva, Schubert, & Dotti, 2004; Ries et al., 2007). Indeed, in mouse mammary 

epithelial cells, exogenous application of HA promoted lamellipodia formation and spreading 

via CD44 and the small Rho-family GTPase Rac1 (Oliferenko et al., 2000). This CD44-Rac1 

pathway also promoted lamellipodia development in neuroblastoma cells (Kozma, Sarner, 
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Ahmed, & Lim, 1997), and induced membrane protrusions by regulating the cytoskeleton in 

astrocytes (Bourguignon, Gilad, Peyrollier, Brightman, & Swanson, 2007; Konopka et al., 

2016). Similarly, the Rho GTPase Cdc42 is activated by CD44 (Dzwonek & Wilczynski, 2015; 

Konopka et al., 2016), and regulates lamellipodia and filopodia formation in chick spinal cord 

neurons and neuroblastoma cells (Brown, Cornejo, Kuhn, & Bamburg, 2000; Kozma et al., 

1997).  

CD44 can also modify the actin cytoskeleton via activation of the ezrin-radixin-moesin (ERM) 

proteins (Ponta, Sherman, & Herrlich, 2003; Yonemura et al., 1998). These proteins are 

important in controlling lamellipodia size and stability, growth cone structure and motility, 

neurite outgrowth, and polarity in cultured neurons (Castelo & Jay, 1999; Matsumoto et al., 

2014; Paglini, Kunda, Quiroga, Kosik, & Cáceres, 1998). These functions have not been 

directly attributed to HA-CD44 signalling in neurons, but may represent an alternative pathway 

for the effects in the present chapter. Finally, knockout of the HA receptor RHAMM reduced 

filopodia stability and adhesion in carcinoma cells (Twarock et al., 2010), making it a further 

candidate receptor for the effects in our study. However, RHAMM expression is primarily 

intracellular in the brain and in non-neuronal cells (Assmann, Jenkinson, Marshall, & Hart, 

1999; Lynn, Li, Cattini, Turley, & Nagy, 2001; Lynn, Turley, & Nagy, 2001), indicating that 

RHAMM may have functions other than being an HA membrane receptor, and its role in the 

brain therefore remains unclear.  

Given that lamellipodia and filopodia are key structures for neurite formation and navigation 

(Chien, Rosenthal, Harris, & Holt, 1993; Dailey & Smith, 1996; Dehmelt et al., 2003; Dent et 

al., 2007), we hypothesised that the deficits in lamellipodia and filopodia observed with 4-MU 

treatment would result in deficits in neuritogenesis. However, both control and 4-MU neurons 

exhibited a similar marked increase in neurite extension from DIV1 to DIV3. It is possible that 

effects of 4-MU treatment on neurite outgrowth may be observed at longer recovery times, 

although because of the marked complexity and overlap of neuronal processes in later 
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cultures, this requires techniques that provide selective labelling of neurons such as 

transfection with fluorescent expression vectors. 

In conclusion, this study indicates that HA produced by HAS enzymes on cortical neurons 

provides an important regulatory control over neuronal cytoskeletal development. Further 

studies in this thesis will expand upon these results by examining longer-term morphological 

outcomes of HA synthesis inhibition.  
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5 Selective HAS knockdown alters cortical neuronal process 

growth and complexity in vitro 

 Introduction 

The formation of neuronal dendrites and axons is a fundamental and highly coordinated 

process required for establishing neural connectivity and circuitry in the cerebral cortex. This 

process first requires neurite sprouting from lamellipodia and filopodia on the cell body 

(described in Chapters 1 and 4), and the extension of neurites tipped by growth cones (Da 

Silva & Dotti, 2002; Dehmelt et al., 2003; Dotti et al., 1988), followed by neuronal polarisation 

and the growth and arborisation of dendrites and axons (Polleux & Snider, 2010; Scott & Luo, 

2001). The mechanisms of neurite initiation and subsequent dendritic and axonal 

morphogenesis have been widely studied, and involve activation of membrane receptor 

signalling pathways by a variety of extracellular molecules to control events such as neuronal 

polarisation (Barnes & Polleux, 2009), growth cone motility (Beller et al., 2013; Snow et al., 

1996), and dendrite and axon development (Myers, Santiago-Medina, & Gomez, 2011; Scott 

& Luo, 2001). See (Barros et al., 2011) for an extensive review of the functions of ECM 

molecules in CNS development. 

The polysaccharide HA is a major component of the neural ECM (Singh & Bachhawat, 1968). 

Chapter 3 of this thesis demonstrated that HA is synthesised de novo by HAS1–3 located on 

developing and mature cortical neurons in vitro, and that HAS2 and HAS3 are the most highly 

expressed isoforms on these neurons (Fowke et al., 2017). In addition, in Chapter 4, reduced 

HA synthesis by pharmacological HAS inhibition caused multiple cytoskeletal deficits in 

cortical neurons in vitro, including a reduction in lamellipodia number and size, and filopodia 

number and complexity, suggesting a functional role of HASs and HA in neuronal cytoskeletal 

development. Previous studies have also demonstrated that signalling via the major HA 

receptors CD44 and RHAMM is important for the growth of immature neurites (Nagy et al., 
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1995), axons (Nagy et al., 1998; Ries et al., 2007), and dendrites (Skupien et al., 2014). 

Addition of exogenous HA or enzymatic degradation of endogenous HA also altered axon 

navigation in embryonic slice preparations of the optic chiasm (Chan et al., 2007; L. Lin et al., 

2007). These studies suggest that the CD44 and RHAMM receptors can regulate neuronal 

neurite and process growth, and that HA itself can control axonal navigation. However, it is 

unknown whether individual neuronal HAS enzymes and their HA products can directly 

regulate the outgrowth of developing neuronal processes. This is of particular interest, given 

that HAS1–3 synthesise different molecular weights of HA (Itano et al., 1999) that are known 

to exert diverse biological effects depending on the polymer length (Cyphert et al., 2015). 

Thus, differential expression of HAS enzymes may dictate the downstream signalling 

pathways activated by HA (Cyphert et al., 2015; Itano et al., 1999). This study focused on 

HAS2 and HAS3, as HAS1 mRNA was expressed at much lower levels in cortical neurons 

(Fowke et al., 2017). 

In the present study, we examined the hypothesis that selective short hairpin RNA (shRNA) 

knockdown of HAS2 or HAS3, and thus reduced neuronal HA expression, would impair 

process growth of cortical neurons in vitro. We also investigated whether individual HAS 

enzymes have differential effects on cortical neuron maturation.  

 Methods 

 Plasmid vector construction 

Plasmid vectors used for knockdown (EFU6-300; Figure 5-1) and for overexpression (pWIG-

Billy; Figure 5-1), and protocols for shRNA cloning, were provided by Dr Anthony Barnes and 

Dr Biliana Veleva (Oregon Health and Science University, Portland, OR, USA). EFU6-300 

contained the mApple reporter, while pWIG-Billy contained the enhanced green fluorescent 

protein (EGFP) reporter. shRNAs against rat HAS2 (accession number: NM_013153) and rat 

HAS3 (accession number: NM_172319) genes were designed in-house using the Block-It 
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shRNA designer (Thermo Fisher Scientific) and Geneious software (Biomatters Ltd, Auckland, 

New Zealand) (Table 5-1). A set of scrambled HAS2 and scrambled HAS3 shRNAs were also 

developed as controls using the sequences from the HAS2 and HAS3 shRNAs chosen for 

final neuronal transfections. Scrambled and knockdown sequences were aligned with the 

whole rat genome using the BLAST tool (National Center for Biotechnology Information, NCBI) 

to ensure they did not have any overlap with non-target genes. Three shRNAs for HAS3 and 

two for HAS2 were designed and initially tested; only the most effective were chosen for 

neuronal experiments (Table 5-1).
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Figure 5-1. Plasmid maps for EFU6-300 (top) and pWIG-Billy (bottom). Plasmid maps were adapted 

from maps provided by Dr Anthony Barnes and Dr Biliana Veleva (Oregon Health and Science 

University, Portland, OR, USA) and reproduced with permission. The restriction sites for cloning, as 

well as the position of the mApple and enhanced green fluorescent protein (EGFP) transcripts are 

indicated. The plasmids also contain a kanamycin or ampicillin resistance gene.  
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Table 5-1. Short hairpin (shRNA) and scrambled sequences for HAS2 and HAS3 knockdown. 

shRNA target Sequence (5’–3’) Knockdown 

HAS2 #1* 
Top: GATCCGGTCTCATCAAGTCGTCTTTCTTCAAGAGAGAAAGACGACTTGATGAGACCTTTTTTGGAAA 

Bottom: AGCTTTTCCAAAAAAGGTCTCATCAAGTCGTCTTTCTCTCTTGAAGAAAGACGACTTGATGAGACCG 
46% 

HAS2 #2 
Top: GATCCGGTACAATCAGGAATTCATGGTTCAAGAGACCATGAATTCCTGATTGTACCTTTTTTGGAAA 

Bottom:AGCTTTTCCAAAAAAGGTACAATCAGGAATTCATGGTCTCTTGAACCATGAATTCCTGATTGTACCG 
44% 

HAS3 #1* 
Top: GATCCGCTGGAGCAAGTCTTACTTTCTTCAAGAGAGAAAGTAAGACTTGCTCCAGCTTTTTTGGAAA 

Bottom: AGCTTTTCCAAAAAAGCTGGAGCAAGTCTTACTTTCTCTCTTGAAGAAAGTAAGACTTGCTCCAGCG 
67% 

HAS3 #2 
Top: GATCCGCACCTTCTCATGCATCATGCTTCAAGAGAGCATGATGCATGAGAAGGTGCTTTTTTGGAAA 

Bottom: AGCTTTTCCAAAAAAGCACCTTCTCATGCATCATGCTCTCTTGAAGCATGATGCATGAGAAGGTGCG 
24% 

HAS3 #3 
Top: GATCCGCCTAATCCCTGTGTCCATCTTTCAAGAGAAGATGGACACAGGGATTAGGCTTTTTTGGAAA 

Bottom: AGCTTTTCCAAAAAAGCCTAATCCCTGTGTCCATCTTCTCTTGAAAGATGGACACAGGGATTAGGCG 
46% 

Scrambled 1 (HAS2)* 
Top: GATCCGGTTAATACGCAGGACTAAGTTTCAAGAGAACTTAGTCCTGCGTATTAACCTTTTTTGGAAA 

Bottom: AGCTTTTCCAAAAAAGGTTAATACGCAGGACTAAGTTCTCTTGAAACTTAGTCCTGCGTATTAACCG 
n/a 

Scrambled 2 (HAS3)* 
Top: GATCCGTCCTGATCGAGCGACTTTATTTCAAGAGAATAAAGTCGCTCGATCAGGACTTTTTTGGAAA 

Bottom: AGCTTTTCCAAAAAAGTCCTGATCGAGCGACTTTATTCTCTTGAAATAAAGTCGCTCGATCAGGACG 
n/a 

All constructs included sense (green) and antisense (red) sequences, a loop sequence (blue), the 5’ linker GATCC (top strand, purple) or 3’ G (bottom strand, 

purple) to produce overhangs for ligation into the digested EFU6-300 vector, and an RNA polymerase terminator sequence at the 5’ or 3’ end where appropriate 

(purple). See the pSilencer neo kit protocol for more details (Thermo Fisher Scientific). A higher percentage indicates a greater degree of knockdown compared 

with human embryonic kidney (HEK) cells transfected with the overexpression construct/empty EFU6-300. Asterisks denote final constructs chosen.
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5.2.1.1 shRNA constructs 

shRNAs were made up in nuclease-free water to 100 µM stock concentrations, and 2 µL of 

each of the bottom and top sequences were combined with GeneAmp 10× PCR Gold Buffer 

(#4311806; Thermo Fisher Scientific), incubated at 95ºC for 3 min in a thermal cycler (Bio-

Rad), and then returned to RT. The concentrations of annealing solutions were measured 

using a NanoDrop 2000 spectrophotometer and solutions were diluted 10× in Ultrapure H2O 

to a final concentration of ~20 ng/µL. 

For shRNA vector construction, the EFU6-300 vector was linearised using a double digestion 

with high-fidelity (HF) BamHI-HF (#NEBR3136S; New England BioLabs; 1 U/µL) and HindIII-

HF (#NEBR3104S; New England BioLabs; 1 U/µL) for 2 h at 37ºC in CutSmart Buffer 

(#NEBB7204S; New England BioLabs). Digests were purified using the GenElute Gel 

Extraction kit (#NA1111; Sigma Aldrich) (Figure 5-2). shRNAs were then ligated into the 

multiple cloning site of EFU6-300 downstream of the U6 promoter. The ligation reaction 

contained 1 µL T4 DNA ligase (#M0202S; New England BioLabs), 2 µL 10× T4 ligase reaction 

buffer (#B0202S; New England BioLabs), and nuclease free water to 20 µL. A 1:1 or 1:3 molar 

ratio of vector to insert DNA was used. 

Subcloning efficiency DH5a competent E. coli cells (#18265017; Thermo Fisher Scientific; 50 

µL) were transformed with 5 µL ligated DNA mixture or 1 µL of original EFU6-300 or pWIG-

Billy plasmid (as positive controls). Mixtures were incubated on ice for 30 min, followed by a 

20 s heat shock at 42ºC, and returned to ice for 2 min. Pre-warmed Luria-Bertani broth (LB; 

950 µL) was added, and the solutions were incubated at 37ºC for 1 h at 225 rpm. 

LB/transformed bacteria mixture (200 µL) was then streaked onto agar plates containing 100 

µg/mL kanamycin (shRNA vectors) or ampicillin (overexpression vectors), and plates were 

incubated at 37ºC overnight. Kanamycin- or ampicillin-resistant clones were selected, 

incubated in 5 mL LB/kanamycin or ampicillin (kanamycin: 50 µg/mL; ampicillin: 100 µg/mL) 

at 37ºC and 225 rpm overnight, and prepared using the PureYield Plasmid Miniprep system 
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(#A1223; Promega Co., Madison, WI, USA). The presence of insertions was confirmed by 

sequential digestion with MluI (#NEBR0198S; New England BioLabs; 0.5 U/µL) and HindIII-

HF (1 U/µL) in CutSmart buffer or NEBuffer 3.1 (#B7203S; New England BioLabs) for 2 h per 

enzyme at 37°C, followed by analysis by gel electrophoresis on a 2% agarose gel (Figure 

5-2). shRNA constructs were sequenced using vector-specific primers to confirm appropriate 

insertions (School of Biological Sciences, University of Auckland). Primer sequences used for 

shRNA insert sequencing were 5’-CAC ATG TTC TTT CCT GCG TTA TC-3’ (forward) and 5’-

GGT CAG GTT GCT TTC TCA GGT ATA G-3’ (reverse). All final shRNA vectors were stored 

as glycerol stocks (final glycerol percentage 25%) at −80ºC. 

 

Figure 5-2. Short-hairpin RNA (shRNA) vector construction.  (A) Gel electrophoresis of undigested 

EFU6-300 plasmid (lane 1) and EFU6-300 digested with BamHI and HindIII (lane 2). Note that the 

circular, undigested plasmid runs at ~6 kb (lane 1), while the digested plasmid is linear and runs slower 

through the gel (Aaij & Borst, 1972) (lane 2). L, ladder. (B) Two representative restriction digests of 

ligated EFU6-300/shRNA constructs separated by gel electrophoresis. Insertion of the appropriate size 

shRNA fragment was confirmed by the presence of a 400 kb band (correct insert, arrowhead), while a 

650 kb band (not present) would indicate no insertion.  
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5.2.1.2 HAS2 and HAS3 overexpression constructs 

Overexpression constructs in the pWIG-Billy vector were used for shRNA validation 

experiments. HAS2 and HAS3 mRNA sequences were obtained from the NCBI website. HAS2 

and HAS3 open reading frame (ORF) primers (Integrated DNA Technologies) were designed 

manually with the assistance of Geneious software. Primers were designed to be <35 

nucleotides long, with a GC content of 40%–60%, and a maximum melting temperature 

difference of 3°C between primer pairs (Apte & Daniel, 2009). Primers were checked for 

dimerisation and hairpin formation using OligoAnalyzer (Integrated DNA Technologies), and 

for target gene specificity using NCBI BLAST. Primers contained the Kozak sequence ACC to 

aid in translation initiation (Kozak, 1987), and restriction sites for XbaI or XhoI to allow 

digestion of the ORFs to match the overhangs on the digested pWIG-Billy plasmid. The 

following primer pairs were used: HAS2 forward, 5’-TAA GCA TCT AGA ACC ATG CAT TGT 

GAG AGG TTT CTA TGT G; HAS2 reverse, 5’-TGC TTA CTC GAG GTA CAT CAA GCA CCA 

TGT CGT; HAS3 forward, 5’-TAA GCA TCT AGA ACC ATG CCG GTG CAG CTG ACT A; 

HAS3 reverse, 5’-TGC TTA CTC GAG GCA CCT CAG CAA AAG CCA GGC. Testes cDNA 

was synthesised from rat testes RNA (see Section 2.4.2 for RNA extraction protocol) using 

the SuperScript III First-Strand Synthesis SuperMix (#11752050; Thermo Fisher Scientific). 

HAS2 ORF cDNA was generated by reverse-transcriptase polymerase chain reaction (RT-

PCR) from testes cDNA using the KAPA High-Fidelity Hot Start PCR kit with the KAPA HiFi 

Fidelity Buffer (#KK2101; Kapa Biosystems, Wilmington, MA, USA) according to the 

manufacturer’s protocol, with a 60°C primer annealing temperature and 35 amplification 

cycles. The HAS3 ORF (in the pCMV6-Entry vector) was purchased from OriGene 

(#RN212249; Rockville, MD, USA), and 200 ng of this DNA was amplified by RT-PCR as 

above, except with an annealing temperature of 64°C. Final primer concentrations were 0.3 

µM and reaction volumes were 25 µL. RT-PCR products were analysed by gel-electrophoresis 

(1% agarose gel; 120 V, ~40 min), and bands were visualized using a ChemiDoc system after 

staining with SYBR Safe DNA gel stain (#S33102, Thermo Fisher Scientific). Amplicons were 
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purified from gel bands using the GenElute Gel Extraction kit (#NA1111; Sigma-Aldrich), and 

confirmed by sequencing using the following primers: 5’-TGA GAT CAT ACA TCA AGC AC 

(HAS2) and 5’-TCC TGG CAG CCT ATG TCA CA (HAS3). 

The HAS2 and HAS3 ORF cDNAs were then inserted into the pWIG-Billy vector, as follows. 

The pWIG-Billy vector and ORFs for HAS2 and HAS3 were double digested using XbaI 

(#NEBR0145S; New England BioLabs; 1 U/µL) and XhoI (#NEBR0146S; New England 

BioLabs; 1 U/µL) for 2 h at 37°C in CutSmart buffer, and each ORF was ligated into the pWIG-

Billy multiple cloning site upstream of the cytomegalovirus promoter and in-frame with the 

haemagglutinin-tag. Subcloning was performed as described above, except that the agar 

plates contained ampicillin. Insertion of the HAS2 or HAS3 ORFs was confirmed by double 

digestion with XbaI and XhoI, gel electrophoresis, and sequencing of final constructs using 

the sequencing primers listed above. 

 Plasmid preparation 

The stock solutions containing plasmid in glycerol were streaked onto agar plates containing 

LB/agar with 100 µg/mL kanamycin (shRNA vectors) or ampicillin (overexpression vectors). 

Colonies were picked and placed in 5 mL LB containing 50 µg/mL kanamycin sulphate or 100 

µg/mL ampicillin, and these starter cultures were incubated at 37°C and 225 rpm for ~8 h. 

Starter cultures were diluted 1:500 in LB/kanamycin or ampicillin and incubated at 37°C and 

225 rpm overnight. Culture medium was then processed using the Promega PureYield 

Maxiprep system (#A2393; Promega Co.) using a vacuum manifold according to the 

manufacturer’s protocol, and plasmid DNA (1.5 mL) was eluted by centrifugation in nuclease-

free water and quantified using a NanoDrop 2000. 

 HEK cell culture 

HEK 293 cells obtained from American Type Culture Collection were maintained in Dulbecco’s 

minimal essential medium (DMEM, high glucose, non-essential amino acids; #10938025; 
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Thermo Fisher Scientific) supplemented with penicillin-streptomycin (10 µg/mL), GlutaMAX 

(1×), and 10% heat-inactivated fetal bovine serum (#10091148; Thermo Fisher Scientific). 

Fetal bovine serum was heat-inactivated by incubation in a 56°C water bath for 30 min. When 

cultures reached confluence (approximately every 4–5 d), medium was removed, cells were 

incubated in 0.05% Trypsin-Ethylenediaminetetraacetic acid (#25300054; Thermo Fisher 

Scientific) for 2 min at 37°C, and then split at a growth surface area ratio of approximately 1:5. 

Medium was exchanged every 2–3 d. 

 HEK cell transfection 

HEK cells were used to test the efficacy of the HAS2 and HAS3 shRNAs. HEK cells were 

transfected using the calcium phosphate method, as previously reported (Sambrook, 2005). 

Cells were transfected at approximately 70% confluence and after <2 passages. Briefly, 

calcium phosphate-DNA solution was prepared by combining 30 µg of plasmid DNA with 100 

µL 2.5 M CaCl2. An equal volume of 2× HEPES-buffered saline solution (NaCl 274 mM, KCl 

10 mM, Na2HPO4 1.4 mM, D-glucose 15 mM; all Sigma-Aldrich; and HEPES 42 mM; pH 7.09) 

was then added dropwise, and the precipitate solution was incubated for 1 min and then added 

to cultures (0.15 mL/well of a 12-well plate). Cells were incubated at 37°C for 4 h. Medium 

was then changed and cells were returned to the incubator for 48 h before being harvested 

for RNA. 

For assessment of knockdown efficiency, a co-transfection protocol was performed using both 

an overexpression plasmid (pWIG-Billy) and either the empty control EFU6-300 vector or one 

of three shRNAs for each gene, as HEK cells have negligible HAS expression (Kwok et al., 

2010; L. Li, Asteriou, Bernert, Heldin, & Heldin, 2007). A 1:1 cDNA ratio was used for co-

transfections. Transfection groups included HAS2 overexpression/control EFU6-300, HAS3 

overexpression/control EFU6-300, HAS2 overexpression/HAS2 shRNA 1–3, and HAS3 

overexpression/HAS3 shRNA 1–3. Untransfected cells and cells transfected with the EFU6-

300 empty vector alone were used as controls for HEK cell transfection experiments.  
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 qPCR 

To confirm HAS2 and HAS3 overexpression and shRNA efficiency, HEK cell RNA was 

collected and cDNA was synthesised for qPCR (see Chapter 2 for protocol). HAS expression 

was analysed on the QuantStudio 12K Flex Real-Time PCR System using pre-optimised 

probe-based assays for HAS2 and HAS3. Human HPRT1 (#Hs.PT.58v.45621572; Integrated 

DNA Technologies) was used as an endogenous control. All assays were exon-spanning; 

refer to Table 3-2 for HAS1–3 probe details and to Section 3.2.2 for more comprehensive 

qPCR protocol information. Data analysis was performed using QuantStudio software. Using 

qPCR data, the most efficient shRNA vector construct for each of HAS2 and HAS3 was 

chosen for subsequent neuronal transfection. qPCR data demonstrated that HAS2 and HAS3 

shRNA reduced respective mRNA expression in HEK cells. The best HAS2 shRNA vector 

reduced HAS2 mRNA levels by 46% compared with HEKs transfected with the HAS2 

overexpression construct/empty EFU6-300 vector, while the best HAS3 shRNA reduced 

HAS3 mRNA by 67% compared with the HAS3 overexpression construct/empty EFU6-300 

cells (Table 5-1). 

 Neuronal culture 

Neuronal cultures from E16 rats were prepared according to Sections 2.2 and 3.2.1. Neurons 

were cultured in 24-well plates (1 × 105 cells/well) for transfections and immunocytochemistry, 

and then imaged live at DIV7 for tracing or collected at DIV7 for HA expression quantification. 

Note that overexpression plasmid transfection was not performed in neurons because of time 

constraints. 

 Neuronal transfection 

Neurons were transfected at DIV0 (4 h) with the optimal HAS2 and HAS3 shRNAs determined 

from HEK cell studies (Table 5-1). The 1× transfection mixtures contained 7.6 µL 2M CaCl2, 

8 µg DNA, and sterile water to 60 µL. An equal amount of 2× HEPES-buffered saline was 
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added dropwise to the calcium phosphate-DNA mixture, and tubes were tapped gently to mix. 

Mixtures were incubated in the dark at RmT for 20 min. During this time, neuronal medium 

was replaced with transfection medium containing Neurobasal medium, 6-cyano-7-

nitroquinoxaline-2,3-dione (#Asc-044; Abcam; 10 µM) and 2-amino-5-phosphonopentanoic 

acid (#Asc-004; Abcam; 50 µM) to reduce excitotoxicity associated with calcium phosphate 

transfection (Xia, Dudek, Miranti, & Greenberg, 1996). The original medium was reserved. 

The transfection mixture (120 µL/well) was added to neurons for 7.5 min. Medium was then 

removed and neurons were washed twice with HBSS wash buffer (containing 10% 10× HBSS 

and 1% 1 M HEPES in sterile Milli-Q H2O), with plate rocking to assist with washing, and the 

original medium was then returned to the wells. Transfected neurons were analysed at DIV7 

(see Section 5.2.10). mApple-positive neurons were used for analysis. Controls for neuronal 

knockdown experiments included scrambled shRNAs and calcium phosphate alone (no DNA).  

 Immunocytochemistry 

Immunocytochemistry was performed as described previously (see Sections 2.3 and 3.2.3). 

In brief, to examine neuronal HA expression on transfected neurons following HAS2 and HAS3 

knockdown, DIV7 neurons were fixed, blocked in 5% BSA, and incubated with bHABP (1:500) 

and mouse monoclonal anti-MAP2 (1:500) in PBS/3% BSA overnight at 4ºC. Coverslips were 

then washed for 3 × 5 min in PBS, and incubated in PBS/3% BSA for 2.5 h at RmT with 

streptavidin-conjugated Alexa Fluor 488 (1:500) and goat anti-mouse Alexa Fluor 660 (1:500), 

and with Hoechst 33258 (1:10,000) to identify cell nuclei. Neurons were then washed for 3 × 

5 min in PBS and mounted onto glass slides using ProLong Gold Antifade mountant. 

 Semi-quantitative assessment of HA expression 

To assess changes in HA expression following HAS2 or HAS3 knockdown, images of HA-

labelled transfected neurons were obtained using a Zeiss AxioImager M2 fluorescent 

microscope under a 40× objective. Using Fiji software, images were equally thresholded, 

binary images were created and the watershed option applied to segment puncta, and the 
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number of HA puncta on each neuron was then quantified using the ‘Analyse Particles’ 

function. For each culture, the percentage of HA puncta on neurons transfected with HAS2 or 

HAS3 shRNAs was normalised to the group transfected with the scrambled shRNA constructs. 

 Morphological analysis of transfected neurons 

To assess changes in neuronal morphology following HAS2 or HAS3 knockdown, transfected 

neurons (identified by mApple expression) were imaged live under 10× or 20× objectives 

(depending on neuron size) using a Nikon Eclipse Ti-S inverted fluorescence microscope and 

NIS Elements software. Coverslips were scanned manually, and all neurons without overlap 

with other transfected neurons were imaged. Transfected neurons were also only traced when 

no signs of process fragmentation or beading were visible based on mApple expression. A 

minimum of 30 cells from 2–4 independent cultures (1–2 coverslips per culture) were imaged 

for each transfection condition (HAS2 knockdown, HAS3 knockdown, scrambled shRNA 1, 

and scrambled shRNA 2). Live imaging was performed as there was poor preservation of 

mApple reactivity on neuronal processes after fixation.  

Using collected images, neurons were traced manually using Neurolucida software (MBF 

Bioscience). Cell bodies and processes were identified. The experimenter (T.M.F.) was 

blinded to the transfection groups during tracing. Total process length, mean process length, 

process complexity, and the number of process endings for each neuron were assessed. For 

complexity analysis, the calculation provided by Neurolucida was used as described in Section 

4.2.6. To further assess neuronal process complexity, Sholl analysis was performed (Sholl, 

1956) to calculate the number of intersections of processes with each Sholl ring (5 μm interval 

concentric circles centred on the soma). Branch order analysis was also performed according 

to centrifugal nomenclature (Uylings, Ruiz-Marcos, & van Pelt, 1986), where neuronal 

processes initiating from the soma are classified as first-order segments until they branch into 

second-order segments, which branch into third-order segments, and so on. Note that in this 
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study, the term ‘processes’ refers to main processes originating from the cell body (including 

their entire arbour), while ‘branches’ refers to individual components of each process tree. 

 Statistical analysis 

Groups were first tested for normality using the Shapiro–Wilk normality test, and at least one 

group within each time point did not meet the criteria for normality. Thus, a one-way ANOVA 

was used to test for an overall effect of transfection on morphological parameters, using a 

Kruskal–Wallis non-parametric test and a Dunn’s multiple comparisons post-hoc test to test 

for differences between individual transfection groups. For Sholl and branch order analysis, a 

two-way ANOVA was performed to test for an overall effect of transfection group on 

intersection number or branch order, followed by a Tukey’s multiple comparisons test for 

differences between transfection groups. All statistical analyses were performed using 

GraphPad. A p value of < 0.05 was considered statistically significant.  

 Results 

There were no differences in any measures between neurons transfected with either 

scrambled shRNA1 or 2 (Table 5-1). Thus, these data were combined as a single control. 

 Decreased neuronal HA expression with HAS2 and HAS3 knockdown 

The low transfection efficiency (0.5%–5%) of plasmid DNA in post-mitotic neurons (Alavian et 

al., 2011; Dudek, Ghosh, & Greenberg, 2001; Y. Zhang et al., 2012) (we observed <1% 

efficiency) makes it difficult to use PCR or western blot to assess gene knockdown efficiency, 

such as that of HAS2 and HAS3 in the present study. In addition, preliminary enzyme-linked 

immunosorbent assay (ELISA) studies indicated that secreted HA levels in the culture medium 

of untreated neuronal cultures were negligible. Thus, we assessed the efficiency of HAS2 and 

HAS3 knockdown by measuring HA expression in transfected (mApple-positive) cells. There 

was a significant reduction in the number of HA puncta on neurons (expressed as a 
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percentage of transfected scrambled controls) transfected with HAS2 and HAS3 shRNAs 

(HAS2: 57.4 ± 12.0%, HAS3: 14.7 ± 3.0%, p = 0.0097 and 0.0001, respectively; Figure 5-3). 

There was a greater HA reduction with HAS3 knockdown (~85%) than that with HAS2 (~43%) 

knockdown. Figure 5-3 shows the expression of HA puncta on cell somata in each transfection 

group, normalised to the number of HA puncta on neurons transfected with scrambled shRNA. 

 

Figure 5-3. HAS2 and HAS3 knockdown reduces neuronal HA expression on cortical neurons in vitro. 

Neurons were transfected at DIV0 and analysed at DIV7. (A) Representative images of neurons 

transfected with scrambled, HAS2, and HAS3 shRNA constructs (red), labelled with HABP (green) and 

Hoechst 33258 (blue). (B) The number of HA puncta on neurons transfected with HAS2 and HAS3 

shRNA constructs as a percentage of HA on neurons transfected with control scrambled constructs. **p 

< 0.01, ***p < 0.001 relative to scrambled group. n = 20–40 cells/group from 2–3 independent cultures. 

KD, knockdown. Scale bar: 20 µm. 



Chapter 5 – HAS knockdown alters neuronal process growth 

119 
 

 Transfection with shRNA constructs does not cause neuronal toxicity 

We also assessed neuronal cell body area to determine any potential toxicity associated with 

HAS2 or HAS3 knockdown. By one-way ANOVA, there was no significant change in cell body 

area in knockdown groups compared with scrambled controls (Scrambled: 179.1 ± 18.9 µm2 

vs. HAS2: 150.6 ± 5.1 µm2 and HAS3: 165.8 ± 13.6 µm2; p = 0.2821).  

 HAS2 and HAS3 knockdown reduces neuronal outgrowth and complexity 

Next, we assessed the effects of HAS2 and HAS3 knockdown, and the resulting decrease in 

HA expression, on neuronal process development. Examples of neuronal tracings are shown 

in Figure 5-4. Compared with scrambled controls, HAS2 knockdown significantly reduced total 

process length (by ~62%; Scrambled: 991.6 ± 75.8 µm vs. HAS2 knockdown: 379.9 ± 35.3 

µm, p < 0.0001; Figure 5-5A), mean process length per neuron (by ~54%; Scrambled: 295.0 

± 36.6 µm vs. HAS2 knockdown: 136.2 ± 22.8 µm, p < 0.0001; Figure 5-5B), mean process 

complexity per neuron (by ~80%; Scrambled: 13,814 ± 2,033 vs. HAS2 knockdown: 2,794 ± 

688.3, p = 0.0001, Figure 5-5C), and the total number of process endings per neuron (by 

~48%; Scrambled: 14.0 ± 0.9 vs. HAS2 knockdown: 7.3 ± 0.4, p < 0.0001; Figure 5-5D).  

By contrast, with HAS3 knockdown there were no differences in the total process length per 

neuron (Figure 5-5A) or the mean process length per neuron (Figure 5-5B) compared with 

controls. However, as with HAS2 knockdown, there was a significant reduction in mean 

process complexity per neuron (by ~54%; Scrambled: 13,814.0 ± 2,033.0 vs. HAS3 

knockdown: 6,381.0 ± 797.9, p = 0.0117; (Figure 5-5C) and the mean number of process 

endings per neuron (by ~30%; Scrambled: 14.0 ± 0.9 vs. HAS3 knockdown: 9.8 ± 0.6, p = 

0.0005; (Figure 5-5B). Note that there were no changes in the number of processes per 

neuron in the HAS2 or the HAS3 knockdown groups (Scrambled: 4.5 ± 0.3 vs. HAS2 

knockdown: 3.8 ± 0.2, p = 0.0851; Scrambled: 4.5 ± 0.3 vs. HAS3 knockdown: 4.1 ± 0.2, p = 

0.3995 by two-way ANOVA). 
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Figure 5-4. Representative Neurolucida tracings from cultured cortical neurons transfected with 

scrambled, HAS2, or HAS3 shRNAs. Left: example tracings from neurons in each transfection group. 

Arrowheads indicate neuronal somata. Right: typical fluorescent images of live transfected neurons 

expressing the reporter mApple. KD, knockdown. Scale bars: 100 µm.  
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Figure 5-5. HAS knockdown reduces neuronal process outgrowth and complexity in cultured cortical 

neurons. Neurons were transfected at DIV0 and analysed at DIV7. (A) Total process length, (B) mean 

process length, (C) mean process complexity, and (D) mean number of process endings per neuron. 

**p < 0.01, ***p < 0.001 versus scrambled group. n = 50–80 cells/group from 2–4 independent cultures. 

KD, knockdown. 

Next, we performed Sholl analysis to further quantify the morphological differences in cortical 

neurons with HAS knockdown. There was an overall effect of HAS2 and HAS3 knockdown on 

the number of neuronal process intersections (a measure of the complexity of the neuron) 

(Figure 5-6A; two-way ANOVA, p < 0.0001). Post-hoc analysis revealed a significant and 
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marked reduction in the number of process intersections at 10–285 µm away from the soma 

in the HAS2 knockdown group (minimum p < 0.05 and maximum p < 0.0001 for this range), 

and a significant but smaller reduction in the number of process intersections at 10–45 µm 

(region of highest dendritic complexity), 60–65 µm (p < 0.05), and 110 µm (p = 0.0141) from 

the soma in the HAS3 knockdown group. Further analysis according to centrifugal 

nomenclature indicated that the decrease in overall process length and complexity in the 

HAS2 knockdown group was driven by a decrease in the total number of branches at each 

branch order (two-way ANOVA, p < 0.0001 for the interaction between transfection group and 

number of processes per branch order), which was significant by post-hoc analysis at branch 

orders 1–8 (Figure 5-6B, grey bars). Note that there was no change in the mean length of 

remaining branches at each branch order compared with scrambled controls (Figure 5-6C, 

grey bars). 

The HAS3 knockdown group also showed a significant decrease in the total number of 

branches at branch orders 2–8 by post-hoc analysis (Figure 5-6B, white bars). However, in 

contrast to HAS2, there was a significant increase in the mean length of remaining branches 

at each branch order (two-way ANOVA, p = 0.0215 for the interaction between transfection 

group and mean process length per branch order), which was significant by post-hoc analysis 

at branch orders 2–5 (Figure 5-6C, white bars).  

Overall, these data suggest that the reduction in total and mean process length and complexity 

with HAS2 knockdown (see Figure 5-5) was related to a decrease in the degree of branching 

at all levels of the neuronal process tree (i.e., fewer total branches). For HAS3 knockdown, 

the reduction in process complexity, but no change in total and mean process length (see 

Figure 5-5), was related to a decrease in the degree of branching at all levels of the neuronal 

process tree and an increase in the length of remaining branches (i.e., fewer but longer 

branches). A diagram summarising these effects is shown in Figure 5-7. 
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Figure 5-6. Sholl and branch order analysis of neurons after HAS2 and HAS3 knockdown in cultured 

cortical neurons. Neurons were transfected at DIV0 and analysed at DIV7. (A) Sholl analysis of the 

number of neuronal process intersections. Branch order analysis of the total process length (B), and 

the number of branches (C) in scrambled, HAS2 knockdown, and HAS3 knockdown groups. #p < 0.05, 

##p < 0.01, ###p < 0.001 for HAS2 relative to scrambled; *p < 0.05, **p < 0.01, ***p < 0.001 for HAS3 

relative to scrambled. Note that only the minimum p value for each range is indicated on the Sholl graph, 

and branch orders are only shown to order 11. n = 50–80 cells/group from 2–4 independent cultures. 

KD, knockdown. 
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Figure 5-7. Summary of the effects of HAS2 and HAS3 knockdown on neuronal process growth and 

complexity. This diagram shows a scenario that would result in: (1) reduced total and mean process 

length and complexity, and fewer branches at each branch order (HAS2 KD), and (2) reduced process 

complexity, no change in total or mean process length, fewer branches at each branch order, and 

increased branch length at each branch order (HAS3 KD). Branch order 2 is used as an example. KD, 

knockdown. 

 Discussion 

Process outgrowth and arborisation are crucial milestones in neuronal maturation (Dotti et al., 

1988), and are partially regulated by cues from the ECM (Barnes & Polleux, 2009; Barros et 

al., 2011). HA is the one of the most abundant ECM components in the brain, and we 

previously reported de novo HA synthesis by developing cortical neurons in vitro (Chapter 3 

and (Fowke et al., 2017)). In addition, pharmacological inhibition of HA synthesis by cortical 

neurons was associated with neuronal cytoskeletal deficits (Chapter 4). However, a role of HA 

and specific HASs in the development of differentiated neuronal processes has not yet been 

identified. In the present study, our findings uncover a novel cellular mechanism of neuronal 

process growth and complexity involving neuronal HA synthesis by HAS2 and HAS3. 
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There are limited and contrasting studies examining HA and HA-receptor signalling in dendrite 

and axon development. Enzymatic degradation of HA or exogenous addition of high molecular 

weight HA both impaired axon routing in slice preparations of the optic chiasm (Chan et al., 

2007; L. Lin et al., 2007), while enzymatic HA degradation caused deficits in lamina-specific 

fibre growth in hippocampal slices (Förster, Zhao, & Frotscher, 2001). Further, blockade of the 

HA receptor RHAMM (Casini, Nardi, & Ori, 2010) impaired neurite migration and extension in 

primary rat brainstem/spinal cord neurons in vitro (Nagy et al., 1995) and axonal growth in the 

rat locus coeruleus in situ (Nagy et al., 1998). Similarly, blockade of CD44 (Naruse, Shibasaki, 

Yokoyama, Kurachi, & Ishizaki, 2013; Skupien et al., 2014) impaired axon initiation and routing 

in cultured retinal ganglion neurons (L. Lin & Chan, 2003; Ries et al., 2007), but increased 

dendritic arborisation in hippocampal neurons in vitro (Skupien et al., 2014). Interestingly, 

several known regulators of differentiated process development, including FAK, Cdc42, and 

Rac1 (Gonzalez-Billault et al., 2012; Gualdoni et al., 2007; Ng et al., 2002; Rico et al., 2004), 

are activated by RHAMM or CD44 signalling (Dzwonek & Wilczynski, 2015; Konopka et al., 

2016; Oliferenko et al., 2000; Skupien et al., 2014; Twarock et al., 2010). Given our findings 

that reduced HA synthesis by HAS2 or HAS3 impairs neuronal process growth and complexity, 

the HA synthesised by neuronal HASs may directly activate CD44 or RHAMM-dependent 

signalling cascades that regulate neuronal process development.  

The deficits in neuronal process growth and branching observed in the present study following 

HAS2 or HAS3 knockdown may also relate to impaired neuronal lamellipodia and filopodia 

development (e.g., see Chapter 4), as these structures are required for process extension and 

branching (Chien et al., 1993; Dehmelt & Halpain, 2004; Dehmelt et al., 2003; Dent et al., 

2007; Dotti et al., 1988; Gallo, 2011). Although there are no comparable studies examining 

the specific functions of individual HASs in neurons, knockdown studies demonstrate that HA 

synthesis by HAS2 controls lamellipodia growth and cytoskeletal adhesion via CD44-Rac1 

signalling in epidermal keratinocytes (Rilla et al., 2002), while HA synthesis by HAS2 and 

HAS3 controls filopodia and focal adhesion development via RHAMM-FAK signalling in 
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carcinoma cells (Twarock et al., 2010). Moreover, many of the HA-signalling receptors and 

associated pathways implicated in neuronal process growth (described above) are also 

involved in regulating neuronal cytoskeletal development (see Chapter 4 and (Brown et al., 

2000; Dzwonek & Wilczynski, 2015; Gonzalez-Billault et al., 2012; Luo, 2000)). Thus, the 

regulation of neuronal morphology by HA may involve overlapping signalling pathways. 

HAS2 and HAS3 are the predominant HASs responsible for neural HA production, while HAS1 

is expressed at lower levels and does not appear to contribute significantly to HA production 

(Arranz et al., 2014; Fowke et al., 2017). Interestingly, our data suggest that HA produced by 

HAS2 and HAS3 has differential effects on neuronal morphology. Specifically, HAS2 

knockdown resulted in a decrease in the total and mean process length, driven by fewer 

branches at most branch orders. By contrast, HAS3 knockdown showed no overall change in 

the total or mean process length, driven by fewer but longer branches at several branch 

orders. The reasons for these differential effects are unclear, but may relate to differences in 

the localisation of HAS2 and HAS3 proteins, and the synthesised molecular weight of HA, 

which is a primary determinant of its biological function (Cyphert et al., 2015; Stern et al., 

2006). Indeed, at least in non-neural cells, HAS2 produces HA polymers of >2 × 106 Da, while 

HAS3 synthesises slightly lower molecular weight HA products of 2 × 105–~2 × 106 Da (Itano 

et al., 1999; Itano & Kimata, 2002). Compared with lower molecular weight HA, longer HA 

chains have a greater affinity for CD44, as they have multivalent sites for receptor binding 

(Wolny et al., 2010) and increase the CD44 clustering strength (Yang et al., 2012), which is 

hypothesised to enhance signal transduction (Toole, Ghatak, & Misra, 2008). HAS2-generated 

HA is also the most adherent to CD44, at least in vitro (Tofuku et al., 2006). Thus, different 

molecular weights of HA released by HAS2 and HAS3 may induce different or convergent  

signalling cascades to alter neuronal development.  

There is also evidence that HA can be secreted (as a range of molecular weights) to activate 

signalling pathways on the same or different cells in an ‘autocrine’ and ‘paracrine’ manner 
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(Girish & Kemparaju, 2007). Although there is no specific evidence for differing roles of the 

HAS isoforms in secreting HA, in vitro studies have shown that HAS3, rather than HAS2, 

anchors HA to the cell membrane during PNN construction in HEK cells, and that HAS3 is the 

main synthase responsible for the pericellular punctate component of cortical HA in cultured 

neurons (Giamanco & Matthews, 2012; Kwok et al., 2010). Speculatively, the differential 

effects of HAS2 and HAS3 on neuronal morphology in the present study may relate to the 

properties of secreted versus tethered forms of HA. 

Together, these data reveal novel and differing roles for HA synthesised by neuronal HAS2 

and HAS3 enzymes in regulating cortical neuron process development in vitro. Further studies 

are required to determine specific molecular weight HA ligands and associated signalling 

pathways that mediate these effects. 
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6 Loss of interneurons and disruption of PNNs in the cerebral 

cortex following HI in near-term fetal sheep 

 Introduction 

Perinatal HI is a common trigger of brain injury in term infants, being responsible for 

approximately 1–3 cases of moderate to severe encephalopathy per 1,000 live births, and is 

associated with a high risk of death or disability (Kurinczuk et al., 2010). A major 

neuropathology observed following HI at term involves parasagittal watershed zone injury with 

neuronal loss, and damage to the underlying subcortical white matter (Baenziger et al., 1993; 

Bano & Chaudhary, 2017; C. P. Chao et al., 2006; Gunn & Bennet, 2009; Hill & Volpe, 1981; 

Huang & Castillo, 2008; Kuenzle et al., 1994; Steinman et al., 2009). This pattern of injury is 

strongly associated with adverse neurological outcomes, including cerebral palsy, cognitive 

delay, and epilepsy (Carlsson et al., 2003; Mulligan et al., 1980; Pappas & Korzeniewski, 2016; 

Robertson & Finer, 1985; Robertson et al., 1989). 

During late prenatal and early postnatal development, the brain undergoes a period of marked 

growth and wiring, resulting in the establishment of highly ordered and complex functional 

networks (Tau & Peterson, 2010). A major aspect of this circuit development involves the 

integration of GABAergic interneurons in the cerebral cortex (Letinic, Zoncu, & Rakic, 2002; 

Luhmann, Kirischuk, Sinning, & Kilb, 2014). GABAergic interneurons are the major population 

of cortical inhibitory neurons (Rudy, Fishell, Lee, & Hjerling-Leffler, 2011), representing 

approximately 20% of all cortical neurons (Sahara, Yanagawa, O’Leary, & Stevens, 2012). 

GABAergic circuits provide a critical source of inhibition required for the regulation of neuronal 

signalling, and thus maintain the balance between excitatory and inhibitory activity (Farrant & 

Kaila, 2007; Le Magueresse & Monyer, 2013). Importantly, a major period of GABAergic 

network development in the human cerebral cortex occurs from late gestation until early 

postnatally (Arshad et al., 2016; G. Xu et al., 2011). Thus, injury to the brain during the 
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perinatal period has the potential to significantly affect GABAergic circuitry and cortical 

function. Indeed, there is limited evidence for loss and dysfunction of interneurons in the 

cerebral cortex in human post-mortem brain tissue following perinatal brain injury (Robinson 

et al., 2006) and in experimental rodent models of neonatal HI (Louzoun-Kaplan et al., 2008; 

Van De Berg et al., 2003; F. L. Xu et al., 2006).  

PNNs are specialised, mesh-like ECM structures that enwrap interneurons in the cerebral 

cortex (Brückner et al., 1993; Celio & Chiquet-Ehrismann, 1993), and are important 

contributors to GABAergic neuron function (Balmer, 2016; Dityatev et al., 2007; Favuzzi et al., 

2017). PNNs are also thought to regulate the formation and stabilisation of cortical synapses 

(Hockfield et al., 1990; Pyka et al., 2011; Zaremba et al., 1989), and have key roles in neuronal 

plasticity throughout development (reviewed in (D. Wang & Fawcett, 2012)). Alterations in 

PNN formation and integrity are associated with various human neurological diseases 

including schizophrenia (Enwright et al., 2016; Mauney et al., 2013), epilepsy (McRae et al., 

2012; McRae & Porter, 2012), and autism/Rett Syndrome (Belichenko et al., 1997); PNN 

disruption was proposed to contribute to the associated deficits in neuronal signalling and 

cognition/behaviour in these disorders. Loss of cortical PNNs was also reported in adult sheep 

and rodents following focal ischemia (Härtig et al., 2017; Hobohm et al., 2005).  

The effects of perinatal HI on cortical interneurons and PNNs remain unclear. Thus, in the 

present study we tested the hypothesis that HI is associated with loss of cortical PNNs and 

interneurons in a near-term fetal sheep model of global cerebral ischaemia (Dobbing & Sands, 

1970; McIntosh, Baghurst, Potter, & Hetzel, 1979).  
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 Methods 

 Animal experiments 

6.2.1.1 Fetal surgery 

All procedures were approved by the Animal Ethics Committee of the University of Auckland 

under the New Zealand Animal Welfare Act, and the Code of Ethical Conduct for animals in 

research established by the Ministry of Primary Industries, Government of New Zealand. Fetal 

surgery and instrumentation were previously described (Davidson et al., 2012). In brief, time-

mated Romney/Suffolk fetal sheep were instrumented using sterile techniques at 118–124 d 

gestation (term is 145 d). Sheep at this age (0.85 gestation) are comparable to the term human 

infant in terms of brain maturation (Dobbing & Sands, 1970; McIntosh et al., 1979). Food, but 

not water was withdrawn 18 h before surgery. Ewes were given long acting oxytetracycline 

(20 mg/kg intramuscular; Phoenix Pharm, Auckland, New Zealand) at 30 min before the start 

of surgery. Anaesthesia was induced by injection of propofol (5 mg/kg intravenous [i.v.]; 

AstraZeneca Limited, Auckland, New Zealand) and maintained using 2–3% isoflurane in 

oxygen. The depth of anaesthesia, maternal heart rate, and respiration were constantly 

monitored by trained anaesthetic staff. Ewes received a constant infusion isotonic saline drip 

(infusion rate approximately 250 mL/h) to maintain fluid balance. 

Following a maternal midline abdominal incision, the fetus was exposed and both fetal brachial 

arteries were catheterised with polyvinyl catheters to measure mean arterial blood pressure. 

An amniotic catheter was secured to the fetal shoulder. Electrocardiographic electrodes 

(Cooner Wire Co., Chatsworth, CA, USA) were sewn across the fetal chest to record fetal 

heart rate. The vertebral-occipital anastomoses were ligated, and inflatable carotid occluder 

cuffs were placed around both carotid arteries (Gunn, Gunn, De Haan, Williams, & Gluckman, 

1997; Williams, Gunn, Mallard, & Gluckman, 1992). A 3S Transonic ultrasonic flow probe 

(Transonic systems, Ithaca, NY, USA) was placed around the right carotid artery. Using a 7 

stranded stainless steel wire (AS633–7S's SF; Cooner Wire Co.), two pairs of 
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electroencephalographic electrodes were placed on the dura over the parasagittal parietal 

cortex (10 mm and 20 mm anterior to bregma, 10 mm lateral) and secured with cyanoacrylate 

glue. A reference electrode was sewn over the occiput. A further two electrodes were sewn in 

the nuchal muscle to record electromyographic activity as a measure of fetal movement. The 

uterus was then closed and antibiotics (80 mg gentamicin; Pharmacia and Upjohn, Rydalmere, 

NSW, Australia) were administered into the amniotic sac. The maternal laparotomy skin 

incision was infiltrated with 10 mL 0.5% bupivacaine plus adrenaline (AstraZeneca Ltd., 

Auckland, New Zealand). All fetal catheters and leads were exteriorised through the maternal 

flank. The maternal long saphenous vein was catheterised to provide access for post-

operative maternal care and euthanasia.  

6.2.1.2 Post-operative care 

Sheep were housed together in separate metabolic cages with access to food and water ad 

libitum, and kept in a temperature-controlled room (16 ± 1°C, humidity 50 ± 10%) with a 12 h 

light/dark cycle. Antibiotics were administered daily for 4 d to the ewe (600 mg benzylpenicillin 

sodium i.v.; Novartis Ltd., Auckland, New Zealand; and 80 mg gentamicin i.v.). Fetal catheters 

were maintained patent by continuous infusion of heparinised saline (20 U/mL at 0.15 mL/h), 

and the maternal catheter maintained by daily flushing. 

6.2.1.3 Data recording and blood sampling 

Data recordings began 24 h prior to the start of the experiment and continued for the remainder 

of the experiment. The analogue fetal electroencephalogram (EEG) signal was low pass 

filtered with a cut off frequency set with the −3 dB point at 30 Hz, and digitised at a sampling 

rate of 512 Hz. EEG power was derived from the power spectrum signal between 0.5 and 20 

Hz (Williams & Gluckman, 1990) and was normalised by log transformation (dB, 20 × log 

power). Data were recorded and saved continuously to disk for off-line analysis using custom 

data acquisition programs (LabView for Windows; National Instruments, Austin, TX, USA). 

Arterial blood samples were taken for pre-ductal pH, blood gas, base excess (Ciba-Corning 
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Diagnostics 845 blood gas analyser and co-oximeter; Medfield, MA, USA), glucose, and 

lactate measurements (YSI model 2300; Yellow Springs, OH, USA). All fetuses had normal 

biochemical variables for their gestational ages (Quaedackers et al., 2004; Wibbens et al., 

2005). 

6.2.1.4 Experimental protocols 

Fetuses were randomised to cerebral ischaemia (HI group; n = 5) or sham occlusion (control 

group; n = 5). At 128 ± 1 d gestation, ischaemia was induced by reversible inflation of the 

carotid occluder cuffs with sterile saline for 30 min. Successful occlusion was confirmed by 

the onset of an isoelectric EEG signal within 30 s of inflation. The carotid occluder cuffs were 

not inflated in sham control experiments. Fetal blood samples were drawn just before the 

occlusion and 2 h, 4 h, and 6 h after occlusion, followed by daily sampling for the remainder 

of the experiment. Animals were euthanised at 7 d recovery with an overdose of sodium 

pentobarbitone (9 g i.v. to ewe; Pentobarb 300; Chemstock International, Christchurch, New 

Zealand).  

 Immunohistochemistry 

6.2.2.1 Diaminobenzidine labelling of GAD 

At post-mortem, fetal sheep brains were perfusion fixed in situ in 10% phosphate-buffered 

formalin. Brains were then embedded in paraffin, cut into 10 µm thick sections using a 

microtome (Leica Jung RM2035; Leica Microsystems, Albany, New Zealand), and mounted 

onto glass slides. Regions of the forebrain used for analysis included sections taken at the 

level of the mid striatum, 26 mm anterior to stereotaxic zero according to the fetal sheep 

stereological atlas (Gluckman & Parsons, 1983), with two adjacent sections selected from 

each animal (levels were matched between animals) for each analysis. 

Sections were dewaxed for 2 × 15 min in 100% xylene, and rehydrated by immersion in 

decreasing concentrations of ethanol for 5 min each (100%, 90%, and 75%). Following 3 × 5 
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min washes in 0.1 M PBS, antigen retrieval was performed in 10 mM citrate buffer at >120°C 

using the pressure cooker method (Antigen 200 Retriever; Electron Microscopy Sciences, 

Emgrid, Australia), and sections were again washed for 3 × 5 min in PBS. Sections were then 

incubated in 1% hydrogen peroxide in methanol to block endogenous peroxidase activity. 

Sections were washed for 3 × 5 min in PBS, then blocked in 5% NGS/PBS for 1 h at RT, 

followed by incubation with rabbit anti-GAD65/67 (1:200; #ab49832; Abcam) overnight at 4°C. 

After 3 × 5 min washes in PBS, sections were incubated in biotin-conjugated goat anti-rabbit 

IgG secondary antibody (1∶200) in 3% NGS/PBS for 3 h at RT, washed for 3 × 5 min in PBS, 

and then incubated in ExtrAvidin®-Peroxidase (1∶200; #E2886; Sigma-Aldrich) in PBS for 2 h 

at RT. Sections were washed for 3 × 5 min in PBS, and then antibodies visualised by 

incubation in 3,3′-diaminobenzidine tetrahydrochloride hydrate (DAB; #D4293; Sigma-

Aldrich). The reaction was stopped by washing in distilled water, and sections were 

dehydrated in increasing concentrations of ethanol (75%, 90%, 100%, 5 min each), followed 

by 2 × 10 min incubations in xylene, and then coverslipped with DPX mountant (Sigma-

Aldrich).  

6.2.2.2 Fluorescent labelling 

For multiple-labelling experiments, mid-striatal brain sections were selected, and sections 

were dewaxed, rehydrated, antigen retrieved, and blocked in 5% NGS as described above. 

For WFA staining, sections were incubated for 15 min in 0.1% avidin/PBS, 5 min in PBS, 15 

min in 0.1% biotin/PBS, and 2 × 5 min in PBS for blocking endogenous biotin. PNN expression 

was detected using biotinylated WFA (1:400). Other primary antibodies included rabbit anti-

GAD65/67 (1:200), mouse anti-NeuN (1:20; #MAB377; Merck Millipore), chicken anti-myelin 

basic protein (MBP; 1:500; #MBP; Aves Labs, Tilgard, OR, USA), and rabbit anti-NMDA 

receptor 1 (NMDAR1; 1:100; #AB1516; Merck Millipore). Sections were incubated with WFA 

and primary antibodies in 3% NGS for 3 nights at 4°C, and washed for 3 × 5 min in PBS. 

Sections were then incubated in appropriate secondary antibodies, including goat anti-rabbit 

Alexa Fluor 488 or 594 (1:200), goat anti-mouse Alexa Fluor 647 IgG1 (1:100; #A-21240; used 
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to detect NeuN primary antibody), streptavidin-conjugated Alexa Fluor 594 (1:200) or 680 

(1:200), goat anti-chicken fluorescein conjugate (#F-1005; Aves Labs), and Hoechst 33258 

(1:10,000) in 3% NGS for 2.5 h at RT. Slides were washed again for 3 × 5 min in PBS, and 

mounted using glass coverslips and Vectashield mounting medium (Vector Laboratories). 

For immunolabelling with cortical layer markers, brain sections were immersion-fixed in 4% 

PFA, cut at 50 µm using a freezing microtome, and stored in cryoprotectant (30% sucrose) at 

−20°C. Free-floating sections were washed for 3 × 5 min in PBS, incubated in 10 mM citrate 

buffer at 85°C for 5 min for antigen retrieval, cooled for 20 min at RT, and then washed for 3 

× 5 min in PBS. Sections were blocked for 1 h in 5% normal donkey serum (NDS; Thermo 

Fisher Scientific)/PBS at RT, and then double-labelled with rat anti-Ctip2 (1:500; #ab18465; 

Abcam) and biotinylated WFA (1:400) in 3% NDS/PBS for 3 nights at 4°C. Sections were 

washed for 3 × 5 min, and incubated in donkey anti-rat Alexa Fluor 594 (1:500) and 

streptavidin-conjugated Alexa Fluor 680 (1:250) secondary antibodies, with Hoechst 33258 

(1:10,000), in 3% NDS/PBS for 2.5 h at RT. After 3 × 5 min PBS washes, sections were 

mounted and coverslipped.  

For fluorescent labelling of WFA in lamb and adult sheep brains, free-floating sections from 2-

month-old or 5-year-old sheep brains were cut at 50 µm using a microtome and stored in 

PBS/0.01% sodium azide. Mid-striatal sections were selected and antigen retrieval, blocking 

(NGS), and WFA labelling with Hoechst 33258 were carried out as described above. 

 Imaging and analysis 

6.2.3.1 Quantification of WFA and GAD expression in fluorescent sections 

Using imaging software (Stereo Investigator; MBF Bioscience) driving a motorised stage 

(MAC 6000, MBF Bioscience) connected to a microscope (Zeiss AxioImager M2), the first and 

second parasagittal gyri (PG1 and PG2, respectively) of the right hemisphere (the left 

hemisphere was used in cases where there was damage to the right hemisphere) of each 
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brain section were traced (2.5× objective), using the common sulcus as a guide for dividing 

the two gyri (Figure 6-1). The dense WFA immunoreactive layer was then traced (5× 

objective) for each gyrus using WFA, NeuN, and Hoechst labelling as guides. The inner 

boundary of this layer was adjacent to the border of the white matter, defined using Hoechst 

and NeuN. The numbers of WFA- and GAD-positive neurons in this layer were counted (40× 

objective; counting frame size: 100 µm × 100 µm; ~25 sites per gyrus) for each gyrus, 

beginning at the intersection between PG1 and PG2. Cell somata touching either of the two 

inclusion lines of the counting frame were included, while somata touching either of the two 

exclusion lines were not counted. Counting frames with greater than one-third falling outside 

of the traced boundary were excluded, as were regions with evidence of marked tissue loss. 

The densities of GAD- and WFA-positive cells (per mm2) were calculated for each gyrus, and 

two slides per animal were averaged to obtain final data. 

 

Figure 6-1. Sampling regions in the parasagittal cortex of the near-term fetal sheep brain. (A) Sheep 

brain atlas showing the 1st (PG1) and 2nd (PG2) parasagittal gyri at the mid-striatal level. (B) 

Representative tracing and sampling sites of the WFA layer for PG1 and PG2. The WFA+ layer is traced 

in pink (PG1) or blue (PG2), while the sampling sites are marked with circles (PG1) or diamonds (PG2). 

(A) was adapted with permission from http://www.brains.rad.msu.edu, supported by the US National 

Science Foundation and the National Institutes of Health. Scale bar: 5 mm. 

http://www.brains.rad.msu.edu/
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6.2.3.2 Quantification of GAD+ cells in the parasagittal cortex in DAB labelled sections 

The cortices of PG1 and PG2 were traced and counted as described above. The numbers of 

GAD-positive neurons in all layers of the parasagittal cortex were counted using the 

fractionator probe (grid size: 500 µm × 500 µm; counting frame size: 150 µm × 150 µm; ~25 

sites per gyrus) for each gyrus. The density of GAD-positive cells (per mm2) was calculated 

for each gyrus, and two slides per animal were averaged to obtain final data. 

 Data analysis 

Off-line physiological data analysis was performed using LabVIEW based customised 

programs. Seizures were identified visually and defined as sudden repetitive and evolving 

waveforms in the EEG signal lasting more than 10 s and of an amplitude greater than 20 μV 

(Scher, Hamid, Steppe, Beggarly, & Painter, 1993). All biochemical, electrophysiological, and 

cardiovascular data from this cohort of animals were previously reported (Davidson et al., 

2012). 

For neuronal count data, a two-way ANOVA was performed to test for overall differences in 

WFA and GAD densities in the PG1 and PG2 in control and HI animals. Where an overall 

effect was found, a Fisher’s LSD test was performed to assess for differences between the 

groups. Linear regression analysis was used to compare the relationship between loss of 

GAD-positive neurons and PNNs in cortical layer 6 and seizure burden following HI.  

All statistical analyses were performed with GraphPad software. Statistical significance was 

accepted at p < 0.05. Data are presented as mean ± standard deviation (SD). Histology and 

neuronal counts were performed by an assessor (T.M.F.) who was blinded to the treatment 

groups. 
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 Results 

 WFA and GAD localisation in uninjured sheep brain 

We first determined the pattern of PNN expression in control near-term fetal sheep brains 

using the PNN marker WFA. Intense WFA staining was observed in the cerebral cortex 

(Figure 6-2A), particularly in the parasagittal cortex (including both PG1 and PG2), and largely 

confined to the infragranular layers. Within these regions, WFA staining included a pattern of 

dense labelling around a subpopulation of somata, as well as a more diffuse extracellular 

component (e.g., see Figure 6-3 and Figure 6-5). Co-labelling with the cortical layer marker 

Ctip2, which is most strongly expressed in cortical layer 5 (Hevner, 2007; Molyneaux, Arlotta, 

Menezes, & Macklis, 2007), revealed predominant WFA labelling in layer 6 (i.e., directly below 

the layer of highest Ctip2 expression). Immunohistochemistry for NeuN (post-mitotic neuron 

marker) and MBP (myelin marker) confirmed that the WFA layer was adjacent to the white 

matter (Figure 6-2C, D). We also assessed GAD expression in the parasagittal cortex, and 

found that GAD-positive neurons were distributed throughout all cortical layers, including the 

WFA-rich layer 6 (Figure 6-2C, D). 
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Figure 6-2. Localisation of PNNs and interneurons in the uninjured near-term sheep cortex. (A) WFA 

reactivity in the whole brain (red) co-labelled with Hoechst 33258 (blue). Higher magnification co-

labelling of WFA (red) and Ctip2 (green) (B), WFA (white), glutamic acid decarboxylase (GAD, red), 

and NeuN (green) (C), and MBP (white), GAD (red), and NeuN (green) (D). CTX, cortex; WM, white 

matter. Scale bar: (A), 5 mm; (B–E), 200 µm. 
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As expected, all WFA-positive cells co-expressed the neuronal marker NeuN (Figure 6-3A), 

and exhibited a pattern resembling immature PNNs, with intense immunoreactivity 

surrounding the soma and occasionally proximal processes (by contrast, mature PNNs 

surround proximal processes more frequently and often extend further along processes) 

(Brückner et al., 1993; Celio & Blumcke, 1994; Celio et al., 1998). Double labelling revealed 

that 20.1 ± 8.8% (PG1) and 15.2 ± 4.5% (PG2) of total PNNs were expressed on GAD-positive 

interneurons in layer 6 (e.g., Figure 6-3B). Note that the level of neuronal GAD expression 

varied from weak to strong. By contrast, we did not observe PNNs on neurons expressing high 

levels of the excitatory synapse marker NMDAR1 (Figure 6-3C). Compared with cortical layer 

6, only occasional PNNs were observed in more superficial cortical layers (not shown).  
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Figure 6-3. WFA labelling on NeuN+ neurons and GAD+ interneurons in the parasagittal cortex. Note 

the intense localisation of WFA around NeuN+ neurons (A, arrowheads) and some GAD+ neurons (B, 

arrowheads), in a pattern resembling immature PNNs. WFA was not observed on NMDAR1+ neurons 

(C, arrowheads: WFA+ neurons; arrows: NMDAR1+ neurons). Note the diffuse WFA labelling in the 

ECM between cells, as opposed to the more intense perineuronal staining. NMDAR1, N-methyl-D-

aspartate receptor 1. Scale bar: 50 µm. 
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 Loss of interneurons in the whole parasagittal cortex following term HI 

To quantify the effect of HI on cortical interneuron survival, we assessed the density of GAD-

positive neurons in the parasagittal cortex (PG1 and PG2) at 7 d recovery after HI in near-

term fetal sheep. There was a significant reduction in the density of GAD-positive neurons in 

both PG1 (151 ± 38 vs. 101 ± 25 cells/mm2, p = 0.0391) and PG2 (134 ± 45 vs. 86 ± 27, p = 

0.0443) (Figure 6-4). There were no differences in GAD densities between PG1 and PG2 for 

the control or the HI groups. 

 

Figure 6-4. GAD expression in the whole parasagittal cortex of control (n = 5) and hypoxia-ischaemia 

(HI, n = 5) animals at 7 d recovery.  Representative images of (A) control and (B) HI tissue in PG1 

showing a reduction in GAD+ neurons (brown cells) in the HI cortex. GAD+ neurons in (B) are indicated 

with arrowheads. (C) Density of GAD neurons in PG1 and PG2 of control and HI animals. PG1, 1st 

parasagittal gyrus; PG2, 2nd parasagittal gyrus. *p < 0.05. Scale bar: 50 µm. Data are mean ± standard 

deviation (SD). 

 Loss of PNNs in layer 6 of the parasagittal cortex following term HI 

Next, we assessed PNN expression in layer 6 of the parasagittal cortex following HI. There 

was a marked overall decrease in WFA staining intensity in layer 6 of PG1 and PG2 after HI 

(Figure 6-5B) compared with control animals (Figure 6-5A), with complete loss in some 

regions (e.g., Figure 6-5C, D). Areas with reduced but visible WFA reactivity were 

predominantly restricted to the superior surface of PG1 and PG2. Interestingly, the remaining 
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PNNs in the injured cortices were often less sharply defined (i.e., more diffuse), with reduced 

pericellular staining and lower WFA intensity compared with controls (Figure 6-5E–H). 
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Figure 6-5. Representative examples of PNNs in the parasagittal cortex of control and HI animals at 7 

d recovery. Control (left column), HI (right column). WFA (A, B: grey, C–H: red), Hoechst 33258 (blue). 

Note that because of the marked reduction in WFA staining in HI animals, the image intensity of injured 

tissues (D, F, H) was manually adjusted (four-fold increase relative to control images) to allow 

visualisation of staining patterns. Representative examples of actual WFA staining levels between 

control and HI animals are shown in panels A and B. Scale bars: 5 mm, 500 µm, 100 µm, 20 µm.  

We then assessed the effect of HI on the number of PNNs in cortical layer 6. In HI animals 

there was a significant reduction in the density of WFA-positive neurons compared with 

controls in both PG1 (Control: 223 ± 75 vs. HI: 16 ± 17, p < 0.0001) and PG2 (Control: 144 ± 

29 vs. HI: 42 ± 30, p = 0.0019) (Figure 6-6A). Next, we examined whether this decrease in 

WFA-positive cell density was because of interneuron death, or loss of PNNs on surviving 

interneurons. HI was associated with a significant reduction in the density of GAD neurons 

within layer 6 in PG1 (369 ± 119 vs. 74 ± 39, p < 0.0001) and PG2 (343 ± 117 vs. 61 ± 28, p 

< 0.0001) compared with controls (Figure 6-6B). Double-labelling for GAD/WFA-positive 

neurons in control animals showed that approximately 11% (PG1) and 7% (PG2) of the total 

GAD population expressed PNNs (Figure 6-6C). HI was associated with reduced GAD/WFA 

double-labelling (to 1.7% for PG1 and 1.0% for PG2, p ≤ 0.0001 for both), indicating that PNNs 

were also lost on surviving interneurons. In control animals there was also a significant 

difference in the density of WFA-positive cells between PG1 and PG2 (p = 0.0009; Figure 

6-6A), and in the percentage of GAD-positive, WFA-positive neurons between PG1 and PG2 

(p < 0.0001; Figure 6-6C).  
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Figure 6-6. Density of PNNs and GAD+ neurons in the parasagittal cortex of control and HI animals at 

7 d recovery. Density of (A) WFA+ (B) and GAD+ neurons in cortical layer 6. (C) Proportion of total 

GAD+ neurons that were WFA+. n = 5 animals/group. **p < 0.01, ***p < 0.0001. Data are mean ± SD. 

 Loss of cortical interneurons and PNNs is not significantly associated with 

increased electrographic seizure burden 

Finally, we examined the relationship between the density of GAD-positive neurons and PNNs 

in cortical layer 6 and seizure burden across the control and HI animals. However, there was 

no significant linear correlation of GAD-positive cell density (p = 0.6638; Figure 6-7A), WFA-

positive cell density (p = 0.2188; Figure 6-7B), or the proportion of GAD-positive neurons that 

were WFA-positive (p = 0.0534; Figure 6-7C) with seizure burden.  

 

Figure 6-7. Relationship between loss of GAD+ neurons and PNNs in layer 6 of the parasagittal cortex 

and seizure activity in control and HI animals at 7 d recovery.  Linear correlations of (A) GAD+ cell 

density, (B) WFA+ density, and (C) the proportion of GAD+ neurons with PNNs with seizure burden are 

shown. n = 5 animals/group. 
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 PNN expression in the parasagittal cortex of postnatal and adult sheep 

We also examined the time course of PNN expression in the postnatal and adult sheep 

parasagittal cortex. Similar to the near-term sheep, PNNs were abundant in layer 6 of the 

parasagittal cortex in the lamb, and this layer contained a combination of cell-specific and 

diffuse extracellular WFA reactivity (Figure 6-8A). In contrast to the near-term brain, a few 

PNNs were also observed in more superficial cortical layers. By adulthood, PNNs were widely 

distributed and predominantly observed in layers 3 and 5 of the parasagittal cortex, with fewer 

in layers 4 and 6 (Figure 6-8B). 

  

Figure 6-8. Expression of PNNs in 2-month-old lamb and adult sheep parasagittal cortex. PNNs are 

shown in (A) 2 month-old lamb cortex and (B) adult cortex. WFA: red, Hoechst: blue. WM, white matter. 

Scale bar = 500 µm. 

 PNN expression in other regions of the fetal sheep brain 

In addition to the prominent cortical expression, diffuse WFA reactivity was observed 

surrounding the SVZ and in the ventricular zone (VZ) in the near-term fetal sheep brain. PNNs 

were not observed in these regions, except for a few at the tip of the SVZ (Figure 6-9C, 

arrowheads). Numerous PNNs were also present in the medial septum (Figure 6-9D, 
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arrowheads); these were more sharply defined than those in layer 6 (potentially because of 

lower background WFA labelling), and were often clearly visible on proximal processes and 

as neuronal somata. WFA reactivity was generally reduced in the SVZ and VZ of HI animals, 

and some cases showed fewer PNNs in the medial septum (qualitative observations only, not 

shown). 

 

Figure 6-9. WFA labelling in subventricular zone (SVZ), ventricular zone (VZ), and medial septum of 

the near-term sheep brain. Diffuse WFA labelling (red) is shown in (A) and (B), with neurons (NeuN) in 

green and Hoechst-labelled nuclei in blue. (C) PNNs (red) on neurons (green, arrowheads) near the tip 

of the SVZ, (D) PNNs on neurons in the medial septum. Scale bar: 100 µm. 
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 Discussion 

Disrupted GABAergic signalling in the cerebral cortex is thought to contribute to the 

neurophysiological and cognitive impairments involved in numerous neurodevelopmental 

disorders, and there is limited preclinical and human evidence that perinatal brain injury 

involves damage to cortical GABAergic interneurons (Robinson et al., 2006). Herein, we show 

that HI in the near-term fetal sheep (equivalent to the term human with respect to brain 

development) (Dobbing & Sands, 1970; McIntosh et al., 1979) results in marked loss of 

GABAergic interneurons throughout the parasagittal cortex. We also provide new evidence for 

formation of PNNs on cortical interneurons during the last third of gestation in the fetal sheep, 

localised mainly to cortical layer 6. This population of cortical interneurons was particularly 

vulnerable to injury following HI, with widespread interneuron and PNN loss occurring in layer 

6, and disruption of PNNs on surviving neurons. Overall, these data suggest that perinatal HI 

may cause deficits in the cortical GABAergic system that involve, at least in part, disruption of 

PNNs that are important for cortical inhibitory network function and regulation of CNS 

plasticity. 

Injury to the parasagittal cortex is a common pattern of brain injury observed following HI in 

term infants. This pattern of injury is reproduced in near-term animal models of cerebral HI, 

including the 0.85 gestation fetal sheep (Gunn & Bennet, 2009; Williams et al., 1992). Our 

findings demonstrate that HI near term causes marked loss of GABAergic interneurons 

(~30%) throughout the parasagittal cortex at 1 week of recovery. Interneuron loss was even 

more pronounced in cortical layer 6 (>80%), suggesting a particular vulnerability of this cell 

layer. Previous reports showed that unilateral HI caused acute death of GAD-positive 

interneurons in the cerebral cortex in PND9 mice (F. L. Xu et al., 2006), while asphyxia in 

newborn rats (PND0) resulted in long-term (PND56) loss of cortical calbindin-positive 

interneurons (~20%) in the frontal cortex (Van De Berg et al., 2003). Further, maternal hypoxia 

at E17 in mice caused an acute, but transient, reduction of GAD protein expression in the 
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cerebral cortex, and a reduced density of cortical calbindin-positive interneurons in both 

superficial and deep layers by PND14 (Louzoun-Kaplan et al., 2008). Despite no equivalent 

reports in term humans, post-mortem studies in preterm born infants with white matter lesions 

(25–32 weeks gestation) show a reduced density of cortical calretinin-positive interneurons 

and reduced numbers of cortical cells with GABA receptor expression (Robinson et al., 2006). 

Overall, these studies in combination with our observations indicate that injury to cortical 

interneurons may form an important component of the neuropathology observed following 

perinatal HI. 

In the present study, HI resulted in loss of PNNs in layer 6 (by 75%–90%), which, at least in 

part, reflects the loss of cortical interneurons. Nevertheless, there was also a marked reduction 

in the expression of PNNs on surviving GAD-positive interneurons (by ~90%), while remaining 

PNNs showed overall weaker and less defined staining. Similarly, expression of brevican, a 

major PNN component, was reduced in the cortex after HI in neonatal rats (Leonardo et al., 

2008). Loss of cortical PNNs was also shown after stroke in the adult rat (Hobohm et al., 

2005), which was attributed to degradation of PNN components. In support, expression of 

MMP9, which is particularly important for PNN degradation, was increased after HI in the 

neonatal mouse cortex (Bednarek et al., 2012), and after focal ischaemia in the adult rat cortex 

(Amantea et al., 2007; Planas et al., 2001; Romanic et al., 1998). ADAMTS (a disintegrin and 

metalloproteinase with thrombospondin motifs) and hyaluronidase (Hyal) enzymes also 

degrade PNNs, and are upregulated in the brain of adult humans and rats after focal ischaemia 

(Al’Qteishat, Gaffney, Krupinski, Rubio, et al., 2006; Al’Qteishat, Gaffney, Krupinski, & Slevin, 

2006; Cross et al., 2006). In these studies, upregulation of MMP, Hyal, and ADAMTSs 

occurred rapidly (2–24 h) after injury, and often persisted for days. Thus, the reduction in 

cortical PNNs with HI in the present chapter may reflect an increase in enzymatic PNN 

degradation. Further studies examining the exact timing of PNN production during fetal life 

and expression of PNN-degrading enzymes after HI will help to determine the mechanisms 

underlying these changes. 
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Numerous studies have reported key roles of GABAergic neurons in normal cortical circuit 

development (Le Magueresse & Monyer, 2013; Luhmann et al., 2014), and of PNNs in 

GABAergic network function (Balmer, 2016; Dityatev et al., 2007; Favuzzi et al., 2017). Deficits 

in cortical GABAergic signalling cause an imbalance in neural excitatory-inhibitory activity (J. 

H. Wang, 2003), and can produce phenotypes similar to those observed in children following 

perinatal brain injury, including altered cortical plasticity and excitability, epilepsy, cognitive 

delay, and behavioural dysfunction (Asada et al., 1996; H.-T. Chao et al., 2010; Gogolla, 

LeBlanc, et al., 2009; Gruber et al., 2010; Pizzarelli & Cherubini, 2011; Powell et al., 2003; 

Schuler et al., 2001). Even though we did not observe a relationship between loss of 

interneurons and PNNs with seizure burden following HI in the present study, others showed 

that degradation of PNNs in hippocampal cultures in vitro caused increased interneuron 

excitability and seizure-like activity (Dityatev et al., 2007; Vedunova et al., 2013). Further, loss 

of PNNs may increase interneuron vulnerability to oxidative stress and death (Cabungcal et 

al., 2013; Morawski, Brückner, Riederer, Brückner, & Arendt, 2004; Suttkus, Rohn, Jäger, 

Arendt, & Morawski, 2012). Thus, we hypothesise that changes in cortical interneuron and 

PNN expression may still contribute to the cortical hyperexcitability, seizures, and delayed 

neuronal loss previously reported in this model (Davidson et al., 2012; Williams et al., 1992). 

Greater animal numbers are required to conclusively determine the relationship of seizure 

burden with loss of interneurons and PNNs. Loss of GABAergic interneurons and PNN 

disruption around term age is also likely to have longer term implications for cortical function. 

For example, GABAergic circuit establishment is the trigger for the beginning of critical periods 

of cortical development (periods during which synaptic circuitry is most easily modified by 

experience), while PNNs are required for restriction of plasticity and critical period closure 

(Pizzorusso et al., 2002; Takesian & Hensch, 2013). Further studies are required to examine 

the longer term effects of interneuron and PNN injury following perinatal HI. 

Our findings also provide new evidence for expression of PNNs, predominantly localised to 

layer 6 of the cerebral cortex, in near-term fetal sheep. The initial appearance of PNNs in 
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cortical layer 6 likely reflects the earlier formation of this layer compared with other cortical 

lamina, as during cortical development, the deeper layers (5 and 6) form first, followed by 

superficial layers (2–4) (Molyneaux et al., 2007). In sheep, neurogenesis and formation of 

cortical layers 5 and 6 occur from approximately 30 d gestation, and are largely complete by 

60 d (Glatzle, Hoops, Kauffold, Seeger, & Fietz, 2017). In rodents, immature PNNs first 

develop in layer 6 of the parietal cortex in the PND7 rat, an age of brain maturation equivalent 

to the late gestation human (Pressler & Auvin, 2013; Semple, Blomgren, Gimlin, Ferriero, & 

Noble-Haeusslein, 2013), followed by more widespread PNN expression in cortical layers 2–

6 by PND14, and then adult-like patterns by PND35 (Koppe et al., 1997). A similar timing of 

PNN formation was shown in the mouse visual cortex, but PNNs were highest in layers 4 and 

5, and lower in layers 2/3 and 6 at all ages (PND10–PND70) (Ye & Miao, 2013). In adult sheep, 

PNNs are predominantly located in layers 3 and 5, with less in layers 4 and 6 (Vidal et al., 

2006), while in adult humans and monkeys, PNNs are expressed in cortical layers 3 and 4, 

with less in layers 2, 5, and 6 (Mauney et al., 2013; A. L. Mueller et al., 2016). The pattern of 

PNN expression we observed in the adult sheep corresponds with these studies, and the 

pattern in 2-month-old lambs was transitional between fetal and adult expression.  

We also observed PNNs in the medial and lateral septum of the fetal sheep brain, as 

previously reported in adult monkeys and in humans (Adams et al., 2001). In rats, PNNs in 

the septum predominantly surround a population of fast-spiking parvalbumin immunoreactive 

neurons (Morris & Henderson, 2000), suggesting a role in inhibitory circuits in septal regions, 

as for the cerebral cortex. We also detected diffuse WFA staining in the SVZ and VZ of the 

fetal sheep. These stem cell niches are rich in ECM molecules such as CSPGs (Gates et al., 

1995; Schwartz & Domowicz, 2004), which are thought to regulate neural stem cell 

proliferation, differentiation and migration (Sirko, von Holst, Wizenmann, Gotz, & Faissner, 

2007). Thus, the diffuse WFA labelling in the SVZ and VZ in this study likely reflects expression 

of non-PNN CSPGs.  
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Although PNNs are known to be predominantly expressed on cortical interneurons (Celio & 

Chiquet-Ehrismann, 1993; Härtig et al., 1992; Kosaka & Heizmann, 1989), in the present study 

only 16%–19% of total PNNs were localised on GAD-positive interneurons in cortical layer 6. 

In humans, a substantial amount of GABAergic interneuron migration into the cerebral cortex 

occurs from the late prenatal period until early postnatally, and similarly, cortical GABA 

receptor expression in the sheep is close to adult levels by term-equivalent age (Arshad et al., 

2016; Crossley, Walker, Beart, & Hirst, 2000; G. Xu et al., 2011). However, human cortical 

GAD expression during late gestation is only <10% of adult levels, and it then progressively 

increases postnatally and into adulthood (G. Xu et al., 2011). Thus, the total proportion of 

PNNs on interneurons in the present study was likely higher than that observed by GAD 

labelling (i.e., there may be a neuronal population with GAD mRNA expression that did not yet 

express GAD protein). In support, we did not observe PNN colocalisation with neurons 

expressing high levels of the excitatory synapse marker NMDAR1 in layer 6, which 

corresponds with the greater association of PNNs with inhibitory interneurons compared with 

excitatory neurons in layer 6 of the adult rat cortex (Alpar et al., 2006). Further studies will use 

a range of other GABAergic and glutamatergic neuron markers to examine the specific cell 

types that express PNNs. 

In summary, these data suggest that perinatal HI causes deficits in the cortical GABAergic 

system involving loss of interneurons and disruption of PNNs. Given the importance of 

GABAergic networks in CNS maturation and function, these deficits may contribute to the wide 

range of adverse neurological outcomes associated with HI brain injury. 
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7 Summary and Conclusions 

 Summary of key findings 

Historically, the ECM in the brain was considered largely unimportant compared with cellular 

elements, and was thought to provide a simple structural scaffold. However, the neural ECM 

is now known to have a staggering number of roles in CNS function (Bandtlow & Zimmermann, 

2000; Barros et al., 2011; Dityatev et al., 2010; Gundelfinger, Frischknecht, Choquet, & Heine, 

2010; Happel & Frischknecht, 2016; Sanes, 1989), and is dysregulated in multiple CNS 

diseases (Pantazopoulos et al., 2016; Soleman, Filippov, Dityatev, & Fawcett, 2013). 

Extensive studies have also shown that HA is a key functional component of the mature ECM 

in the brain (see Section 1.8.1), but its role in early stages of neuronal development is poorly 

understood. This thesis provides new knowledge on the involvement of the ECM and HA in 

regulating critical aspects of neuronal morphogenesis, and demonstrates how injury to the 

developing brain can affect the neuronal ECM. This chapter will summarise the key findings 

from this thesis, and then discuss the wider implications of this work, as well as potential 

limitations and future directions. 

The key findings of this study were as follows: 

1. In Chapter 3, I examined the hypotheses that (i) cortical neurons express HAS enzymes, 

(ii) cortical neurons can synthesise HA independently of glia, and (iii) HA is expressed 

on cellular structures essential for neuronal morphogenesis. Using a primary dissociated 

neuronal culture model, I found that functional HAS enzymes and HA were expressed 

much earlier in neuronal maturation than previously reported, and were located on 

multiple structures critical for neuronal development, including somata, lamellipodia and 

filopodia, and immature neurites. At more mature neuronal stages, HA and HASs were 

located on differentiated processes (axons and dendrites) and around synapses. 

Further, HA was widely expressed on neurons without evidence of PNNs. Finally, 
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cortical neurons also expressed Hyal1–3 mRNA. These data indicate that cortical 

neurons can directly regulate HA levels in the CNS ECM during early stages of 

neurodevelopment, and suggest potential roles for HA in the development of multiple 

neuronal structures, independent of PNNs. 

 

2. In Chapter 4, I examined the hypothesis that broad pharmacological blockade of HA 

synthesis by cortical neurons during early development in vitro would reduce the 

outgrowth of structures expressing abundant HA. I found that HAS1−3 inhibition with 4-

MU impaired the growth and complexity of neuronal lamellipodia and filopodia at DIV1–

3, without impairing neurite outgrowth. These data suggest that HA produced by cortical 

neurons is an important regulator of the neuronal cytoskeleton, including neuronal 

lamellipodia and filopodia. 

 

3. In Chapter 5, I examined the hypothesis that selective knockdown of HAS2 or HAS3 in 

cortical neurons in vitro would reduce longer-term neuronal process outgrowth and 

complexity. I found that HAS2 knockdown caused a marked reduction in both the length 

and branching of differentiated neuronal processes, while HAS3 knockdown resulted in 

fewer branches, but an increase in branch length at DIV7. These data indicate that 

neuronal synthesis of HA by HAS2 and HAS3 plays important but differential roles in 

morphological development of cortical neurons. 

 

4. In Chapter 6, I examined the hypothesis that cerebral HI in the near-term fetal sheep 

would reduce expression of cortical interneurons and PNNs. I found that PNNs were 

expressed in the fetal sheep cerebral cortex, predominantly restricted to cortical layer 6. 

In HI animals, I also found a marked reduction in both interneurons and PNNs, as well 

as loss of PNNs on remaining interneurons, in the parasagittal cortex. These data 

suggest that loss of interneurons and PNNs may contribute to brain injury and cortical 

dysfunction associated with perinatal HI. 
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 Implications for brain development 

 HA signalling and neuronal morphology 

The establishment of functional neural circuits is dependent on the coordinated development 

and connectivity of neurons, including initial lamellipodia and filopodia formation, followed by 

the correct initiation, extension, and arborisation of dendrites and axons (Dotti et al., 1988). 

As integral components of growth cones, lamellipodia and filopodia are also important for the 

extension, navigation, and branching of dendrites and axons (Bray, 1973; Dailey & Smith, 

1996; Gallo, 2011; Scott & Luo, 2001). One of the key overall findings of this thesis was that 

neuronal production of HA by HAS2 and HAS3 (localised to neuronal lamellipodia, filopodia, 

and processes) is a critical event required for neuronal morphogenesis in vitro. Even though 

these functions were not specifically examined in vivo, these data imply an important 

physiological role of neuronal HA in the control of brain development and connectivity. 

The potential signalling mechanisms by which HA may control the neuronal actin cytoskeleton, 

including lamellipodia and filopodia development, and neuronal process growth and 

arborisation, are summarised in Figure 7-1. HA activation of the CD44 receptor is the main 

candidate signalling pathway for mediating these effects, as it can associate with multiple 

intracellular effectors (e.g., Rac1, Cdc42, FAK, ERMs) via its cytoplasmic domain (Dzwonek 

& Wilczynski, 2015; Yonemura et al., 1998). Rac1 and Cdc42 can regulate lamellipodia and 

filopodia formation (Brown et al., 2000; Kozma et al., 1997; Myers, Robles, Ducharme-Smith, 

& Gomez, 2012; Sayyad, Fabris, & Torre, 2016), as well as axon and dendritic growth, 

specification, branching, and guidance (Gualdoni et al., 2007; Hua, Emiliani, & Nathans, 2015; 

Ng et al., 2002; Suo, Lu, Ying, Capecchi, & Wu, 2012). The ERM proteins also have functions 

in both lamellipodia and filopodia development (Castelo & Jay, 1999; Paglini et al., 1998), and 

neurite, axon, and dendrite morphogenesis (Freymuth & Fitzsimons, 2017; Paglini et al., 

1998). Similarly, FAK can regulate focal adhesion assembly and lamellipodia and filopodia 

stability (Chacon et al., 2012; Robles & Gomez, 2006), as well as neuronal process growth 
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and branching, albeit with somewhat conflicting effects. For example, others showed that 

normal FAK signalling promoted neuritogenesis and axon extension, but decreased dendritic 

and axonal complexity (Chacon et al., 2012; Gupton & Gertler, 2010; Rico et al., 2004; Skupien 

et al., 2014), suggesting that FAK may be a negative regulator of process outgrowth. In 

support, signalling via a novel CD44/Src kinase/FAK-dependent pathway altered positioning 

of the Golgi apparatus and inhibited dendritic arborisation (Skupien et al., 2014). FAK 

signalling can also activate Rac1 and Cdc42 (Myers et al., 2012), indicating cross-talk between 

these signalling pathways. Alternatively, HA activation of the RHAMM receptor also activates 

FAK signalling (Twarock et al., 2010), suggesting a potential role for RHAMM signalling in 

neuronal development. 

It is important to note that the assembly and rearrangement of the actin cytoskeleton is 

required for all aspects of neuronal outgrowth, and indeed the functions of Rac1, Cdc42, and 

FAK in lamellipodia and filopodia development, and in neuronal process outgrowth, are largely 

attributed to their ability to alter actin dynamics (Gonzalez-Billault et al., 2012; Gualdoni et al., 

2007; Hua et al., 2015; Ng et al., 2002; Spillane & Gallo, 2014). Thus, the varying roles of 

neuronal HA in this thesis likely occur via activation of convergent signalling pathways that 

regulate various aspects of the neuronal actin cytoskeleton. Neuronal process development 

is also dependent on dynamic changes in the microtubule cytoskeleton, although to our 

knowledge, no clear association between HA-related signalling molecules and the microtubule 

cytoskeleton has been shown in neurons.  

The various biological effects of HA observed in this thesis may also depend on the distribution 

and expression of HA-associated signalling molecules within neuronal substructures. Indeed, 

Cdc42 and Rac1 are enriched in the growth cones of stage 1 and 2 neurons, with lower levels 

in early neurites (Da Silva et al., 2004). At later stages, Cdc42 accumulates in developing 

dendrites and axons, while Rac1 becomes localised predominantly to the axonal regions of 

axo-dendritic contacts (Da Silva et al., 2004). HA receptors can also be activated by a wide 
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range of molecular weights of HA (Cyphert et al., 2015). For example, at least in non-neural 

cells, despite its higher affinity for high molecular weight HA, CD44 can be activated by low 

molecular weight HA oligosaccharides (10 disaccharides or less) (Campo et al., 2010). These 

smaller HA fragments can also activate TLR2 and TLR4 signalling in chondrocytes (Campo et 

al., 2010), dendritic immune cells (Termeer et al., 2002), as well as CNS oligodendrocytes 

(Sloane et al., 2010). Further, the low molecular weight HA fragments produced by 

hyaluronidases, but not high molecular weight HA itself, inhibited oligodendrocyte precursor 

maturation in vitro and remyelination in vivo (Back et al., 2005; Preston et al., 2012; Sloane et 

al., 2010). Thus, the biological effects of HA in neuronal development in this thesis may relate 

to the different high molecular weights of HA synthesised by HAS2 and HAS3; see Chapter 5) 

and/or processing of this high molecular weight HA into smaller, but bioactive, fragments by 

neuronal Hyals. Supporting the potential for neuronal degradation of HA, mRNA expression 

of the two main HA degrading enzymes, Hyal1 and Hyal2, was observed on cortical neurons 

at all stages of development.  
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Figure 7-1. Potential HA-mediated signalling pathways involved in neuronal lamellipodia and filopodia 

development and process growth and branching. This diagram summarises known regulators of the 

actin cytoskeleton that may be activated by HA and/or its receptors to alter neuronal lamellipodia and 

filopodia dynamics, process extension, and process arborisation. These signalling pathways involve HA 

synthesis by neuronal HASs, and may also require HA degradation by endogenous Hyals. ERMs, ezrin-

radixin-moesin proteins; TLRs, toll-like receptors. 

 HA and PNNs 

Another consideration in this thesis relates to the timing of PNN formation in our culture 

system. HA forms the structural scaffold for PNNs (Carulli et al., 2007; Deepa et al., 2006; 

Giamanco & Matthews, 2012), and there is strong evidence that PNNs regulate synaptic 
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function, at least in mature neurons (see Section 1.8.2). Nevertheless, experiments in 

Chapters 4 and 5 of this thesis were performed before the onset of PNN formation (e.g., see 

Chapter 3), indicating that the observed roles of HA were independent of PNNs. This is 

supported by reports that PNNs only appear relatively late in postnatal development in vivo, 

significantly later than the major period of neuronal lamellipodia and filopodia formation, 

process elongation, and polarisation (Brückner et al., 2000; Koppe et al., 1997; Polleux & 

Snider, 2010). Our data also indicate that HA is expressed by all cortical neurons, at least in 

vitro, while a much smaller subset of neurons eventually develop PNNs. This finding remains 

to be confirmed in vivo, but provides more support for widespread roles of HA, independent of 

PNNs, in both the developing and adult brain. Importantly, results from studies using 

hyaluronidases or ChABC to degrade PNNs (see Section 1.8.2) should be interpreted with 

caution, given that this strategy would also remove HA from other neurons not expressing 

PNNs. Finally, despite our evidence for PNN-independent functions of HA, HA synthesis and 

PNN formation are connected events in vivo, at least from PND14 onwards in rodents, as HA 

is the main PNN scaffold (Carulli et al., 2007; Deepa et al., 2006; Giamanco & Matthews, 

2012). Thus, the production of HA by HASs on cortical neurons likely dictates the timing of 

mature PNN construction, and may in turn influence the timing of critical period closure in the 

cortex (Carulli et al., 2010; Gundelfinger et al., 2010; Hockfield et al., 1990; Pizzorusso et al., 

2002). 

 Implications for neurological disease 

 HA signalling and neuronal morphology 

The finding that HA is important for various aspects of neuronal development, including 

process growth and arborisation, suggests that dysregulation of HA metabolism may lead to 

alterations in CNS growth and connectivity, such as those observed in various 

neurodevelopmental diseases including autism spectrum disorders (McFadden & Minshew, 

2013), Rett Syndrome (Armstrong, Dunn, Antalffy, & Trivedi, 1995), epilepsy (Buckmaster, 
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Zhang, & Yamawaki, 2002), schizophrenia (Zalesky et al., 2011), preterm brain injury (Dean 

et al., 2013), and unclassified cases of cognitive deficit (Kaufmann & Moser, 2000). Very few 

studies have examined changes in HA metabolism in these disorders, although HA levels 

were increased in human patients with temporal lobe epilepsy (Perosa et al., 2002). 

Experimentally, expression of HAS3 was reduced in an animal model of epilepsy (Bausch, 

2006), while HAS1 and HAS3 knockout caused seizures in the adult mouse (Arranz et al., 

2014). Changes in HAS and Hyal expression on neurons, and altered HA turnover, were also 

shown in post-mortem tissue of human ischemic-stroke patients, and following HI in the adult rat 

(Al’Qteishat, Gaffney, Krupinski, Rubio, et al., 2006; Al’Qteishat, Gaffney, Krupinski, & Slevin, 

2006). Other disorders involving genetic alterations of HA metabolism (Hyal1 or HAS2 

deficiency) have also been reported, but these patients exhibit a normal neurological 

phenotype, with mainly joint and cardiac pathologies (Natowicz, 1996; Triggs-Raine, Salo, 

Zhang, Wicklow, & Natowicz, 1999; Zhu et al., 2014). This finding may relate to redundancy 

of some HAS and Hyal isoforms in the CNS; for example HAS1 and HAS2 produce 

overlapping molecular weight ranges of HA (Itano et al., 1999; Itano & Kimata, 2002). 

Nevertheless, neuronal expression of HASs and Hyals may form a promising new basis for 

investigating causal factors and therapies for disorders involving dysregulation of the HA-

based ECM. 

 HA and PNNs 

Alterations in the metabolism of HA may contribute to the previously reported deficits in PNN 

expression in disorders such as epilepsy, schizophrenia, and Rett syndrome (Belichenko et 

al., 1997; Enwright et al., 2016; Mauney et al., 2013; McRae et al., 2012; McRae & Porter, 

2012). Given the effects observed in our near-term fetal sheep model (Chapter 6), HA or PNNs 

may also be dysregulated in cerebral HI in human neonates. Depending on the timing of PNN 

onset, reduced synthesis or increased degradation of HA may impair PNN construction or 

disrupt existing PNNs. In this thesis, the exact timing of PNN formation in fetal sheep was 

unclear, although PNNs were not present at preterm-equivalent age (~102 d gestation), 
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suggesting that PNN formation began between 102 (preterm-equivalent) and 135 d of 

gestation (the age at post-mortem). Further studies in the fetal sheep examining PNN 

expression at the time of HI, and changes in HA, HAS, and Hyal expression, would shed light 

on the underlying cause of PNN loss. Alternatively, PNN degradation may occur by non-

enzymatic mechanisms, as HA can be degraded in a random manner by reactive oxygen 

species after injury (Girish & Kemparaju, 2007; Yamazaki et al., 2003). 

The specific timing of changes in PNN expression following HI in our model remains unclear. 

Nevertheless, HA- and PNN-degrading enzymes (e.g., MMP9, Hyals, ADAMTSs) can be 

upregulated from the first few hours until days after injury in experimental models and human 

cases of HI (Al’Qteishat, Gaffney, Krupinski, Rubio, et al., 2006; Al’Qteishat, Gaffney, 

Krupinski, & Slevin, 2006; Bednarek et al., 2012; Planas et al., 2001; Romanic et al., 1998). 

Importantly, such delayed remodelling of the ECM, including HA and PNNs, offers the potential 

for therapeutic interventions that specifically target these events. For example, the expression 

of MMP9 (which can degrade PNNs) is increased in the cerebral cortex after HI experimentally 

and in human infants (Amantea et al., 2007; Bednarek et al., 2012; Planas et al., 2001; 

Romanic et al., 1998). Inhibition of MMP9 reduced the infarct area in the adult rat cortex and 

striatum after focal ischaemia (Amantea et al., 2007; Romanic et al., 1998), and reduced the 

death of hippocampal neurons after global ischaemia in the adult mouse (Lee, Tsuji, Lee, & 

Lo, 2004). Further, MMP9 knockout mice have improved neuronal survival in the hippocampus 

after global ischaemia (Lee et al., 2004). Alternatively, Hyal inhibitors such as l-ascorbic acid 

6-hexadecanoate may be used to target HA degradation after CNS injury (Botzki et al., 2004; 

Preston et al., 2012). Based on these studies, inhibition of enzymes such as MMPs or neuronal 

Hyals may be a potential therapeutic strategy to reduce PNN degradation and neurological 

deficits in perinatal HI. Interestingly, reactive oxygen species such as hydroxyl free radicals 

are produced in grey matter after asphyxia (Miller, Yan, Castillo-Meléndez, Jenkin, & Walker, 

2005), and in addition to inducing lipid peroxidation and cell death, these are known to slowly 

degrade HA, at least in peripheral tissues (Girish & Kemparaju, 2007; Yamazaki et al., 2003). 
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Thus, antioxidant therapies may form a further strategy for preserving the ECM, as the 

developing brain has a limited capacity to combat oxidative stress (Miller, Wallace, & Walker, 

2012). 

The regenerative response of PNNs after brain injury is limited, as they take up to 8 weeks to 

reform under physiological conditions (Brückner et al., 1998), and this process is likely much 

slower after injury. Thus, promoting endogenous PNN recovery may be a therapeutic target. 

Indeed, in dissociated neuronal cultures and slice cultures from tenascin-R knockout mice, 

treatment with an anti-aggrecan antibody, as well as addition of tenascin-R or native WFA into 

knockout cultures, augmented PNN formation by restoring cross-linking between PNN 

molecules (Morawski et al., 2014). The L-type calcium channel blocker verapamil, which 

upregulates aggrecan production in chondrocytes in vitro (Takamatsu et al., 2014), has also 

been proposed, but not trialled, as a therapeutic possibility for PNN restoration (De Luca & 

Papa, 2016). Speculatively, genetic targeting of neurons using a viral vector system could also 

be used to increase specific and localised production of HA or other PNN molecules to 

promote PNN formation. 

Together with our data revealing PNN loss in perinatal HI, overall these studies present a case 

for inhibiting pathological ECM disruption after injury to the developing brain, either by blocking 

degradation of ECM components, enhancing ECM synthesis, or preserving structural integrity 

of HA/PNNs. The key roles of HA in regulating neuronal morphology and signalling also 

suggest that alterations in HA in particular, as well as PNNs, may contribute to disorders where 

neuronal development is impaired. As major players in the production and degradation of HA 

(Chapter 3) and other PNN components, neurons may therefore form an important target for 

ECM-related therapeutic approaches in the developing cortex. 
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 How might neurons regulate HA levels in brain development and 

injury? 

The signals that drive changes in the synthesis and degradation of HA by neurons under 

physiological and pathological conditions are unknown. In non-neural cells, the expression 

and activity of HASs can be altered by cytokines, growth factors, cell stress, and the 

intracellular UDP-sugar concentration, which may act through promoter response elements of 

the HAS enzymes or through regulatory proteins (Jacobson et al., 2000; Tammi et al., 2011). 

Recklies et al. also showed that changes in HAS transcription do not always give rise to 

increased HA, implying post-transcriptional regulation of these genes (Recklies, White, 

Melching, & Roughley, 2001). Further, there is evidence that while the HASs respond to some 

common regulatory signals, the different isoforms can be regulated individually (Jacobson et 

al., 2000; Tammi et al., 2011). Another mechanism regulating HA turnover may involve 

changes in neuronal activity during normal brain development, as there is extensive evidence 

that expression of other ECM components is activity-dependent in the immature brain and in 

vitro (Carulli et al., 2010; Dityatev et al., 2007, 2010; Kalb & Hockfield, 1988; Lander, Kind, 

Maleski, & Hockfield, 1997; McRae, Rocco, Kelly, Brumberg, & Matthews, 2007; D. Wang & 

Fawcett, 2012). Activity-dependent control of HA/PNN expression may also play a role in ECM 

remodelling after injury, where neuronal activity is often pathologically altered (e.g., Chapter 

6). 

Interestingly, a multi-protein functional unit termed the ‘hyaluronasome’ is hypothesised to be 

important for HA metabolism, including responding to cellular requirements for HA (Stern, 

2003). The hyaluronasome is proposed to contain HASs (Mian, 1986) and a Hyal2-CD44 

complex partially embedded in the plasma membrane (Figure 7-2), and may also contain 

other components such as RHAMM and hyaluronidase inhibitors (Stern, 2003). Evidence for 

the existence of this unit is limited, but preliminary studies in non-neural cells have reported 

colocalisation between Hyals and HASs (Stern, 2003), and that cells respond to exogenous 
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hyaluronidase treatment by increasing their endogenous HA synthesis (Larnier, Kerneur, 

Robert, & Moczar, 1989; Philipson, Westley, & Schwartz, 1985; Stern, 2004). This suggests a 

mechanism by which cells can sense and regulate extracellular HA levels (e.g., Figure 7-2), 

and we propose that such local regulation may occur in cortical neurons. Speculatively, the 

hyaluronasome may represent a mechanism by which neurons can respond to both 

physiological and pathophysiological stimuli by adjusting the rates of HA synthesis and 

degradation. Although this structure remains purely hypothetical, data from this thesis confirm 

the expression of both HASs and Hyals by cortical neurons, and studies are in progress using 

confocal and super-resolution microscopy to examine the colocalisation of HASs, Hyals, and 

HA receptors on various neuronal substructures.  

 

Figure 7-2. Proposed hyaluronasome model for neuronal HA metabolism. The neuronal soma is shown 

in purple and the cell membrane in yellow. The hyaluronasome (dashed circle) contains closely 

associated HAS, Hyal2, and CD44. Inadequate extracellular HA levels are sensed by the 

hyaluronasome and cause an increase in neuronal HA synthesis and a downregulation in degradation. 

When there is excess HA, degradation and internalisation (potentially via a Hyal2-CD44 complex 

(Bourguignon, Singleton, Diedrich, Stern, & Gilad, 2004; Culty, Nguyen, & Underhill, 1992)) are 

upregulated by the hyaluronasome. HA is eventually targeted to Hyal1-containing lysosomes for further 

degradation (Culty et al., 1992; Stern et al., 2006). This system likely also involves cross-talk between 

HASs, Hyal2, and an HA receptor such as CD44. 
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 Methodological considerations and future directions 

Chapters 1–3 of this thesis utilised a dissociated neuronal culture model. This two-dimensional 

model system allows detailed spatial analysis of target proteins, and is particularly useful for 

resolving protein expression to individual neurons and substructures, which is otherwise not 

possible with the 3D distribution of cells in situ. This model also allows observation throughout 

the various stages of morphological development, with easy delivery of pharmacological and 

genetic manipulations. In addition, as this technique generates relatively consistent cultures 

of cortical neurons, comparisons of various manipulations over multiple time points can be 

performed between independent cultures. Thus, this culture system allowed us to examine 

the specific capacity of neurons to independently synthesise HA and PNNs, and to determine 

the specific roles of the neuron-associated ECM in neuronal development. 

Nevertheless, this neuronal culture model also has several caveats. First, it does not 

necessarily reflect the in vivo environment. Thus, the translatability of our findings to the in 

vivo situation remains unknown. For example, the cultures do not provide three-dimensional 

neuronal morphological detail. Further, cultures from the embryonic rat cortex contain a mixed 

population of neuronal subtypes from multiple cortical subregions (Kriegstein & Dichter, 1983; 

Stichel & Müller, 1991), which is likely to increase data variability. The roles of HA on specific 

cortical neuronal subtypes will be examined in future studies. We are also currently performing 

similar HAS inhibition studies using hippocampal neurons in our laboratory, as the 

hippocampus contains a more homogenous population of mainly pyramidal neurons (Boss, 

Turlejski, Stanfield, & Cowan, 1987; Schlessinger, Cowan, & Swanson, 1978). It is also 

important to consider that many neurons cultured from the late embryonic brain are post-

mitotic; for example approximately 60% of cells from the E14 mouse cortex (equivalent to the 

E16 rat (Clancy, Darlington, & Finlay, 2001)) express the differentiated neuron marker β-

tubulin (Qian et al., 2000). Thus, these neurons were likely already polarised, meaning that 

we are manipulating them and analysing their regrowth and repolarisation after dissociation. 
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A further consideration in these studies is that the enrichment of cultured neurons removes 

the potential interactions with glial cells such as astrocytes, which are involved in HA synthesis 

(Asher & Bignami, 1991; Back et al., 2005; Maleski & Hockfield, 1997; Marret et al., 1994) and 

PNN construction (Carulli et al., 2006, 2007; Giamanco & Matthews, 2012). Future studies in 

co-cultures with astrocytes or organotypic slice cultures would provide further details on the 

effects of neuronal-glial interactions on HA/PNN function during development. Based on our 

findings that cortical neurons can produce the critical pericellular component of HA (directly 

associated with the neuronal membrane), speculatively, astrocytes may only produce a 

proportion of the diffuse HA component of the ECM during normal brain development, as 

shown in vitro (Giamanco & Matthews, 2012). Further, glial regulation of HA levels may be 

relevant in the CNS after injury—for example during reactive astrogliosis in white matter injury 

(Back et al., 2005; Bugiani et al., 2013; Buser et al., 2012; Hagen et al., 2014). In addition, 

although the HA backbone and WFA reactivity (indicative of PNNs) were preserved in our 

cultures, the composition of these PNNs may not be identical to those in the cortex in vivo, 

since astrocytes produce at least some PNN CSPGs (Carulli et al., 2006, 2007; Giamanco & 

Matthews, 2012).  

Another culture consideration involves the use Neurobasal medium, which is widely used in 

the field of primary neuronal cultures, and was formulated to improve survival of embryonic 

neurons in vitro (Brewer, Torricelli, Evege, & Price, 1993). This medium is not representative 

of the changing extracellular environment that neurons are exposed to during brain 

development, as it was primarily designed to promote neuronal survival while minimising glial 

growth, rather than to support neuronal function. Recently, a new culture medium called 

BrainPhys was developed to reflect the salt and amino acid composition of mature 

cerebrospinal fluid (Bardy et al., 2015). Although BrainPhys was not utilised in neuronal 

cultures in this thesis (as it was only released in 2015), we are currently comparing the effects 

of BrainPhys on the viability, ECM expression, spine density, and electrical activity of cortical 

and hippocampal neurons. 
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In Chapter 3, the expression of HA and HASs was assessed using confocal imaging of fixed 

cultures. However, colocalisation between these proteins was difficult to resolve. Thus, we 

have started developing super-resolution microscopy protocols for imaging HA, HASs, and 

Hyals in greater detail on neurons in vitro, which will also allow assessment of the feasibility 

of a neuronal hyaluronasome (see Section 7). 

In Chapter 4, the role of HA on lamellipodia and filopodia development was assessed in fixed 

neurons. However, lamellipodia and filopodia are incredibly dynamic structures, and undergo 

extensive protrusion and retraction (Mallavarapu & Mitchison, 1999; Mattila & Lappalainen, 

2008; Small, Stradal, Vignal, & Rottner, 2002); this motility is particularly important for growth 

cone navigation and process extension/branching (see Section 1.9). We have recently 

developed a live cell imaging protocol using tomographic microscopy (Nanolive 3D Cell 

Explorer) for assessing the effects of 4-MU on neuronal lamellipodia and filopodia dynamics 

in real-time. This technique allows high contrast imaging of thin sheets of lamellipodia and fine 

filopodia on unstained live cells using three-dimensional reconstruction based on refractive 

index measurements (Cotte et al., 2013). Finally, a limitation of the use of DMSO and 4-MU 

in Chapter 4 is that longer term treatment with these compounds may have toxic effects (Ban 

et al., 2015; Hanslick et al., 2009; Lokeshwar et al., 2010), which is why we moved to the HAS 

knockout approach in Chapter 5.  

In Chapter 5, we did not assess the effect of HAS1 knockdown on HA production and neuronal 

development. Despite having the lowest mRNA expression compared with HAS2 and HAS3 

in our cultured neurons, HAS1 knockout resulted in seizures in the adult mouse (Arranz et al., 

2014), and changes in HAS1 expression levels and localisation have been implicated in 

ECM/PNN dysregulation in Alzheimer’s disease (Y. Li et al., 2017). Thus, HAS1 knockdown 

will be examined in future studies. We will also construct a plasmid vector with shRNAs for all 

three HAS enzymes to more directly compare the effects of broad versus selective HAS 

inhibition. 
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We were also unable to identify axonal and dendritic effects individually in Chapter 5. As the 

transfected neurons showed evidence of processes with axonal (non-tapering, thin diameter) 

and dendritic (tapering, thicker diameter) morphologies at DIV7, we attempted to classify 

axons and dendrites by their differential expression of tau and MAP2 (Kosik & Finch, 1987). 

However, no tau-positive, MAP2-negative processes (indicative of an axon) were observed, 

which may be because these proteins do not fully segregate until later in development (Kosik 

& Finch, 1987). Similarly, we did not detect neurofilament 2 expression (axon marker) in DIV7 

neuronal cultures. Thus, longer term studies are required to determine whether the effects of 

HA in our study relate specifically to axonal/dendritic polarity or simply growth (i.e., ‘fate versus 

growth’) (H. Jiang & Rao, 2005). 

For both Chapters 4 and 5, future studies are required to determine the exact signalling 

mechanisms and molecular weight of HA involved in the control of neuronal development, 

including the role of HA degradation by neuronal Hyals. We have planned studies that will 

involve adding a range of different molecular weights of HA (5 kDa, 40 kDa, 200 kDa, 1 MDa, 

and 2 MDa) to HAS2 and HAS3 knockdown neurons, with the aim of rescuing the effects 

described in this thesis. This is important as CD44 receptor activation, for example, is partly 

dependent on the size of HA binding (Toole et al., 2008; Wolny et al., 2010; Yang et al., 2012). 

Thus, these studies will identify the size of the HA ligand(s) responsible for regulating neuronal 

morphology. We will also perform CD44 and/or RHAMM knockdown studies, and treatment 

with Pep-1 to block the interaction between HA and CD44, to determine potential receptor 

signalling pathways. Finally, given the expression of HA adjacent to synapses (Chapter 3), we 

are considering studies examining the function of synaptic HA in more mature neurons after 

the onset of electrical activity (Mukai, Shiina, & Jimbo, 2003). Currently, electrophysiological 

(whole-cell patch-clamping) and calcium imaging experiments (using Fura-2) are underway to 

assess synaptic signalling properties of 4-MU-treated neurons. It is also important to consider 

the functional outcomes of HA signalling in vivo. In this regard, we are currently performing in 

utero electroporation studies (Saito & Nakatsuji, 2001) delivering HAS2 and HAS3 shRNA 
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constructs into the embryonic cortex, and plan to assess the morphological development and 

electrophysiological activity of transfected neurons.  

In terms of the sheep experiments in Chapter 6, the laminar expression of PNNs differs slightly 

between sheep and human cortex, at least in the adult (Mauney et al., 2013; Vidal et al., 2006). 

Thus, it remains unclear whether the expression patterns of PNNs in the term-equivalent 

human and fetal sheep brain are the same (i.e., restricted to layer 6), or indeed whether 

humans even express cortical PNNs around the time of birth. As HI injury is often restricted to 

particular cortical lamina (Williams, Gunn, & Gluckman, 1991), the pattern and extent of PNN 

loss in sheep after perinatal HI may not be an entirely accurate reflection of that occurring in 

humans. Moreover, the specific timing of changes in PNN expression following HI in our model 

is unclear, as we assessed brain tissues at one time point (i.e., 7 days after HI). Nevertheless, 

an extensive cohort of animal tissues at various recovery times, as well as with various several 

therapeutic interventions including cerebral hypothermia and connexin hemichannel blockade 

(Davidson et al., 2012; Davidson, Green, Nicholson, Bennet, & Gunn, 2013; Galinsky, 

Davidson, Bennet, Green, & Gunn, 2015; Gunn et al., 1997), are available with our 

collaborators at the University of Auckland, which will be utilised in future studies.  

 Concluding remarks 

The studies in this thesis demonstrate a novel function for HA in multiple aspects of neuronal 

morphological development, and highlight the critical importance of maintaining ECM 

homeostasis at all stages of brain development, particularly in the cerebral cortex. These data 

also indicate a central role for neurons in the modulation of HA levels in the cortex. Overall, 

this thesis provides a basis for further studies examining neuronal HA signalling under 

physiological and pathophysiological conditions in vivo. This thesis has also identified 

interneuron and PNN loss as possible contributors to impaired cortical network function 

following perinatal HI injury. HA synthesis and degradation by cortical neurons may therefore 

form a possible therapeutic target to promote normal neuronal growth and connectivity in 
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neurodevelopmental diseases, and to restore or protect PNNs and interneurons after perinatal 

HI.
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