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ABSTRACT 
 

Astrocytes are required for the proper development of synapses within the brain and 

astrocyte dysfunction has been indicated in many neurodevelopmental disorders, including 

Fragile X Syndrome (FXS). FXS is characterized by a deficiency in fragile X mental retardation 

protein (FMRP). FMRP regulates the translation of numerous mRNAs and its loss disturbs the 

composition of proteins for dendritic spine and synapse development. Here we investigate 

whether particular astrocyte-derived factors that have been implicated in governing excitatory 

synapse development in the brain show altered expression within the context of FXS. Using 

Fmr1 knock-out (KO) mice lacking FMRP, we analyzed the early postnatal protein expression of 

the astrocyte-secreted factors hevin, SPARC, and glypicans 4/6 in the cortex and hippocampus 

(regions in which dendritic spine abnormalities have been associated with FXS) via Western 

blotting. Hevin and SPARC showed altered expression patterns in Fmr1 KO mice, compared to 

WT, in a brain-region-specific manner. In the cortex, we found a transient increase in the level of 

hevin in P14 Fmr1 KO mice, compared to WT, as well as decreases in Fmr1 KO levels of 

SPARC at P7 and P14. In the hippocampus, hevin expression was lower in P7 Fmr1 KO mice 

than in WT mice, and then surpassed WT levels by P21. Hevin is involved in the proper 

establishment of thalamocortical synapses, and so, we also examined the number of 

thalamocortical synapses formed in co-cultures of WT thalamic and cortical neurons with either 

WT or KO astrocytes. Preliminary data from these experiments show an increase in the number 

of thalamocortical synapses formed when WT neurons were cultured with KO astrocytes, 

suggesting the involvement of astrocytes in the proper development of thalamocortical 

connectivity. Together, these findings indicate aberrant astrocyte-signalling in FXS and suggest 

that altered expression of hevin and SPARC may contribute to abnormal neurobiology in FXS. 



 iv 

ACKNOWLEDGEMENTS 
 

 This thesis represents the culmination of a two-year process of research and 

experimentation, and as all scientists will know, such a process is both difficult and uncertain.  

For in addition to the many hours of research required for any project that seeks to uncover some 

further knowledge, research undertaken through the laboratory setting includes the constant risk 

of malfunction, mistiming, and the recalcitrance of nature.  Against these obstacles, one cannot 

succeed without a network of support.   

 At the fore of this network stands my supervisor, Dr. Laurie C. Doering.  Without the 

manifold resources made available by his laboratory, without his willingness to allow me the 

freedom to pursue leads and hints, and without his constant and supportive presence, this 

research would not have achieved its current state.  To Dr. Doering I extend my deepest 

professional gratitude.  

 I could not, moreover, fail to acknowledge the guidance I received from my lab mates, 

Connie Cheng, Angela Scott, Mary Sourial, Shivraj Jhala, and Amanda Poxon—I would 

especially like to thank Amanda for all of the hours that she spent helping me towards the end of 

my experiments. To work in close proximity amongst such dedicated scientists and researchers 

has been invigorating.  For the collaborative environment of the laboratory and for the support – 

both academic and personal – of these talented individuals, I am grateful.   

 To the members of my committee, Dr. Jane Foster and Dr. Ram Mishra, I extend my 

appreciation.  This project has benefited from their feedback, criticism, and guidance.  An 

external perspective is a requisite to good research. 

 I would also like to thank the members of the Ball and West-Mays Labs, Tom Sabljic, 

Paula Deschamps, Vanessa Martino, Monica Akula, Anna Korol, Scott Bowman, Emily Anne 



 v 

Hicks, and Dr. Aftab Taiyab.  It was a joy to benefit from the resources and knowledge of this 

capable community, of which I am grateful to have been a part. 

 Lastly, I must extend my love and gratitude to my family. 

 My mother and father, Pierce and Courtney, have never ceased to support me in these 

many years of post-secondary education.  The expense, the stress, the uncertainty of the results 

have not deterred them in their acceptance of this chosen field.  For this, I count myself truly 

lucky. 

 From my partner and his family, I have benefitted from much support and, what is more, 

from a broad perspective on the nature of this endeavor.  Their appreciation of the value of 

knowledge is not to be unrecognized.  

 Will—many thanks for many conversations. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 vi 

TABLE OF CONTENTS 

 

ABSTRACT…………………………………………………………………………………… iii 

ACKNOWLEDGEMENTS…………………………………………………………………... iv 

TABLE OF CONTENTS……………………………………………………………………... vi 

LIST OF FIGURES…………………………………………………………………………… ix 

LIST OF TABLES……………………………………………………………………………... x 

LIST OF ABBREVIATIONS………………………………………………………………… xi 

CHAPTER ONE……………………………………………………………………………….. 1 

  GENERAL INTRODUCTION…………………………………………………………..1 

  1.1 Fragile X Syndrome…………………………………………………………………..2 

 1.2 The Fmr1 KO mouse model of Fragile X Syndrome………………………………...3 
  
 1.3 FMRP…………………………………………………………………………………4 
  
 1.4 Astrocytes and the synapse…………………………………………………………...5 
  
 1.5 Astrocytes and Fragile X Syndrome………………………………………………….6 
 
 1.6 Astrocyte-secreted factors hevin, SPARC, and glypicans 4 and 6…………………...7 
 
CHAPTER TWO…. …………………………………………………………………………..15 

  RATIONALE, CENTRAL HYPOTHESIS, AND RESEARCH AIMS………………..15 

  2.1 Rationale for the study………………………………………………………………16 

  2.2 Main hypothesis……………………………………………………………………..16 

  2.3 Research aims……………………………………………………………………….16 

CHAPTER THREE…………………………………………………………………………....18 

  EXPERIMENTAL DESIGN…………………………………………………………....18 



 vii 

  3.1 Animals………………………………………………………………………………19 

  3.2 Brain tissue collection……………………………………………………………….19 

  3.3 Western blotting……………………………………………………………………..20 

  3.4 Primary cortical astrocyte culture……………………………………………………23 

  3.5 Primary cortical astrocyte culture with MACS separation…………………………..23 

  3.6 Cortical and thalamic neuron cultures with MACS separation……………………..24 

  3.7 Immunocytochemistry………………………………………………………………29 

  3.8 Synaptic puncta analysis…………………………………………………………….32 

  3.9 Statistical analyses…………………………………………………………………..32 

CHAPTER FOUR……………………………………………………………………………..33 

  RESULTS……………………………………………………………………………….33 

4.1 Hevin and SPARC protein levels are altered in the cortex of Fmr1 KO mice,  

      relative to WT mice…………………………………………………………………34  

4.2 Hevin protein levels, but not SPARC levels, are altered in the hippocampus of  

      Fmr1 KO mice, relative to WT mice……………………………………………….41 

 4.3 GPC 4/6 protein levels in Fmr1 KO mice did not differ significantly from WT  

      mice…………………………………………………………………………………47 

4.4 The number of Vglut2+/ PSD95+ co-localized puncta is increased in co-cultures  

       of Fmr1 KO astrocytes and WT neurons, compared to co-cultures of WT  

       astrocytes and WT neurons………………………………………………………..50 

CHAPTER FIVE……………………………………………………………………………...62 

  DISCUSSION AND CONCLUSION………………………………………………….62 

  5.1 Hevin, SPARC, and GPC 4/6 levels in the cortex and hippocampus of Fmr1 KO 



 viii 

        mice, relative to WT mice……………………………………………………………63 

 5.2  VGlut2+/PSD95+ synapse candidates in co-cultures of astrocytes and neurons…….69 

  5.3 Conclusions …………………………………………………………………………71  

REFERENCES…………………………………………………………………………………73 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 



 ix 

LIST OF FIGURES 
 

Figure 1. Astrocytes secrete positive and negative regulators of excitatory synapse development. 

Figure 2. Hevin establishes excitatory thalamocortical synapses by bridging presynaptic 

                neuroligin-1B and postsynaptic neurexin-1α. 

Figure 3. Schematic of plating combinations for astrocyte and neuron co-cultures. 

Figure 4. Hevin expression is altered at postnatal day (P)14 in the cortex of Fmr1 KO mice 

Figure 5. SPARC expression is altered at postnatal day (P)7 and P14 in the cortex of Fmr1 KO 

               mice. 

Figure 6. Hevin expression is altered at postnatal day (P)7 and P21 in the hippocampus of Fmr1 

                KO mice. 

Figure 7. SPARC expression is not significantly altered in the hippocampus of Fmr1 KO mice. 

Figure 8. GPC 4/6 expression is not significantly altered in Fmr1 KO mice at postnatal day 

                (P)21. 

Figure 9. Astrocyte and neuron cultures following MACS separation. 
 
Figure 10. Astrocyte and neuron co-cultures.  
 
Figure 11. VGlut2+/ PSD95+ co-localized puncta in co-cultures of WT neurons with either WT 

                  or Fmr1 KO astrocytes (isolated from P7 pups), maintained for 7 DIV.   

Figure 12. At 14 DIV the number of VGlut2+/ PSD95+ co-localized puncta is increased in co- 

                  cultures of Fmr1 KO astrocytes (isolated from P7 pups) and WT neurons, relative to 

                  co-cultures of WT astrocytes and WT neurons.   

Figure 13. At 7 DIV the number of VGlut2+/ PSD95+ co-localized puncta is increased in co- 

                  cultures of Fmr1 KO astrocytes (isolated from P1 pups) and WT neurons, relative to   

                  co-cultures of WT astrocytes and WT neurons. 



 x 

LIST OF TABLES 
 

Table 1. Plating combinations for astrocyte and neuron co-cultures. 
 
Table 2. Primary and secondary antibodies used for immunocytochemistry. 
 
Table 3. Primary and secondary antibodies used for Western Blotting. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 xi 

LIST OF ABBREVIATIONS 
 
AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid  

ASD, autism spectrum disorders  

DIV, days in vitro 

Fmr1, fragile X mental retardation 1  

FMRP, fragile X mental retardation protein  

FXS, Fragile X syndrome 

GFAP, glial fibrillary acidic protein 

GluA1, glutamate receptor subunit 1   

GPC 4/6, glypican 4 and 6  

HRP, horse radish peroxidase 

KO, knock-out  

LTD, long-term depression 

MAP2, microtubule associated protein 2 

MACS, magnetic-activated cell sorting 

mGluR, metabotropic glutamate receptor 

NMDA, N-methyl-D-aspartate 

NL1B, Neuroligin-1B 

NMM, Neural maintenance media 

Nrx1α, Neurexin-1α 

P, postnatal day  

PBS, phosphate-buffered saline 

PSD95, post-synaptic density protein 95 



 xii 

RGC, retinal ganglion cell  

SEM, standard error of the mean 

SMECs, spines with multiple excitatory contacts 

TBS-T, tris-buffered saline solution with Tween-20  

TSP, thrombospondin 

VGlut1, vesicular glutamate transporter 1 

VGlut2, vesicular glutamate transporter 2 

WT, wild-type 

 
 
 
 
 
 
 
 
 
 
 
 



 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
CHAPTER ONE 

 
GENERAL INTRODUCTION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



 2 

1.1 Fragile X Syndrome 

Fragile X syndrome (FXS), the most common inherited single-gene cause of autism 

spectrum disorders (ASD) and cognitive impairment (reviewed in Lubs et al., 2012; Wang et al., 

2012), is a neurodevelopmental disorder affecting approximately 1 in 5000 males and about half 

as many females (Kaufmann et al., 2004; Coffee et al., 2009). Individuals with FXS can exhibit 

mild to severe cognitive impairment, autistic behaviors, attention deficits, hyperactivity, 

susceptibility to seizures, hypersensitivity to sensory stimuli, disrupted sleep, macroorchidism, 

and craniofacial abnormalities, as well as an assortment of neurobiological abnormalities 

(Comery et al., 1997; Beckel-Mitchener and Greenough, 2004; Nimchinsky et al., 2001; Kronk 

et al., 2010). As a monogenic neurodevelopmental disorder, FXS has been an invaluable model 

for a broader understanding of ASDs, for which the etiology is vastly heterogeneous.  

FXS (initially termed Martin-Bell Syndrome) was first documented in 1943 when Martin 

and Bell described a family in which 11 males born over two generations to mothers of ‘normal 

intelligence’ showed severe cognitive impairment (Martin and Bell, 1943). Martin and Bell noted 

the stationary mental state of afflicted individuals, suggesting that this condition was a defect of 

development. In 1969, Lubs studied a family demonstrating cognitive impairment in keeping 

with a pattern of X-linked inheritance and identified a constriction site (or ‘fragile site’) near the 

end of the long arm of the X chromosome. This constriction site on the X chromosome was later 

demonstrated in the Martin-Bell pedigree described above (Richards et al., 1981). Verkerk et al., 

(1991) mapped the Fragile X mental retardation 1 (FMR1) gene to this fragile-X locus.  

FXS is predominantly caused by a repeat expansion of a CGG trinucleotide in the 5’ non-

coding region of the FMR1 gene located at Xq27.3 (Harrison et al.,1983; Fu et al., 1991). Under 

normal conditions, this region contains between 5 and 45 CGG repeats. Alleles containing 
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numbers of CGG repeats that fall within the ranges of 45- 55 or 55-200 are classified as grey-

zone and premutation alleles, respectively, and have the tendency to expand in subsequent 

generations (Fernandez-Carvajal et al., 2009; Yrigollen et al., 2014). An expansion of greater 

than 200 CGG repeats constitutes the full FXS mutation (Oberlé et al., 1991). This leads to the 

hypermethylation and consequent silencing of the FMR1 gene, resulting in the loss of its protein 

product, fragile X mental retardation protein (FMRP; 70-80 kDa) (Pieretti et al., 1991; Hou et al, 

2006; Garber et al., 2008; Santoro et al., 2012). 

 

1.2 The Fmr1 KO mouse model of Fragile X Syndrome  

The Fmr1 mouse gene shows 97% homology to the human gene (Ashley et al., 1993), 

making the mouse an excellent candidate to model FXS. In 1994, a Fragile X transgenic mouse 

model (FVB.129p2(B6)-Fmr1) was developed by Bakker et al., in which the Fmr1 gene is 

knocked-out such that no functional FMRP is produced. This allowed for a more detailed 

examination of the molecular and cellular mechanisms underpinning FXS neurobiology. This 

mouse model re-capitulates many of the features observed in humans including learning deficits 

(Bakker et al., 1994), attention deficits (Nielson et al., 2002), hyperactivity (Oostra and 

Hoogeveen, 1997; Qin et al., 2002), susceptibility to seizures (Bakker et al., 1994; Chen and 

Toth, 2001), macroorchidism (Bakker et al., 1994), and neurobiological abnormalities (Pfeiffer 

and Huber, 2009).   

The development and use of animal models to study FXS has led to sizeable 

advancements in our understanding of the altered cellular and molecular mechanisms that give 

rise to the various synaptic pathologies defining FXS. This knowledge has, in turn, led to the 

development of several strategies for targeted pharmacological treatments of FXS (reviewed in 
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Berry-Kravis, 2014 and Wang et al., 2015). However, many challenges have ensued for the 

effective translation and application of findings from animal studies to human trials—Much 

work remains to better understand and effectively treat this highly complex neurodevelopmental 

disorder.  

 

1.3 FMRP 

The protein product of the FMR1 gene, FMRP, is expressed ubiquitously, with relatively 

higher expression in the central nervous system (Santoro et al., 2012; Sidorov et al., 2013). 

Within the brain, FMRP expression is highest in the hippocampus, cortex, and cerebellum 

(Bakker et al., 2000) and has been identified in neurons (Sidorov et al., 2013), as well as in 

oligodendrocyte precursor cells (Wang et al., 2004) and the astrocyte cell lineage (Pacey and 

Doering, 2007). FMRP influences synaptic development through its ability to bind, transport, 

and regulate the local translation of several mRNAs corresponding to synaptic proteins 

(reviewed in Bhakar et al., 2012). An estimated four percent of total brain mRNA binds FMRP 

(Darnell et al., 2011), and its absence in FXS has been associated with altered synapse structure, 

number, and function (reviewed in Pfeiffer and Huber, 2009). As such, FMRP deficiency and the 

consequent aberrant protein synthesis and expression is thought to underlie FXS synaptopathy 

(Kelleher & Bear, 2008; Darnell et al., 2011). Importantly, the various abnormal synapse 

phenotypes that have been reported in the literature seem to be highly dependent upon the stage 

of development and the brain region studied.  

A well-studied example of an FMRP-related synaptopathy involves the group 1 

metabotropic glutamate receptors (mGluRs; mGluR1s and mGluR5s) in the hippocampus. Under 

normal conditions, the activation of group 1 mGluRs leads to the local synthesis of FMRP, 
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which can then negatively regulate its mRNA targets, many of which encode long-term 

depression (LTD) proteins (reviewed in Krueger & Bear, 2011). In FXS, a lack of FMRP results 

in excessive protein synthesis and exaggerated LTD in response to group 1 mGluR activation 

(Huber et al. 2002; Bear et al., 2004). Alternatively, there is accumulating evidence 

demonstrating hyperexcitability of cortical circuits, illustrating the region-specificity of abnormal 

synapse phenotypes in FXS (reviewed in Contractor et al., 2015). Additionally, numerous studies 

examining the altered neurobiology associated with the absence of FMRP have focused on 

changes at the level of dendritic spines, the primary site for excitatory connections between 

neurons (Ianov et al., 2009). Studies of FXS in humans or animal models have described a 

significant increase in the number of dendritic spines associated with FXS, with a greater 

proportion of immature spine phenotypes (i.e. long, thin, tortuous dendritic spines) (Comery et 

al., 1997; Irwin et al., 2001; Nimchinsky et al., 2001). 

 

1.4 Astrocytes and the synapse 

Recently, astrocytes have emerged in the literature as important regulators of synapse 

development and have been shown to promote both synapse formation and maturation (reviewed 

in Allen et al., 2013; Chung et al., 2015). It is estimated that the processes from a single astrocyte 

can make contact with up to 105 synapses (Bushong et al., 2002; Halassa et al., 2007).  In vitro 

research has demonstrated that retinal ganglion cells (RGCs) cultured with an astrocyte feeder 

layer formed seven-fold more functional excitatory synapses than RGCs cultured alone (Ullian et 

al., 2001), illustrating the importance of astrocytes to developing neural networks. The 

mechanisms by which astrocytes regulate neural connectivity in the brain have not been studied 

in depth. However, in recent years, several astrocyte-secreted factors have been implicated in the 
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astrocyte-mediated mechanisms of synapse development (reviewed in Corty and Freeman, 

2013). Several of these identified astrocyte-secreted factors include cholesterol (Mauch et al., 

2001), tenascin-C (Barros et al., 1992; Bartsch et al., 1992; Faissner et al., 2010), 

thrombospondins (TSPs) 1 and 2 (Christopherson et al., 2005), hevin (Kucukdereli et al., 2011), 

SPARC (Jones et al., 2011; Kucukdereli et al., 2011), and glypicans 4 and 6 (Allen et al., 2012), 

of which the latter three will be discussed in greater detail below. Further research is required to 

better understand the astrocyte-neuron interactions that govern the development of neural 

networks.   

 

1.5 Astrocytes and Fragile X Syndrome 

The expression of FMRP was previously thought to be exclusive to neurons (Feng et al., 

1997), and so, research examining the consequences of a deficiency in FMRP has largely 

focused on FMRP (or a lack there of) in neurons. However, research from our lab has shown that 

FMRP is also expressed in astrocytes during development (Pacey and Doering, 2007). Just as a 

lack of FMRP in neurons leads to aberrant protein synthesis in neurons, a lack of FMRP may 

disturb the protein milieu in astrocytes and lead to dysregulated astrocyte-neuron interactions. 

Using an Fmr1 KO mouse model of FXS, research from our lab has shown abnormal dendrite 

morphology and altered synaptic protein expression in wild-type (WT) hippocampal neurons co-

cultured with Fmr1 KO astrocytes (Jacobs and Doering 2010). Moreover, dendritic and synaptic 

abnormalities were prevented when Fmr1 KO hippocampal neurons were co-cultured with WT 

astrocytes.  Furthermore, recent work in our lab indicates that astrocyte-conditioned media can 

also prevent abnormal dendrite and synapse abnormalities, carrying implications for the role of 

soluble factors secreted from astrocytes in FXS (unpublished data). Additionally, recent research 
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using an astrocyte-specific conditional Fmr1 KO mouse model has demonstrated that an in vivo 

lack of FMRP specifically in astrocytes contributes to synaptic deficits in the cortex 

(Higashimori et al., 2016). 

  

1.6 Astrocyte-secreted factors hevin, SPARC, and glypicans 4 and 6 

As discussed above, astrocyte-secreted factors can play regulatory roles, both positive 

and negative, in the development, maturation, and maintenance of synapses (Fig. 1). This thesis 

focuses on the early postnatal expression patterns of the astrocyte-secreted factors, hevin, 

SPARC, and glypicans 4 and 6, which will each be discussed in greater detail below.  
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Figure 1. Astrocytes secrete positive and negative regulators of excitatory synapse 

development. Abbreviations: AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

receptor; NMDAR, N-methyl-D-aspartate receptor; NL1B, neuroligin-1B; Nrx1α, neurexin-1α. 
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1.5.1 Hevin 

The matricellular protein hevin (~130 kDa; also known as synaptic cleft-1 or SPARC-like 

1) is highly expressed in astrocytes during development and this expression is maintained in the 

adult (Mendis & Brown, 1994; Cahoy et al., 2008; Eroglu, 2009). Western blots from both the 

superior colliculus and whole cortical tissue homogenates show that hevin expression peaks at 

approximately P14-P25, roughly coinciding with peak synaptogenic activity (Kucukdereli et al., 

2011; Risher et al., 2014). Darnell et al. (2011) has identified hevin as a specific mRNA target of 

FMRP.  Hevin is capable of inducing excitatory synapse formation in vitro, as evidenced by a 

three-to fivefold increase in the number of synapses per cell observed in RGCs cultured with 

hevin, compared to RGCs cultured alone (Kucukdereli et al., 2011). Moreover, Hevin KO mice 

show a decrease in the number of RGC-collicular synapses, providing evidence of an in vivo role 

for hevin in synapse formation. More recently, hevin has been shown to function as a trans-

synaptic linker between presynaptic neurexin-1α and post-synaptic neuroligin-1B (Singh et al., 

2016; Fig. 2). In this way, hevin assists in the formation of synapses expressing this particular 

neurexin and neuroligin pair, a category that includes both thalamocortical synapses and RGC-

collicular synapses. Of note, while hevin induces the formation of synapses that appear 

ultrastructurally normal, whole-cell patch clamp recordings demonstrate that these synapses are 

post-synaptically silent (Kucukdereli et al., 2011). The inability of these ‘silent’ synapses to 

facilitate neurotransmission can be attributed to a lack of postsynaptic α-amino-3-hydroxy-5-

methyl-4-isoxazole propionic acid receptors (AMPARs). This suggests the presence of additional 

astrocyte-secreted factors that regulate post-synaptic function.  
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Figure 2. Hevin establishes excitatory thalamocortical synapses by bridging presynaptic 
neuroligin-1B and postsynaptic neurexin-1α. Abbreviations: NL1B, neuroligin-1B; Nrx1α, 
neurexin-1α. Modified from Singh et al., 2011.
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1.5.2 SPARC 

While purified hevin was capable of inducing excitatory synapse formation in RGC 

cultures, ACM depleted of TSPs (a family of well-characterized astrocyte-secreted synaptogenic 

proteins (Christopherson et al., 2005)), but still containing hevin, showed no synaptogenic 

activity (Kucukdereli et al., 2011). This finding suggested the presence of an ACM component 

capable of inhibiting the synaptogenic function of hevin. The hevin homologue, SPARC, was 

identified as this inhibitory factor (Kucukdereli et al., 2011).  

SPARC is highly expressed by astrocytes in the developing brain (although not as highly 

as hevin) and is also expressed in the adult brain (Eroglu, 2009). SPARC does not interfere with 

TSP function and thus the inhibitory activity of SPARC is specific to the synaptogenic function 

of hevin (Kucukdereli et al., 2011), although the mechanism by which SPARC interferes with 

hevin remains unknown. While hevin KO mice show a decrease in RGC-collicular synapses, 

SPARC KO mice show an increase, providing in vivo support for the proposed antagonistic 

relationship between these two factors. Due to the nature of the relationship between hevin and 

SPARC, it is important to consider the expression patterns of both of these factors together, 

rather than the expression pattern of each individually.  

 
1.5.3 Glypicans 4 and 6 
 

In addition to hevin and SPARC, astrocytes also express the heparan sulfate 

proteoglycans glypican 4 and its closest homolog glypican 6 (De Cat and David, 2001), which 

regulate excitatory synapse formation and post-synaptic function (Allen et al., 2012). During 

development, glypican 4 and 6 mRNA is expressed throughout the brain and is enriched in 

astrocytes compared to neurons (Cahoy et al., 2008; Allen et al., 2012). Glypican 4 mRNA 

shows highest expression in the hippocampus, while glypican 6 mRNA is enriched in the 
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cerebellum. Allen et al. (2012) identified glypicans 4 and 6 as astrocyte-conditioned media 

components, capable of inducing functional glutamatergic synapse formation in RGC cultures. 

This study subsequently established that glypicans 4 and 6 are involved in the recruitment of 

glutamate receptor subunit 1 (GluA1) containing AMPA receptors to the postsynaptic 

membrane, thus inciting post-synaptic function. Additionally, Glypican 4 KO mice exhibit 

reduced mEPSC amplitudes in measurements from hippocampal slices as well as reduced surface 

levels of GluA1.  
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CHAPTER TWO 
 

RATIONALE, CENTRAL HYPOTHESIS, AND RESEARCH AIMS 
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2.1 Rationale for the study 
 

Abnormal astrocyte function has been linked to many neurodevelopmental disorders, 

including FXS (reviewed in Sloan and Barres, 2014), however, the role of astrocytes in FXS is 

not yet well understood. Recently, several astrocyte-secreted factors that regulate the 

development of various synaptic populations have been identified (reviewed in Corty and 

Freeman, 2013). Given the role of astroycte-secreted factors in governing synapse development 

and the wide range of abnormal synaptic phenotypes presented in FXS (reviewed in Pfeiffer and 

Huber, 2009), it is probable that particular astrocyte-secreted factors are involved in mechanisms 

underlying synaptic pathologies in FXS. Importantly, our findings support the notion that 

astrocyte-signaling is dysregulated in FXS and stress the significance of astrocyte-mediated 

mechanisms in the neurobiological deficits that characterize FXS.   

 

2.2 Central hypothesis 

Altered levels of the astrocyte-secreted factors hevin, SPARC, and/or glypicans 4 

and 6 during development contribute to neurobiological deficits in FXS. 

 

2.3 Research Aims 

2.3.1 Determine in vivo early postnatal expression levels of the astrocyte-secreted 

         factors hevin, SPARC, and glypicans 4 and 6.   

 

Hevin, SPARC, and glypican 4 and 6 have each been implicated in the regulation of 

synapse development (Kucukdereli et al., 2011; Allen et al., 2012). Therefore, we compared the 

expression of hevin, SPARC, and glypican 4 and 6 in the developing cortex and hippocampus, 
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both of which have high levels of FMRP (Bakker et al., 2000), of wild-type (WT) mice and mice 

that do not express FMRP (Fragile X mental retardation 1 [Fmr1] KO). Samples were collected 

from pups aged P7, P14, and P21 and were analyzed via Western blotting for their respective 

protein contents.  

 

2.3.2 Assess the number of thalamocortical excitatory synapses 

         formed in astrocyte-neuron co-cultures.  

 

Hevin directly assists in the establishment of thalamocortical excitatory synapses, but not 

corticocortical excitatory synapses (Risher et al., 2014; Singh et al., 2016). Therefore, we sought 

to determine whether there were differences in the number of thalamocortical excitatory 

synapses in co-cultures consisting of thalamic neurons, cortical neurons, and either WT 

astrocytes or Fmr1 KO astrocytes. Thalamocortical synapses were identified by the co-

localization of VGlut2+ and PSD95+ puncta. 
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3.1 Animals 

 WT and Fmr1 KO mice (FVB.129P2[B6]-Fmr1tm1Cgr) were housed and bred in the 

McMaster University Central Animal Facility. All experiments and animal-handling procedures 

followed the guidelines set by the Canadian Council on Animal Care and were approved by the 

McMaster Animal Research Ethics Board.  

 

3.2 Brain Tissue Collection 

WT and Fmr1 KO male pups at the age of P7, P14, and P21 were decapitated and whole 

brains were extracted. Extracted brains were immediately placed into ice-cold, sterile 0.01 M 

phosphate-buffered saline and cortical and hippocampal tissue was isolated from each brain. 

Samples were immediately placed into separate microcentrifuge tubes, snap-frozen on dry ice, 

and subsequently stored at -80°C. Each sample of cortical or hippocampal tissue consisted of 

tissue from a single hemisphere. In addition, the tails from 8 randomly selected pups (4 pups 

from each genotype, WT and Fmr1 KO) were collected and the genotypes of the mice were 

confirmed for each group. 

Samples intended for hevin analysis were mechanically homogenized on ice in lysis 

buffer (0.05 M Tris [pH 7.5], 0.5% Tween-20, 10mM EDTA, Roche ULTRA protease inhibitor 

tablet, Roche PhosSTOP phosphatase inhibitor tablet). Homogenates were left on ice for 15 min 

and then centrifuged at 2350 x g for 10 minutes at 4°C.  Samples intended for SPARC and 

glypican 4 and 6 analysis were mechanically homogenized on ice in RIPA buffer (150 mM 

NaCl, 1% NP40, 0.5% Deoxycholic Acid, 0.1% SDS, 50 mM Tris [pH 8.0], Roche ULTRA 

protease inhibitor tablet, Roche PhosSTOP phosphatase inhibitor tablet). Homogenates were left 

on ice for 1 hour and then centrifuged at 16000 x g for 15 min at 4°C.  The protein concentration 
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of all supernatants were determined by a DC protein assay (Bio-Rad, Mississauga, ON, CA). 

Samples were aliquoted and stored at -80°C.   

 

3.3 Western Blotting 

 Cortical and hippocampal samples containing either 30µg (for hevin and SPARC 

Westerns) or 50µg (for glypican 4 and 6 Westerns) of protein were combined with 2X Laemmli 

Sample Buffer (Bio-Rad). Samples were heated for 5 minutes at 95°C, centrifuged briefly, and 

immediately loaded onto a gradient 4-15% precast polyacrylamide stain-free gel (Bio-Rad) for 

electrophoresis. Each gel contained age-matched WT and Fmr1 KO samples (n=4/group) 

isolated from either the cortex or hippocampus. Two gels were run for each time-point and brain 

region (for a total of n=8/group). Following electrophoresis, gels were activated with UV light 

(302nm) for 1 minute and then transferred onto polyvinyl-difluoride membranes (Bio-Rad) using 

the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were imaged for total protein 

using a ChemiDoc Imaging System (Bio-Rad, Mississauga, ON, CA), after which they were 

incubated for 1 hour at room temperature in a 5% non-fat milk solution in Tris-buffered saline 

solution with Tween-20 (TBS-T). Membranes were then incubated overnight at 4°C in anti-hevin 

antibody (host rabbit; 1:500; catalogue #: bs-6110R; Bioss) or anti-glypican 4/6 antibody (host 

rabbit; 1:500; catalogue #: 13048-1-AP; Proteintech, Rosemont, IL, USA) both in 5% non-fat 

milk/TBS-T, or anti-SPARC antibody (host goat; 0.4 µg/mL; catalogue #: AF942; R&D 

Systems) in 2% bovine serum albumin/TBS-T. Antibodies against hevin and SPARC recognized 

bands at ~130 kDa (Fig. 2G) and ~37 kDa (Fig. 3G) respectively. According to the manufacturer, 

the anti-glypican 4/6 antibody recognizes both cleaved (~35kDa) and full-length (~65kDa) 

glypican 4 and 6 (Proteintech). However, in our hands this antibody only detected the band at 
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~35 kDa, which corresponded to the cleaved proteins of glypican 4 and 6 and the one used in our 

analysis (Fig. 4C). Since the single band at ~35kDa represents both glypican 4 and 6, we will 

subsequently refer to this protein as GPC 4/6.  

Following the incubation in primary antibody, membranes were washed 3 x 10 minutes in 

TBS-T at room temperature. Membranes were then incubated with horseradish peroxidase-

conjugated secondary antibody against either rabbit (1:5000; catalogue #: NA934-1ML; GE 

Healthcare Life Sciences, Mississauga, ON, CA) or goat (1:5000; catalogue #: sc-2020; Santa 

Cruz Biotechnology, Santa Cruz, CA, USA) in 5% non-fat milk/TBS-T for hevin and GPC 4/6 

detection, or TBS-T alone for SPARC detection, for 1 hour at room temperature. Membranes 

were washed again for 3 x 10 minutes in TBS-T, and developed using enhanced 

chemiluminescence (Bio-Rad). Membranes were scanned using a ChemiDoc Imaging System 

(Bio-Rad).  Densitometry measurements were conducted using Image Lab Software 5.2 (Bio-

Rad). Each band corresponding to either hevin (~130 kDa), SPARC (~37 kDa), or GPC 4/6 (~35 

kDa) was first normalized to total protein within the same lane. These values were then 

expressed as a percentage of the average densitometry value obtained from the 4 WT samples 

within the same gel.  
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Table . Primary and secondary antibodies used for Western blotting. Antibody dilutions 

were optimized for use in Western Blotting.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primary	 Secondary	
rabbit	anti-hevin											
(1:500;	catalogue	#:	bs-6110R;	Bioss)	

HRP-conjugated donkey anti-rabbit 
(1:5000; catalogue #: NA934-1ML; GE 
Healthcare Life Sciences) 

goat	anti-SPARC											
(0.4	µg/mL;	catalogue	#:	AF942;	R&D	
Systems)	

HRP-conjugated donkey anti-goat  
(1:5000; catalogue #: sc-2020; Santa Cruz 
Biotechnology)	

rabbit	anti-glypican	4/6			
(1:500;	catalogue	#:	13048-1-AP;	
Proteintech)	

HRP-conjugated donkey anti-rabbit 
(1:5000; catalogue #: NA934-1ML; GE 
Healthcare Life Sciences)	
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3.4 Primary cortical astrocyte culture 

Isolation and establishment of cortical astrocytes was carried out according to a protocol 

previously described by our laboratory (Jacobs and Doering, 2009).  Cortical astrocytes were 

isolated from four WT or Fmr1 KO pups at postnatal day (P)1 or P2 and grown in T75 tissue 

culture flasks in minimum essential media (Invitrogen, Carlsbad, CA, USA) supplemented with 

6% glucose (Sigma-Aldrich) and 10% horse serum (Invitrogen). Cultures were maintained for 

approximately 1 week at 37°C and 5% CO2. Cells were then removed from the T75 tissue culture 

flasks and re-plated onto coverslips coated with Poly-L-Lysine (Sigma-Aldrich, St. Louis, MO, 

USA; 1mg/mL) and laminin (Invitrogen; 0.1 mg/mL) at a density of 5000 cells per coverslip. 

Cells were maintained in vitro on coverslips for either 2 days, 1 week, or 2 weeks for subsequent 

immunocytochemical processing or for astrocyte-neuron co-culture and subsequent 

immunocytochemical processing. 

 

3.5 Primary cortical astrocyte culture with MACS separation 

Cortical tissue was isolated from 2 WT or Fmr1 KO pups at P7 and cells were dissociated 

as described by Jacobs and Doering (2009). Of note, dissociation of cortical tissue from 2 P7 

pups yields approximately 106 cells. Following tissue dissociation, cells were suspended in 80µl 

of PBS containing 0.5% BSA (pH 7.4). The cell suspension was blocked with an FcR blocking 

reagent (catalogue #: 130-097-678; Miltenyi Biotec, Bergisch Gladbach, Germany) and then 

magnetically labelled with Anti-ACSA-2 (astrocyte cell surface antigen-2) microbeads 

(catalogue #: 130-097-678; Miltenyi Biotec). The cell suspension was then washed with 2ml of 

PBS with 0.5% BSA and centrifuged at 200 x g for 10 minutes. Cells were then re-suspended in 
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500µl of PBS with 0.5% BSA. This cell suspension was then passed through a MACS MS 

column (Miltenyi Biotec) that was mounted within the magnetic field of a MACS separator 

(Miltenyi Biotec). The positive fraction containing magnetically-labelled cells was collected and 

plated into a T75 tissue culture flask with minimal essential media (Invitrogen) supplemented 

with 6% glucose (Sigma-Aldrich) and 10% horse serum (Invitrogen). Cultures were maintained 

for approximately 1 week at 37°C and 5% CO2. Cells were then removed from the T75 tissue 

culture flasks and re-plated onto coverslips coated with Poly-L-Lysine (Sigma-Aldrich, St. 

Louis, MO, USA; 1mg/mL) and laminin (Invitrogen; 0.1 mg/mL) at a density of 5000 cells per 

coverslip. Cells were maintained in vitro on coverslips for either 1 or 2 weeks for subsequent 

immunocytochemical processing or for astrocyte-neuron co-culture and subsequent 

immunocytochemical processing. 

 

3.6 Cortical and thalamic neuron cultures with MACS separation 

WT or Fmr1 KO cortical astrocytes that had previously been plated onto coverslips 

coated with Poly-L-Lysine (Sigma-Aldrich; 1mg/ml) and laminin (Invitrogen; 0.1 mg/mL) at a 

density of 5000 cells per coverslip were maintained for 2 days in vitro in minimal essential 

media (Invitrogen) supplemented with 6% glucose (Sigma-Aldrich) and 10% horse serum 

(Invitrogen). After 2 days this media was switched to neural maintenance media (NMM) 

composed of minimal essential media (Invitrogen) supplemented with 6% glucose (Sigma-

Aldrich), 1% N2 supplement (Invitrogen), and 1mM sodium pyruvate (Invitrogen). The 

following day, cortical and thalamic tissue was isolated from 5-6 WT or Fmr1 KO pups at P1. 

Cortical and thalamic tissue was dissociated using a neural tissue dissociation kit (catalogue #: 

130-092-628; Miltenyi Biotec). Following dissociation cortical and thalamic cells were re-
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suspended in 80µl of PBS with Mg2+ and Ca2+ and 0.5% BSA. Cells suspensions were then 

incubated with a non-neuronal cells biotin-antibody cocktail (catalogue #: 130-098-754; Miltenyi 

Biotec). Cell suspensions were then washed with PBS with Mg2+ and Ca2+ and 0.5% BSA and 

centrifuged for 200 x g for 10 minutes. Cells were re-suspended in 80µl of PBS with Mg2+ and 

Ca2+ and 0.5% BSA and magnetically labelled with anti-biotin microbeads (catalogue #: 130-

098-754; Miltenyi Biotec). The volume of each cell suspension was adjusted to 500µl through 

the addition of PBS with Mg2+ and Ca2+ and 0.5% BSA. These cell suspensions were then passed 

twice through a MACS MS column (Miltenyi Biotec) that was mounted within the magnetic 

field of a MACS separator (Miltenyi Biotec). The negative fraction from each suspension, 

containing unlabeled cells, was collected and plated onto coverslips with the previously plated 

astrocytes (Fig. 3 and Table 1). Cells from each of the thalamic and cortical negative fractions 

were plated at a density of 10 000 cells per coverslip. Co-cultures were maintained in NMM for 

either 1 or 2 weeks at 37°C and 5% CO2 for subsequent immunocytochemical processing.  
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Figure 3. Schematic of plating combinations for astrocyte and neuron co-cultures. (A) 

Cortical and thalamic neurons were collected from WT pups and were plated in combination 

with either cortical astrocytes from WT pups or cortical astrocytes from KO pups. (B) 

Differential interface contrast image showing a co-culture containing both astrocytes and 

neurons. Image was obtained using a 60x objective with a Zeiss Axioimager. M2. Scale 

bar=50µm 
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Table 1. Plating combinations for astrocyte and neuron co-cultures. Thalamic and cortical 

neurons were collected from WT pups at postnatal day (P)1 and plated onto either WT or Fmr1 

KO cortical astrocytes collected from pups at either P1 or P7. Astrocyte-neuron co-cultures were 

maintained for either 7 or 14 days in vitro. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Co-culture	group	 Neurons	 Astrocytes	 Days	in	vitro	
1	 P1	thalamic	and	cortical,	WT	 P7,	WT	 14	
2	 P1	thalamic	and	cortical,	WT	 P7,	KO	 14	
3	 P1	thalamic	and	cortical,	WT	 P1,	WT	 14	
4	 P1	thalamic	and	cortical,	WT	 P1,	KO	 14	
5	 P1	thalamic	and	cortical,	WT	 P7,	WT	 7	
6	 P1	thalamic	and	cortical,	WT	 P7,	KO	 7	
7	 P1	thalamic	and	cortical,	WT	 P1,	WT	 7	
8	 P1	thalamic	and	cortical,	WT	 P1,	KO	 7	
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3.7 Immunocytochemistry  

 Astrocyte cultures were incubated in ice-cold acetone for 10 minutes, then permeabilized 

using 0.1% Triton X-100 (Sigma-Aldrich) for 5 minutes and placed in 1% bovine serum albumin 

(Sigma-Aldrich) in 0.01M phosphate-buffered saline for 1 hour at room temperature. After 

blocking, cells were incubated in primary antibodies (diluted in 0.01M phosphate-buffered 

saline) overnight at 4°C. The following antibodies were used to examine the distribution of 

hevin, SPARC, and GPC 4 in vitro: rabbit anti-glial fibrillary acidic protein (GFAP; 1:500; 

catalogue #: Z0334; Dako, Burlington, ON, CA), chicken anti-GFAP (1:2000; catalogue #: 

CH22102; Neuromics, Minneapolis, MN, USA) rabbit anti-hevin antibody (1:100; catalogue #: 

bs-6110R; Bioss, Woburn, MA, USA), goat anti-SPARC antibody (10 µg/mL; catalogue #: 

AF942; R&D Systems, Minneapolis, MN, USA), mouse anti-glypican 4 (1:50; catalogue #: 

GTX50007; GeneTex, Irvine, CA, USA). Cells were then incubated in secondary antibodies (in 

0.01M phosphate-buffered saline) for 3 hours at room temperature. These included donkey anti-

rabbit Alexa Flour 568 (1:200; catalogue #: A10042; Invitrogen), donkey anti-mouse Alexa 

Flour 594 (1:1000; catalogue #: A-21203; Invitrogen), donkey anti-goat FITC (1:100; catalogue 

#: 705-095-147; Jackson ImmunoResearch, West Grove, PA, USA), donkey anti-chicken FITC 

(1:100; catalogue #: 703-095-155; Jackson ImmunoResearch). Coverslips were mounted onto 

slides using ProLong Gold Antifade Mountant with 4’, 6-diamidino-2-phenylindole (Life 

Technologies, Carlsbad, CA, USA).  Two independent cultures (N=2) and a total of 50 cells 

(n=50) were examined per genotype. Images were acquired using a Zeiss AxioImager.M2 (Zeiss, 

Oberkochen, Germany) microscope.  
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 In addition, Astrocyte and neuron co-cultures were also processed as described above in 

order to identify co-localized VGlut2+ pre-synaptic and PSD95+ post-synaptic puncta. The 

following primary and secondary antibodies were used: rabbit anti-vesicular glutamate 

transporter 2 (VGlut2; 1:500; catalogue #: 135 403; Synaptic Systems, Göttingen, Germany), 

mouse anti-post-synaptic density protein 95 (PSD95; 1:100; catalogue #: MAB1596; Millipore), 

rabbit anti-GFAP (1:500; catalogue #: Z0334; Dako, Burlington, ON, CA), chicken anti-

microtubule associated protein 2 (MAP2; 1:1000; catalogue #: CH22103; Neuromics, 

Minneapolis, MN, USA), goat anti-rabbit FITC (1:100; catalogue #: 111-095-144; Jackson 

ImmunoResearch), donkey anti-mouse Alexa Flour 594 (1:1500; catalogue #: A-21203; 

Invitrogen), donkey anti-rabbit Alexa Flour 568 (1:200; catalogue #: A10042; Invitrogen), 

donkey anti-chicken FITC (1:100; catalogue #: 703-095-155; Jackson ImmunoResearch). One 

independent culture (N=1) and a total of 10 neurons (n=10) were examined per condition.  
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Table . Primary and secondary antibodies used for immunocytochemistry. Antibody 

dilutions were optimized for use in astrocyte cultures and astrocyte-neuron co-cultures.  

 

 

 

 

 

 

 

Primary	1	 Secondary	1	 Primary	2	 Secondary	2	
rabbit anti-hevin 
(1:100; catalogue #: 
bs-6110R; Bioss)	

donkey anti-rabbit 
Alexa Flour 568 
(1:200; catalogue #: 
A10042; Invitrogen)	

chicken anti-GFAP 
(1:2000; catalogue #: 
CH22102; Neuromics)	

donkey anti-chicken 
FITC  
(1:100; catalogue #: 
703-095-155; 
Jackson 
ImmunoResearch)	

goat anti-SPARC  
(10 µg/mL; 
catalogue #: AF942; 
R&D Systems)	

donkey anti-goat FITC 
(1:100; catalogue #: 
705-095-147; Jackson 
ImmunoResearch)	

rabbit anti-GFAP 
(1:500; catalogue #: 
Z0334; Dako)	

donkey anti-rabbit 
Alexa Flour 568 
(1:200; catalogue #: 
A10042; Invitrogen)	

mouse anti-glypican 
4  
(1:50; catalogue #: 
GTX50007; 
GeneTex)	

donkey anti-mouse 
Alexa Flour 594 
(1:1000; catalogue #: 
A-21203; Invitrogen)	

chicken anti-GFAP 
(1:2000; catalogue #: 
CH22102; Neuromics)	

donkey anti-chicken 
FITC  
(1:100; catalogue #: 
703-095-155; 
Jackson 
ImmunoResearch)	

chicken anti-MAP2 
(1:1000; catalogue 
#: CH22103; 
Neuromics)	

donkey anti-chicken 
FITC  
(1:100; catalogue #: 
703-095-155; Jackson 
ImmunoResearch)	

rabbit anti-GFAP 
(1:500; catalogue #: 
Z0334; Dako)	

donkey anti-rabbit 
Alexa Flour 568 
(1:200; catalogue #: 
A10042; Invitrogen)	

rabbit anti-VGlut2 
(1:500; catalogue #: 
135 403; Synaptic 
Systems)	

goat anti-rabbit FITC 
(1:100; catalogue #: 
111-095-144; Jackson 
ImmunoResearch)	

mouse anti-PSD95 
(1:100; catalogue #: 
MAB1596; Millipore)	

donkey anti-mouse 
Alexa Flour 594 
(1:1500; catalogue 
#: A-21203; 
Invitrogen)	
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3.8 Synaptic puncta analysis 

Images were obtained using a Zeiss AxioImager.M2 (Zeiss, Oberkochen, Germany) 

microscope with Zeiss Zen Blue Imaging Software. SynapCountJ, a custom written plug-in for 

ImageJ (National Institutes of Health, Bethesda, MD, USA) was used to identify co-localized 

puncta. Thalamocortical synapse candidates were identified by the co-localization of presynaptic 

VGlut2+ and postsynaptic PSD95+ puncta. Cortical neurons were imaged, while thalamic 

neurons were avoided by the presence of intense VGlut2+ staining within the cell body.  For each 

condition, 10 cortical neurons (n=10) were randomly selected across two coverslips from one 

culture (N=1).  Low frequency background was removed from both the red and green channels 

of each image using the ImageJ rolling ball background subtraction algorithm. The dendrites of a 

neuron were traced using the ImageJ plugin NeuronJ. The coordinates of these tracings were 

uploaded into SynapCountJ along with the corresponding red and green channel images. The 

number of colocalized puncta was measured for each tracing and normalized to the tracing 

length.  

 

3.9 Statistical analyses 

Statistical analysis was conducted using GraphPad Prism Software 5.0 (GraphPad 

Software Inc., San Diego, CA, USA).  Unpaired, two-tailed t-tests were used to determine 

significant differences, using Welch’s correction when required, and all results are shown as 

mean ± SEM. Probability values < 0.05 were considered statistically significant.  
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CHAPTER FOUR 
 

RESULTS 
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In this study, we investigated the in vivo levels of hevin, SPARC and GPC 4/6 in the 

cortical and hippocampal brain regions of WT and Fmr1 KO mice at ages P7, P14, and P21. 

Importantly, these factors are secreted by astrocytes and are known to be involved in synapse 

development and maturation. In FXS, distorted dendritic spine morphology has been revealed 

within the hippocampus and cortex (Antar et al., 2006; Cruz-Martin et al., 2010; Irwin et al., 

2001), indicating abnormal development of excitatory connections with in these brain regions. 

We hypothesized that there may be altered levels of astrocyte-derived hevin, SPARC, and/or 

GPC 4/6 in Fmr1 KO mice, indicative of aberrant astrocyte-signalling in the FXS brain. Protein 

expression of GPC 4/6 did not vary between the genotypes at all time-points examined. 

However, we did find altered protein levels of hevin and SPARC in Fmr1 KO mice compared to 

that of WT mice. While the distribution of both proteins in astrocytes in vitro appears consistent 

across the two genotypes, the overall dysregulation of these factors in Fmr1 KO mice suggests 

that they play a role in the altered neurobiology of FXS. 

 

4.1 Hevin and SPARC protein levels are altered in the cortex of Fmr1 KO mice, relative to 

WT mice. 

 Hevin was highly expressed in primary cortical astrocytes cultured from both WT and 

Fmr1 KO mice, and showed a similar distribution pattern between the genotypes (N=2, n=50; 

Fig. 1A).  Western blotting revealed a genotypic difference in hevin levels in cortical tissue from 

P14 mice. The Fmr1 KO group showed significantly higher hevin levels than the WT group 

(Fmr1 KO 144.50 ± 13.36% of WT; n=8/group; P < 0.05; Fig. 1B, D). Interestingly, there were 

no differences between WT and Fmr1 KO groups at either P7 (Fmr1 KO 81.92 ± 16.35% of 
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WT; n=8/group; Fig. 1C) or P21 (Fmr1 KO 103.80 ± 11.33% of WT; n=8/group; Fig. 1E) in the 

cortex. 
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Figure 4. Hevin expression is altered at postnatal day (P)14 in the cortex of Fmr1 KO mice. 

(A) Cultured cortical astrocytes co-labelled with anti-glial fibrillary acidic protein (GFAP; green) 

and anti-hevin (red) after 2 days in vitro. Nuclei were stained with 4’, 6-diamidino-2-

phenylindole (blue). Images were obtained using a 40x objective with a Zeiss Axioimager. M2. 

Scale bars=50µm. (B) A representative western blot showing hevin (~130 kDa) in cortical 

samples (30µg of protein per lane) from P14 WT and Fmr1 KO mice, as well as several bands 

corresponding the total protein within each lane. (C-E) Hevin expression in the cortex of WT 

(black; n=8) and Fmr1 KO (white; n=8) mice at P7, P14, and P21. Bands representing hevin 

were normalized against the total protein within the same lane on the membrane, and were then 

expressed as a percent of the average level of hevin in the WT group. (*P < 0.05) 
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In cultured cortical astrocytes, SPARC was similarly expressed between genotypes at 2 

days in vitro (N=2, n=50; Fig. 2A). A representative Western blot showing SPARC (~37 kDa) 

from WT and Fmr1 KO cortical samples collected at P14 is shown in Fig. 2B. Similar to our 

finding with hevin, genotypic differences were evident at the different developmental time-

points. In the cortex, at P7 and P14, the Fmr1 KO group had lower SPARC levels than the WT 

group (Fmr1 KO 85.72 ± 5.88% and 84.88 ± 4.31% of WT, respectively; n=8/group; P < 0.05 

for both comparisons; Fig. 2C and 2D).  No significant difference was observed between WT 

and Fmr1 KO groups at P21 (Fmr1 KO 94.65 ± 3.87% of WT; n=8/group; Fig. 3F). Thus, 

cortical levels of hevin and SPARC displayed genotypic differences at specific developmental 

time-points, suggesting that altered expression of these factors during certain developmental 

windows may contribute to mechanisms underlying aberrant synapse development in FXS. 
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Figure 5. SPARC expression is altered at postnatal day (P)7 and P14 in the cortex of Fmr1 

KO mice. (A) Cultured cortical astrocytes co-labelled with anti-glial fibrillary acidic protein 

(GFAP; red) and anti-SPARC (green) after 2 days in vitro. Nuclei were stained with 4’, 6-

diamidino-2-phenylindole (blue). Images were obtained using a 40x objective with a Zeiss 

Axioimager. M2. Scale bars=50 µm. (B) A representative western blot shows bands at ~37 kDa 

corresponding to SPARC in cortical samples (30µg of protein per lane) from P14 WT and Fmr1 

KO mice, as well as the total protein within each lane. (C-E) SPARC expression in the cortex of 

WT (black, n=8) and Fmr1 KO (white, n=8) mice at P7, P14, and P21. Bands representing 

SPARC were normalized against the total protein within the same lane on the membrane, and 

were then expressed as a percent of the average level of SPARC in the WT group. (*P < 0.05) 

 

 

 

 

 

 



M.Sc. Thesis — J. Wallingford                                           McMaster University — Neuroscience 

 41 

4.2 Hevin protein levels, but not SPARC levels, are altered in the hippocampus of Fmr1 

KO mice, relative to WT mice.  

Levels of hevin in the hippocampus differed between WT and Fmr1 KO mice; however, 

these alterations were notably different than those found in the cortex.  Bands representing hevin 

in hippocampal samples from P7 WT and Fmr1 KO mice are shown in a Western blot in Fig. 

3A. At this time-point, the Fmr1 KO group showed significantly lower hevin levels than the WT 

group (Fmr1 KO 31.41 ± 6.86% of WT; P < 0.0005; n=8/group; Fig. 3B). At P14 there was no 

significant difference in hevin levels between Fmr1 KO and WT groups (Fmr1 KO  89.80 ± 

21.03 % of WT; n=8/ group; Fig. 3C), and at age P21, the Fmr1 KO group had significantly 

higher hevin levels than the WT group (Fmr1 KO  145.70 ± 15.17% of WT; n=8/group; P < 

0.05; Fig. 3D).  

 

 

 

 

 

 

 

 

 

 

 

 



M.Sc. Thesis — J. Wallingford                                           McMaster University — Neuroscience 

 42 

 

 

 

 

 

 

 

 

 

 

 

P7

P14 P21

WT KO
Hevin 

(~130kDa)

Total 
protein

Hippocampus (P7)

WT KO
0

50

100

150

200

H
EV

IN
/T

ot
al

 P
ro

te
in

 
(e

xp
re

ss
ed

 a
s 

%
 o

f W
T)

**

WT KO
0

50

100

150

200

H
EV

IN
/T

ot
al

 P
ro

te
in

 
(e

xp
re

ss
ed

 a
s 

%
 o

f W
T)

WT KO
0

50

100

150

200

H
EV

IN
/T

ot
al

 P
ro

te
in

 
(e

xp
re

ss
ed

 a
s 

%
 o

f W
T) *

A B

C D



M.Sc. Thesis — J. Wallingford                                           McMaster University — Neuroscience 

 43 

 

 

 

 

 

 

 

 

Figure 6. Hevin expression is altered at postnatal day (P)7 and P21 in the hippocampus of 

Fmr1 KO mice. (A) A representative western blot shows hevin (~130 kDa) in hippocampal 

samples (30µg of protein per lane) from P7 WT and Fmr1 KO mice, as well as the total protein 

within each lane. (B-D) Hevin expression in the hippocampus of WT (black; n=8) and Fmr1 KO 

(white; n=8) mice at P7, P14, and P21. Bands representing hevin were normalized against the 

total protein within the same lane on the membrane, and were then expressed as a percent of the 

average level of hevin in the WT group. (*P < 0.05, ** P < 0.0005)  

 

 

 

 

 

 

 

 



M.Sc. Thesis — J. Wallingford                                           McMaster University — Neuroscience 

 44 

A representative Western blot showing SPARC from WT and Fmr1 KO P7 hippocampal 

samples is shown in Fig. 4A. In contrast to our findings with hevin expression, there were no 

significant differences in hippocampal SPARC levels between WT and Fmr1 KO mice at P7 

(Fmr1 KO 107.60 ± 4.99% of WT; n=8/group; Fig. 4B), P14 (Fmr1 KO 124.10 ± 12.94% of 

WT; n=8/group; Fig. 4C), or P21 (Fmr1 KO 90.86 ± 3.26% of WT; n=8/group; Fig. 4D). 
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Figure 7. SPARC expression is not significantly altered in the hippocampus of Fmr1 KO 

mice. (A) A representative western blot with bands at ~37 kDa corresponding to SPARC in 

hippocampal samples (30µg of protein per lane) from postnatal day (P)7 WT and Fmr1 KO 

mice, as well as the total protein within each lane. (B-D) SPARC expression in the hippocampus 

of WT (black, n=8) and Fmr1 KO (white, n=8) mice at P7, P14, and P21. Bands representing 

SPARC were normalized against the total protein within the same lane on the membrane, and 

were then expressed as a percent of the average level of SPARC in the WT group. 
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4.3 GPC 4/6 protein levels in Fmr1 KO mice did not differ significantly from WT mice.  

GPC 4/6 was similarly expressed in both WT and Fmr1 KO cultured cortical astrocytes 

in vitro (N=2, n=50; Fig. 5A). Due to the relatively low expression of GPC 4/6 in the mouse 

brain at P7 and P14, we were unable to detect or compare protein levels in the samples from 

these time points via Western blotting. Representative Western blots displaying bands 

corresponding to GPC 4/6 (~35 kDa) from WT and Fmr1 KO P21 cortical samples and 

hippocampal samples are shown in Fig. 5B and 5D, respectively. At P21, there were no 

significant differences in GPC 4/6 levels between Fmr1 KO and WT groups in the cortex (Fmr1 

KO 65.06 ± 14.17% of WT; n=8/group; Fig. 5C) or hippocampus (Fmr1 KO 104.7 ± 10.15% of 

WT; n=8/group; Fig. 5E).  
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Figure 8. GPC 4/6 expression is not significantly altered in Fmr1 KO mice at postnatal day 

(P)21. (A) Cultured cortical astrocytes co-labelled with anti-glial fibrillary acidic protein (GFAP; 

green) and anti-GPC4 (red) after 2 days in vitro. Nuclei were stained with 4’, 6-diamidino-2-

phenylindole (blue). Images were obtained using a 40x objective with a Zeiss Axioimager. M2. 

Scale bars=50 µm. (B) A representative western blot shows bands at ~35 kDa corresponding to 

GPC 4/6 in cortical samples (50µg of protein per lane) from WT and Fmr1 KO mice at P21, as 

well as the total protein within each lane. Bands representing GPC 4/6 were normalized against 

the total protein within the same lane on the membrane. (C) GPC 4/6 expression in the cortex of 

WT (black, n=8) and Fmr1 KO (white, n=8) mice at P21. Fmr1 KO GPC 4/6 protein levels were 

expressed as a percent of the average level of GPC 4/6 in the WT group. (D) A representative 

western blot with bands corresponding to GPC 4/6 in hippocampal samples (50µg of protein per 

lane) from WT and Fmr1 KO mice at P21, as well as the total protein within each lane. (E) GPC 

4/6 expression in the hippocampus of WT (black, n=8) and Fmr1 KO (white, n=8) mice at P21.  
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4.4 The number of Vglut2+/ PSD95+ co-localized puncta is increased in co-cultures of Fmr1 

KO astrocytes and WT neurons, compared to co-cultures of WT astrocytes and WT 

neurons. 

  Thalamic and intracortical axonal projections that contact dendritic spines make up the 

majority of excitatory synapses in the cortex, and these two inputs can be distinguished by their 

vesicular glutamate transporter-2 (VGlut2) or vesicular glutamate transporter-1 (VGlut1) 

contents, respectively (Fremeau et al., 2001; Kaneko and Fujiyama, 2002; Graziano et al., 2008). 

Hevin is necessary for the formation of thalamocortical excitatory synapses (Risher et al., 2014; 

Singh et al., 2016) and we found an increase in the cortical protein expression of hevin in P14 

Fmr1 KO mice, relative to WT mice. Therefore, we sought to determine whether there is a 

difference in the number of thalamocortical synapses that are formed in co-cultures of either WT 

astrocytes with WT thalamic and cortical neurons or KO astrocytes with WT thalamic and 

cortical neurons. Remaining cognizant of the differences between in vivo and in vitro systems we 

isolated astrocytes from pups at two different ages, P1 and P7, to determine if any differences 

arise when astrocytes are allowed to mature in vivo for an additional week.  We employed 

MACS separation to isolate astrocytes from P7 pups and neurons from P1 pups and subsequently 

plated these cells to obtain astrocyte and neuron co-cultures (Fig. 9 & 10).  
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Figure 9. Astrocyte and neuron cultures following MACS separation. (A) Astrocyte culture 

following MACS separation. Astrocytes were isolated from P7 pups. (B) Neuron culture 

following MACS separation. Neurons were isolated from P1 pups and passed twice through a 

MACS MS column. Astrocyte and neuron cultures were each maintained for 2 days in vitro. 

Cultures were labelled with anti-glial fibrillary acidic protein (GFAP; red) and anti-microtubule 

associated protein 2 (MAP2; green) to visualize astrocytes and neurons, respectively. Images 

were obtained using a 20x objective with a Zeiss Axioimager. M2. Scale bars=100 µm. 
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Figure 10. Astrocyte and neuron co-cultures. (A) WT neurons isolated from P1 pups via 

MACS separation were plated onto previously plated WT astrocytes isolated from P1 pups. (B) 

WT neurons isolated from P1 pups via MACS separation were plated onto previously plated WT 

astrocytes isolated via MACS separation from P7 pups. (C) WT neurons isolated from P1 pups 

via MACS separation were plated onto previously plated Fmr1 KO astrocytes isolated from P1 

pups. (D) WT neurons isolated from P1 pups via MACS separation were plated onto previously 

plated Fmr1 KO astrocytes isolated via MACS separation from P7 pups. Co-cultures were 

maintained for 14 days in vitro. Co-cultures were labelled with anti-glial fibrillary acidic protein 

(GFAP; red) and anti-microtubule associated protein 2 (MAP2; green) to visualize astrocytes and 

neurons, respectively. Images were obtained using a 40x objective with a Zeiss Axioimager. M2. 

Scale bars=50 µm.   
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 Excitatory thalamocortical synaptic candidates were identified by the colocalization 

of VGlut2+ and PSD95+ puncta. When WT cortical and thalamic neurons were cultured with 

Fmr1 KO astrocytes (isolated from P7 pups) and maintained for 7 DIV, we found a trend, 

although non-significant, towards an increase in the number of thalamocortical synapses, relative 

to the number of thalamocortical synapses established in co-cultures of WT astrocytes and WT 

neurons (Fmr1 KO astrocytes/ WT neurons: 18.07 ± 7.89; WT astrocytes/WT neurons: 5.76 ± 

2.02; N=1, n=10/group; Fig.11). In co-cultures maintained for 14 DIV we found a significant 

increase in the number of thalamocortical synapses when Fmr1 KO astrocytes (isolated from P7 

pups) were grown with WT neurons, relative to WT astrocytes grown with WT neurons (Fmr1 

KO astrocytes/ WT neurons: 58.71 ± 13.45; WT astrocytes/ WT neurons: 24.49 ± 5.35; N=1, 

n=10/group; P < 0.05; Fig. 12). We observed similar results when astrocytes were isolated from 

P1 pups and cultured with cortical and thalamic neurons. Co-cultures of Fmr1 KO astrocytes 

(isolated from P1 pups) and WT neurons that were maintained for 7 DIV showed an increased 

number of thalamocortical synapses, compared to WT astrocytes grown with WT neurons (Fmr1 

KO astrocytes/WT neurons: 18.02 ± 4.16; WT astrocytes/WT neurons: 6.55 ± 1.49; N=1, 

n=10/group; P < 0.05; Fig. 13A).  After 14 DIV, we found a trend towards an increase in the 

number of thalamocortical synapses in co-cultures consisting of Fmr1 KO astrocytes (isolated 

from P1 pups) and WT neurons, compared to co-cultures of WT astrocytes and WT neurons; 

However, this difference did not reach statistical significance (Fmr1 KO astrocytes/ WT 

neurons: 28.03 ± 10.76; WT astrocytes/ WT neurons: 13.05 ± 2.21; N=1, n=10/group; Fig. 13B).  
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Figure 11. VGlut2+/ PSD95+ co-localized puncta in co-cultures of WT neurons with either 

WT or Fmr1 KO astrocytes (isolated from P7 pups), maintained for 7 DIV.  WT cortical and 

thalamic neurons were isolated from P1 pups via MACS separation and co-cultured with either 

WT or Fmr1 KO astrocytes isolated from P7 pups via MACS separation. Co-cultures were 

maintained for 7 days in vitro and subsequently co-labelled with antibodies against vesicular 

glutamate transporter-2 (VGlut2) and post-synaptic density protein 95 (PSD95) to visualize pre-

synaptic and post-synaptic puncta, respectively. White arrows indicate co-localized Vglut2+ 

(green) and PSD95+ (red) puncta. Measures of thalamocortical synapse number (identified by the 

co-localized VGlut2+ and PSD95+ puncta) were obtained from cultures containing WT astrocytes 

(black; N=1, n=10) and cultures containing Fmr1 KO astrocytes (white; N=1, n=10) and 

normalized to dendrite length. Images were obtained using a 40x objective with a Zeiss 

Axioimager. M2. Scale bars=25 µm.   
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Figure 12. At 14 DIV the number of VGlut2+/ PSD95+ co-localized puncta is increased in 

co-cultures of Fmr1 KO astrocytes (isolated from P7 pups) and WT neurons, relative to co-

cultures of WT astrocytes and WT neurons.  WT cortical and thalamic neurons were isolated 

from P1 pups via MACS separation and co-cultured with either WT or Fmr1 KO astrocytes 

isolated from P7 pups via MACS separation. Co-cultures were maintained for 14 days in vitro 

and subsequently co-labelled with antibodies against vesicular glutamate transporter-2 (VGlut2) 

and post-synaptic density protein 95 (PSD95) to visualize pre-synaptic and post-synaptic puncta, 

respectively. White arrows indicate co-localized Vglut2+ (green) and PSD95+ (red) puncta. 

Measures of thalamocortical synapse number (identified by the co-localized VGlut2+ and 

PSD95+ puncta) were obtained from cultures containing WT astrocytes (black; N=1, n=10) and 

cultures containing Fmr1 KO astrocytes (white; N=1, n=10) and normalized to dendrite length. 

Images were obtained using a 40x objective with a Zeiss Axioimager. M2. Scale bars=25 µm. 

(*P < 0.05)  
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Figure 13. At 7 DIV the number of VGlut2+/ PSD95+ co-localized puncta is increased in co-

cultures of Fmr1 KO astrocytes (isolated from P1 pups) and WT neurons, relative to co-

cultures of WT astrocytes and WT neurons.  WT cortical and thalamic neurons were isolated 

from P1 pups via MACS separation and co-cultured with either WT or Fmr1 KO astrocytes 

isolated from P1 pups. Co-cultures were maintained for either (A) 7 days in vitro or (B) 14 days 

in vitro and subsequently co-labelled with antibodies against vesicular glutamate transporter-2 

(VGlut2) and post-synaptic density protein 95 (PSD95) to visualize pre-synaptic and post-

synaptic puncta, respectively. White arrows indicate co-localized Vglut2+ (green) and PSD95+ 

(red) puncta. Measures of thalamocortical synapse number (identified by the co-localized 

VGlut2+ and PSD95+ puncta) were obtained from cultures containing WT astrocytes (black; 

N=1, n=10) and cultures containing Fmr1 KO astrocytes (white; N=1, n=10) and normalized to 

dendrite length. Images were obtained using a 40x objective with a Zeiss Axioimager. M2. (*P < 

0.05)  
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5.1 Hevin, SPARC, and GPC 4/6 levels in the cortex and hippocampus of Fmr1 KO mice, 

relative to WT mice 

The first few weeks of postnatal development are a time of vigorous growth, maturation, 

and pruning or elimination of synapses. These events must occur in a highly concerted fashion in 

order to establish proper synaptic connections and neuronal circuitry. Alterations in the 

development of synaptic structures are a hallmark of FXS (Comery et al., 1997; Irwin et al., 

2000; Irwin et al., 2001; Nimchinsky et al., 2001). Astrocytes play a significant role in the 

regulation of synaptic development and astrocyte dysfunction has recently been linked to 

neurodevelopmental disorders such as FXS (reviewed in Sloan and Barres, 2014). Our findings 

suggest that aberrant astrocyte-signalling occurs in the absence of FMRP. In this study, we 

examined the expression of the astrocyte-secreted factors hevin, SPARC, and GPC 4/6, which 

have been implicated in the regulation of proper excitatory synapse development and maturation. 

This study is the first to investigate these factors within the context of FXS. Interestingly, we 

found altered protein levels of two factors, hevin and SPARC, in Fmr1 KO mice compared to 

WT controls; however, protein expression patterns varied between the two brain regions 

examined, the cortex and the hippocampus. Specifically, in the cortex of Fmr1 KO mice, we 

found a transient increase in hevin levels at P14, as well as a decrease in SPARC at P7 and P14, 

compared to WT controls. Surprisingly, in the hippocampus of Fmr1 KO mice hevin expression 

was much lower than that of the WT group at P7. The levels of hevin in the Fmr1 KO group 

increased to levels similar to the WT group by P14, and surpassed WT levels by P21.  

The most profound differences between genotypes that we observed were in hevin 

expression levels in both the cortex and hippocampus. Hevin is highly expressed in astrocytes 

during development, as well as during adulthood (Cahoy et al., 2008; Mendis et al., 1996). 
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Microarray studies have shown an upregulation of Hevin transcripts present in the cerebellum of 

ASD patients (Purcell et al., 2001). Whole-genome sequencing has additionally identified 

possible ASD-associated mutations in Hevin (De Rubeis et al., 2014), which may alter the 

expression or function of hevin in these individuals. Here, we show that alterations in the 

expression of hevin also occurred in a mouse model of FXS.  Perhaps this is not surprising given 

that hevin is a known target of FMRP (Darnell et al., 2011), but the differential expression across 

the brain regions and developmental time points suggest that its role is not only spatially 

complex but also highly dependent on temporal regulation.   

We observed a transient increase in hevin in the cortex of P14 Fmr1 KO mice, a time 

during which intracortical and thalamocortical connections are actively being established and are 

not yet mature (Nakamura et al., 2005). In the cortex, excitatory synapses are primarily formed 

via thalamic and intracortical axonal projections that contact dendritic spines. Several lines of 

evidence suggest that hevin is required for the proper establishment and maintenance of 

thalamocortical connections. Risher et al. (2014) reported a profound reduction in 

thalamocortical synapses in Layer 1 of the primary visual cortex of Hevin KO mice at postnatal 

day 7, day 25, and week 12.  Interestingly, this was accompanied by a transient increase in 

intracortical synapses at P25, a possible compensation for the reduced number of thalamocortical 

connections. These findings in vivo were supported by findings from cultured neurons. When 

cortical and thalamic neurons collected from Hevin KO mice were grown together in the 

presence of hevin-containing growth media there was an increase in the number of 

thalamocortical synapses, compared to cultures grown in media that did not contain hevin.  

Moreover, a subsequent study found that hevin works to establish thalamocortical 

connections by bridging neurexin-1α and neuroligin-1B (Singh et al., 2016), two trans-synaptic 
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molecules abundantly expressed in the brain (Schreiner et al., 2016). While neurexins are found 

to link with vesicle-release apparatus from the pre-synaptic cell, neuroligins are linked with 

various postsynaptic receptors (Chubykin et al., 2007; Craig and Kang, 2007; Lee et al., 2010; 

Budreck et al., 2013).  As such, trans-synaptic neurexin and neuroligin pairs are able to align pre-

synaptic components with post-synaptic components (Scheffele et al., 2000; Graf et al., 2004). 

Thus, the adhesion between presynaptic neurexin and postsynaptic neuroligin pairs is crucial for 

the establishment and proper maturation of synapses (Südhof, 2008; Baudouin and Scheiffele, 

2010). While particular neurexin and neuroligin pairs interact strongly with one another, 

neurexin-1α has a very weak affinity for neuroligin-1B (Boucard et al., 2005; Chih et al., 2006) 

and thus this pair requires hevin to act as a linker molecule. Taken together, these studies 

indicate that hevin directly influences the number of thalamocortical synapses, and by doing so 

may indirectly effect the number of intracortical synapses.  

Similar to the under expression of hevin, an excess of hevin during critical developmental 

windows could also contribute to alterations in thalamocortical and intracortical connectivity. 

This possibility is consistent with findings of altered cortical function and connectivity in FXS. 

In the barrel cortex of two-week-old Fmr1 KO mice several defects in Layer III to IV synaptic 

connectivity have been reported, including reduced strength, diffuse axonal arbors, and altered 

experience-dependent plasticity (Bureau et al., 2008). These defects were transient and were not 

observed in 3-week-old mice. Likewise, Cruz-Martin et al. (2010) described a higher turnover-

rate of dendritic spines of Layer II/III pyramidal neurons during the second postnatal week of 

Fmr1 KO mice, indicating a delay in the stabilization of these spines. The critical period for 

thalamocortical plasticity in the barrel cortex of mice (somatosensory layer IV), which normally 

occurs during the first postnatal week, is delayed in Fmr1 KO mice, potentially a reflection of 
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the increase in the number of ‘silent’ synapses at earlier time points (Harlow et al., 2010). Wang 

et al. (2014) observed an increase in the number of thalamocortical synapses in layer IV of the 

somatosensory cortex of Fmr1 KO mice, compared to WT mice. Additionally, abnormal 

thalamocortical connectivity has been indicated in ASD (Cheon et al., 2011; Mizuno et al., 2006; 

Nair et al., 2013). The increase in cortical hevin levels in P14 Fmr1 KO mice found here may 

contribute to developmental delays in the maturation and stabilization of synapses in the cortex. 

Interestingly, the majority of the above phenotypes within the FXS cortex are transient and 

appear to normalize by adulthood, consistent with the return of Fmr1 KO hevin levels to WT 

levels by P21. Additionally, it would be interesting to determine whether there are alterations in 

the expression levels of neurexin-1α  and neuroligin-1B, concomitant with the increase that we 

observed in hevin expression in the cortex of P14 Fmr1 KO mice. Interestingly, Lai et al. (2016) 

reported sex-specific genotypic differences in the mRNA expression of various neurexin and 

neuroligin transcripts. In particular, Lai et al. found a decrease in neurexin-1 mRNA in the 

somatosensory cortex of P7 Fmr1 KO females, compared to age-and-sex-matched WT mice. 

More work must be done to determine the expression patterns of particular isoforms and splice 

variants of neurexins and neuroligins, respectively. Perhaps altered expression of neurexin-1α 

and neuroligin-1B also contributes to the government of  thalamocortical synapse formation. 

Although we also found genotypic differences in hevin levels in the hippocampus, the 

pattern of hevin expression that we observed in this region was distinct from that observed in the 

cortex, suggesting an alternate mechanism by which astrocytes modulate the development of 

neuronal circuits in distinct brain regions. We found that hevin expression in the hippocampus of 

P7 Fmr1 KO mice is much lower than in WT controls, a time-point that directly coincides with 

maximal FMRP expression in the hippocampus (Lu et al., 2004). While effects to spine and 
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synapse phenotypes in the hippocampus of Hevin KO mice are unknown, there are pronounced 

deficits in the number of excitatory synapses at P14 and morphological deficits in excitatory 

synapses at P14 and P25 in the superior colliculus (Kucukdereli et al., 2011). Additionally, in 

Layer 1 of the primary visual cortex at P25, hevin KO mice show an increase in the number of 

filopodia-like immature dendritic spines, concomitant with a decrease in mature spines (Risher et 

al., 2014). Notably, these phenotypes are similar to neurobiological abnormalities found in the 

hippocampus of Fmr1 KO mice, which include a reduction in the number of spines that co-

localize with synaptic markers (Antar et al., 2006) and delayed synapse maturation (Braun and 

Segal, 2000).  A reduced level of hevin in the hippocampus, such as we observed here, may 

contribute to the defects in dendritic spines and synapses found in the hippocampus of Fmr1 KO 

mice.  

Although very low at P7, protein expression of hevin in the hippocampus of Fmr1 KO 

mice increased to WT levels by P14, and then exceeded WT levels by P21. This discrepancy 

may be indicative of a shift in the role of hevin from promoting synapse formation during early 

postnatal development to modulating synaptic function and plasticity during adulthood. In 

agreement with this, hevin has been shown to exhibit anti-adhesive properties (Gongidi et al., 

2004). The presence of hevin may enhance synaptic plasticity by reducing cell adhesion and 

promoting spine remodelling. Additionally, hevin contains a highly conserved calcium binding 

domain (Hambrock et al., 2003) and may modulate synaptic function by regulating local calcium 

concentrations. Indeed, more studies are needed to further elucidate the role of hevin in the brain 

during development and adulthood, and particularly in regard to FXS. It would also be 

interesting to see if hevin levels remain elevated at later time-points in adulthood in Fmr1 KO 

mice.   
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In addition to hevin, we examined protein levels of SPARC. SPARC is highly expressed 

by astrocytes in the developing brain and is capable of inhibiting the synaptogenic function of 

hevin (Cahoy et al., 2008; Kucukdereli et al., 2011). Due to the antagonism between SPARC and 

hevin, we postulated that the expression of SPARC may also differ in Fmr1 KO mice as part of a 

homeostatic mechanism to compensate for alterations in hevin. However, we found only modest 

decreases in SPARC in the cortex of Fmr1 KO mice at P7 and P14; and SPARC expression did 

not differ between genotypes at P21 in the cortex or at any time-points examined for the 

hippocampus. Taken together, these findings indicate that SPARC does not compensate for 

alterations in hevin expression. In fact, the decrease in SPARC at P14 in the cortex coincides 

with a robust increase in hevin, thus providing a permissive environment for the synaptogenic 

activity of hevin. 

Excitatory synapses within the central nervous system are predominantly glutamatergic. 

As these synapses begin to establish, they express only NMDA receptors at the post-synaptic 

membrane and are ‘silent’, meaning that they lack post-synaptic function. This is followed by the 

recruitment of AMPA receptors to the postsynaptic membrane, thus inciting postsynaptic 

function (Isaac et al., 1999). While hevin induces the formation of silent synapses, SPARC and 

GPC 4/6 have been identified as negative and positive regulators of AMPA receptors at the 

postsynaptic membrane, respectively (Jones et al., 2011; Allen et al., 2012). We found a modest, 

but significant, decrease in SPARC at P7 and P14 and a trend towards a decrease in GPC 4/6 in 

the cortex of P21 Fmr1 KO mice. Although the decrease in GPC 4/6 was not significant, this 

may point to significant differences at other time-points that we were unable to detect with our 

methods.  Given this, altered levels of these factors in FXS may also contribute to a 

dysregulation of AMPA receptors.  To what extent the expression of AMPA receptors may be 
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altered in FXS in a brain-region-specific manner is still under debate (reviewed in Uzunova et 

al., 2014), and so the further assessment of the regulation of AMPA receptors in various brain 

regions at various developmental time-points in FXS will help to discern its role in FXS.   

 

5.2 VGlut2+/PSD95+ synapse candidates in co-cultures of astrocytes and neurons 

Keeping in mind the role of hevin in the establishment and maintainance of excitatory 

thalamocortical synapses (Risher et al., 2014; Singh et al., 2016), we sought to determine 

whether WT cortical and thalamic neurons developed differing numbers of thalamocortical 

synapses when co-cultured with Fmr1 KO astrocytes, compared to co-culturing with WT 

astrocytes. To this end, we co-labelled these astrocyte and neuron co-cultures with antibodies 

against VGlut2, which is expressed pre-synaptically by the vast majority of thalamocortical 

synapses (Kaneko and Fujiyama, 2002), and PSD95. Thalamocortical synapses were identified 

by the co-localization of these pre-synaptic and post-synaptic markers. Interestingly, we found 

increased numbers of thalamocortical synapses in co-cultures of Fmr1 KO astrocytes and WT 

neurons, relative to co-cultures of WT astrocytes and WT neurons, indicating a role for 

astrocytes in the proper establishment of thalamocortical synapses. It is worth noting, however, 

that these results derive from one independent culture per group and as such are preliminary. 

More independent cultures need to be analyzed to corroborate the results presented within this 

document.  

It is well established that FXS is associated with hypersensitivity to sensory stimuli 

(Marco et al., 2011). Altered thalamocortical connectivity in the absence of FMRP provides a 

possible mechanism for deficits in the processing of sensory information. Our finding of altered 

thalamocortical connectivity is consistent with results from Wang et al. (2014) that show an 



M.Sc. Thesis — J. Wallingford                                           McMaster University — Neuroscience 

 70 

increase in the number of thalamocortical synapses in layer IV of the somatosensory cortex of 4 

month-old Fmr1 KO mice, compared to WT mice. Importantly, the majority of thalamic inputs 

project to layer IV of the cortex (Kaneko and Fujiyama, 2002; Khan et al., 2011). Intriguingly, 

Wang et al. (2014) also reported an increase in the number of thalamocortical connections made 

onto layer V of the somatosensory cortex in Fmr1 KO mice, suggesting that molecular 

mechanisms regulating the establishment of thalamocortical connections vary among sub-regions 

within the cortex. It would be interesting determine whether different cortical sub-regions exhibit 

different protein expression patterns of hevin in Fmr1 KO mice and to determine if alterations in 

hevin expression correlates with deficits in thalamocortical connectivity across these sub-

regions.  

It would also be interesting to examine whether the increase that we observed in the 

number of thalamocortical synapses coincides with an increase in the number of dendritic spines 

with multiple excitatory contacts (SMECs). Multiply innervated spines, identified by Jones and 

Powell in 1969, are present during early postnatal development. While the majority of multiply 

innervated dendritic spines consist of one excitatory input and one inhibitory input, a small 

fraction of multiply innervated dendritic spines exhibit multiple excitatory connections (Knott et 

al., 2002; Chen et al., 2012). These SMECs generally disappear by the end of the third postnatal 

week. Risher et al. (2014) reported an increased number of SMECs in the primary visual cortex 

of P21 Hevin KO mice compared to WT mice. Additionally, Risher et al. demonstrated that the 

majority of these SMECs received contact from both thalamic and cortical inputs rather than 

from multiple cortical inputs and suggested that SMECs may act as a site of competition for the 

establishment of thalamic and cortical inputs. Thus, they concluded that hevin plays a role in the 

resolution of these SMECs into single-synapse dendritic spines.  An excess of hevin, such as we 
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observed in the cortex of P14 Fmr1 KO mice, may also disturb the mechanisms underlying 

synaptic competition between these thalamocortical and corticocortical inputs. Consequently, the 

increase that we observed in thalamocortical synapses may correspond to an increase in the 

number of SMECs, reflecting a failure of these SMECs to mature to singly-innervated dendritic 

spines.  

 

 

5.3 Conclusion 

In this study, we found altered levels of hevin and SPARC in the Fmr1 KO mouse that 

suggests aberrant astrocyte-signalling in the absence of FMRP. Expression patterns of these 

factors differed between time-points and brain regions, demonstrating both spatial and temporal 

differences in astrocyte regulatory mechanisms. Additionally, we show preliminary data 

indicating that the number of thalamocortical synapses is increased in co-cultures of Fmr1 KO 

astrocytes and WT neurons, relative to co-cultures of WT astrocytes and WT neurons. These 

findings provide important groundwork for future studies focused on elucidating the roles of 

both hevin and SPARC throughout development and adulthood to help understand astrocyte-

derived regulation of neural circuits. Moreover, these findings emphasize the temporal and 

regional complexity of this neurodevelopmental disorder. The brain houses a highly 

heterogeneous array of synapse populations (Emes and Grant, 2012), and the absence of FMRP 

results in a vast range of abnormal synaptic phenotypes that varies according to brain region and 

stage of development. This extraordinary level of complexity has led to difficulties in designing 

effective treatments for FXS as well as other neurodevelopmental disorders. Identifying 

astrocyte-based molecular mechanisms that are altered in the FXS brain may provide insight into 
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novel therapeutic strategies more suitable for the treatment of a broad range of neurobiological 

deficits, as is presented in FXS. 
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