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Abstract 

Fragile X Syndrome (FXS) is the most common inherited disease of mental impairment, 

typically caused by a mutation in the Fragile X mental retardation 1 (FMRJ) gene. The 

clinical features are thought to result from abnormal neurobiology due to a lack of the 

Fragile X mental retardation protein (FMRP). Previously, it was thought that FMRP was 

confined exclusively to neurons; however, our laboratory recently discovered that 

astrocytes also express FMRP. Consequently, it is possible that astrocytes also suffer 

abnormalities as a result of a lack of FMRP. Astrocytes play integral roles in the 

development and maintenance of communication in the central nervous system. 

Therefore, it is now important to determine the contribution of astrocytes to the abnormal 

neuronal phenotype seen in FXS. In these experiments, neurons and astrocytes were 

independently isolated from wild type (WT) or FMRJ null mice and grown in a co­

culture. Neurons were evaluated using immunocytochemistry in combination with 

computer-aided morphometric and synaptic protein analyses. The findings presented here 

provide convincing evidence that Fragile X astrocytes contribute to the abnormal 

neurobiology seen in FXS . Fragile X astrocytes alter the dendrite morphology and 

excitatory synaptic protein expression of WT neurons in culture; and, importantly, when 

Fragile X neurons are grown with WT astrocytes these changes are prevented. 

Interestingly, the Fragile X astrocytes appear to act by causing a delay in development; 

even WT neurons grown in the presence of Fragile X astrocytes, that displayed an 

abnormal phenotype at 7 days in culture, exhibited nearly normal dendrite morphology 

and expression of excitatory synapses at 21 days. Furthermore, the results suggest that the 

dendritic abnormalities induced by the Fragile X astrocytes specifically target neurons 

with a spiny stellate morphology. This research establishes a role for astrocytes in the 

development of the abnormal neurobiology seen in FXS, and as such, the results 

presented here have significant implications for Fragile X research. The novel prospect 

that astrocytes are key contributing components in the development of FXS provides an 

exciting new direction for investigations into the mechanisms underlying FXS, with 

many unexplored avenues for potential treatment strategies. 
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Preface 

This doctoral dissertation is presented as a sandwich thesis and is comprised of author­

generated versions of four manuscripts prepared for publication. At the time of writing, 

one manuscript was published and three were submitted for publication. The author 

performed the experiments reported in these manuscripts during the author ' s PhD 

programme. Due to the common focus of the manuscripts the reader will encounter a 

significant degree of overlap, specifically m the literature review and 

introduction/discussion sections of each article. 

Following a review of the relevant literature (Chapter 1), the hypotheses and 

specific aims of the thesis will be stated (Chapter 2). Then, each manuscript will be 

presented as an individual chapter (Chapters 3-6). Each of these chapters will begin with 

a brief note detailing the author ' s contribution to the work therein, and outlining the 

background and rationale for the manuscript. Following the presentation of the four 

manuscripts, a concluding chapter will summarize the major findings from each article, 

and the contribution of each to the thesis as a whole (Chapter 7). The thesis will conclude 

with a presentation significant advances of knowledge gained from the work presented 

herein and suggestions for future research directions (Chapter 7). 

Literature citations are included in the style required by the journal to which each 

manuscript was submitted, and refer only to the reference list within that paper. 

Elsewhere, the references will adhere to the formatting guidelines described by the 

American Psychological Association (51
h Edition), with a list of citations appearing in a 

separate references section at the end of the dissertation. 

Details regarding common materials and methods not elsewhere described will 

appear in Appendix I. 

Any permissions regarding the use of copyright material, not otherwise addressed are 

included in Appendix II. 
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1. Chapter 1: Literature review 

1.1 Fragile X Syndrome 

1.1.1 Clinical Presentation 

Fragile X Syndrome (FXS) 1s the most common cause of inherited mental 

retardation, most recently documented as having a prevalence of approximately 1 in 2500 

(including both males and females affected with the full-mutation) (Hagerman, 2008). 

Being an X-linked disorder, more males than female are affected with FXS. Symptoms of 

the disease in affected males include mild to moderate mental retardation, learning and 

memory deficits, hyperactivity, attention deficits, social withdrawal, increased 

susceptibility to seizures, motor disorders and autistic like behaviours (Beckel-Mitchener 

& Greenough, 2004; O'Donnell & Warren, 2002). Additionally, individuals with FXS 

present with a number of physical characteristics such as a long narrow face, protruding 

jaw and ears, hyper-extensible joints and enlarged testicles (Beckel-Mitchener & 

Greenough, 2004; O'Donnell & Warren, 2002). In general, affected females display a less 

severe phenotype, with the severity of the impairments correlated to the degree of 

inactivation of the abnormal X-chromosome (Sobesky, et al. , 1996). 

1.1.1.1 Gross neuroanatomical correlates 

The gross neuroanatomical features of individuals with FXS are less well 

characterized, due to contradictory findings. A number of studies have shown a lack of 

significant neruoanatomical abnormalities in males with Fragile X at autopsy (as 

reviewed in, O'Donnell & Warren, 2002). Other studies comparing MRI images from 

Fragile X patients with those of controls found that there is an increased ventricular 

volume (Lee, et al., 2007; Reiss, Abrams, Greenlaw, Freund, & Denckla, 1995), a 

decrease in the volume of the posterior vermis of the cerebellum (Mostofsky, et al., 

1998), an increase in the volume of the superior temporal gyrus (Reiss, Lee, & Freund, 
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1994), and an increase in the volume of the caudate nucleus (Hess!, Rivera, & Reiss, 

2004; Reiss, Freund, Baumgardner, Abrams, & Denckla, 1995). Furthermore, these 

alterations correlated with the level of cognitive functioning and the expression of the 

gene responsible for FXS (Mostofsky, et al. , 1998; Reiss, Freund, et al. , 1995). 

Alteration of the amygdala volume was also correlated with degree of cognitive 

functioning in twins with Fragile X (Reiss, Abrams, et al. , 1995). Reiss (1994) also 

found enlargements of the hippocampus in children and young adults with FXS, and this 

was supported by similar findings of Kates and colleagues (1997). Although, a study by 

Jakala and others ( 1997) did not reproduce this finding, they did observe atypical 

hippocampal morphologies on MRI. Most recently, Haas and colleagues (2009) found 

that male children with FXS had altered white-matter anatomy in their ventral 

frontostriatal pathways. The anatomical regions listed above control a number of 

cognitive and behavioural processes, such as the processing of complex auditory stimuli 

and emotion, learning, memory and the execution and regulation of motor behaviours. 

Many of those cognitive and behavioural processes are found altered in individuals with 

FXS, and therefore it is tempting to speculate that these gross neuroanatomical 

abnormalities are at the root of the cognitive deficiencies seen in individuals with FXS. 

However, this theory should be balanced with caution as it is not yet known whether 

these alterations are the cause of the impairments seen in individuals with FXS, or 

whether they are caused by the deficits. 

1.1.1.2 Cellular neurobiological correlates 

Microscopic evaluations of the brain tissue from autopsy specimens of individuals 

with FXS revealed that the number of neurons is not altered compared to controls. 

However, evaluation of the dendrites of Golgi-impregnated neurons showed that the 

neurons of the parietal-occipital cortex in individuals with Fragile X exhibit unusually 

long, spindly, tortuous, seemingly immature dendritic spines (Rudelli, et al., 1985). This 

observation was later confirmed in five other Fragile X patients (Hinton, Brown, 

Wisniewski, & Rudelli , 1991 ; Irwin, et al. , 2001). Irwin and colleagues (2001) found that 
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individuals with FXS have a significant increase in the immature dendritic spines in both 

the temporal and visual cortices. However, the number of patient samples evaluated is 

small, and therefore more similar studies are warranted to reduce the possibility of 

confounding factors that could provide alternate explanations for the abnormal dendritic 

spine morphologies. 

1.1.1.3 Genetics ofFragile X Syndrome 

1.1.1.3 .1 The FMRl gene 

In 1991 , the gene responsible for FXS was identified by positional cloning, and 

was named the Fragile X Mental Retardation 1 (FMR.l) gene (Verkerk, et al. , 1991). In 

2001 , Oostra and Chiurazzi reviewed the properties of the FMR.l gene and its function. 

The FMR.l gene is located at Xq27.3 , spans 38 kb (from base pair 146,801 ,200 to base 

pair 146,840,302) and consists of 17 exons (Eichler, Richards, Gibbs, & Nelson, 

l 993)(Fig.1). The FMR.l gene is highly conserved between species, with significant 

homology between humans, mice, chicken, Xenopus leavis, monkey and Drosophila. 

Transcription of the FMR.l gene results in up to 20 different transcripts via alternative 

splicing; however, only 4-5 of these FMR.l mRNAs are actually detected in various 

tissues. The full length mRNA is 4.4kb and encodes a protein with maximal length of 632 

amino acids. 

1.1.1.3.2 FXS is a trinucleotide repeat disorder 

Named for the cytogenetic "fragile" site visible at the tip of the long arm of the X 

chromosome, FXS is typically the result of an expansion of a (CGG)n repeat within the 

5' untranslated region (UTR) of the FMR.l gene (Kremer, et al. , 199l)(Fig.1.lc, 

Fig.1.2a). In the normal population, this repeat generally occurs between 5 and 55 times 

(Brouwer, Willemsen, & Oostra, 2008; Oostra & Willemsen, 2009). 
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Figure 1.1: The FMRJ gene 

(a) Images of the X Chromosome depicting the Fragile X site on the long arm of the X 


Chromosome. Light microscope image (left) and scanning electron microscope image 


(right) revealing the chromatid gap on the X Chromosome from an individual with FXS 


(Images obtained from (Raffa, 2009)). (b) The location of the FMRJ gene on the X 


Chromosome. The FMRJ gene is located on the Jong arm of the X Chromosome at 


position 27.3; specifically from base pair 146, 801, 200 to base pair 146, 840, 302. 


(Image available from the NIH, ghr.nlm.nih.gov/gene=fmrl) (c) The 17 exons of the 


FMRJ gene. The horizontal grey line represents the entire gene, orange segments are the 


coding regions, blue segments are non-translated regions. (Image adapted from 


http://commons.wikimedia.org/wiki/File:FMRl-Strukturl.png) 
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Figure 1.2: FXS is a trinucleotide repeat disorder 

In normal individuals, there are between 5-55 CGG repeats (green segment) upstream of 

the FMRI gene (red). In individuals with the premutation expansion (55-200 repeats), the 

gene produces excess mRNA but low levels of FMRP thought to result in FXTAS. In 

individuals with the full mutation of greater than 200 repeats, the gene promoter region is 

methylated (purple ovals), silencing the FMRJ gene and resulting in little or no 

mRNA/protein. Therefore no FMRP is avai lable for proper brain development, and the 

absence ofFMRP is responsible for FXS. 

(Image adapted from the Hagerman Lab website, 

http://wizardl.ucdavis.edu/html/anatomy _of_a_gene.cfm). 
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Figure 1.3: The structure ofFMRP 


The structure of FMRP depicting the location of the key conserved regions identified. N, 


C, represent the N and C terminals of the protein, respectively, NLS, nuclear localization 


signal, NES, nuclear export signal, KH, hnRNP-K-protein homology domains, RGG box, 


arginine-glycine-glycine rich box. 
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Individuals with between 55-200 repeats are considered to have the premutation 

allele, which tends to expand when transmitted (Brouwer, et al., 2008; Oostra & 

Willemsen, 2009). In the Canadian population, the prevalence of the premutation is 1 in 

259 females and 1 in 813 males (Hagerman & Hagerman, 2004a). Premutation carriers 

show elevated levels of FMRJ mRNA with normal protein levels and generally have only 

mild, if any, typical symptoms of FXS (Hagerman & Hagerman, 2004a). However, these 

individuals do exhibit characteristics that are not consistent with the spectrum of 

abnormalities in FXS, and that appear to be unique to the premutation . For example, 

males with the premutation are at increased risk for developing Fragile X Tremor/Ataxia 

Syndrome (FXTAS), a Parkinson-like disorder (Brouwer, et al., 2008; Hagerman & 

Hagerman, 2004b; Hagerman, et al. , 2001; Oostra & Willemsen, 2009). Additionally, 

females with the premutation exhibit an increased risk for premature ovarian failure 

(Hagerman & Hagerman, 2004b; Murray, Webb, Grimley, Conway, & Jacobs, 1998; 

Oostra & Willemsen, 2009). 

When passed to offspring, the premutation allele can either undergo a relatively 

small expansion that is still within the premutation range, or it can go through a massive 

expansion to 200 or more repeats resulting in the full mutation. The expansion of the 

repeat causes the hypermethylation of the FMR1 promoter region, and FMRJ expression 

is silenced, preventing the production of the Fragile X Mental Retardation Protein 

(FMRP) (Sutcliffe, et al., 1992). The end result is a complete lack of the gene product, 

FMRP, leading to FXS (Fig.1.2). 

1.1.2 FMRP 

1.1.2.1 Structure ofFMRP 

FMRP is a 70-80.kDa protein (predominantly 71.kDa) that is one of three 

paralogous proteins (with the FXRl and FXR2 proteins) in mammals . It contains several 

highly conserved regions including: an internal ribosome entry site (IRES), a nuclear 

localization signal (NLS), a nuclear export signal (NES), two hnRNP-K-protein 
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homology (K.H) domains and an arginine-glycine-glycine (RGG) box (Fig.1.3). The 

IRES, a sequence that is commonly found in regulatory proteins, is encoded just 

upstream of the CGG repeat in the untranslated region and is thought to facilitate the 

FMRP-mediated translation of mRNAs in the dendrites (Chiang, Carpenter, & 

Hagerman, 2001; Dobson, Kube, Timmerman, & Krushel, 2008). The NLS and NES are 

encoded at base pairs 111-154 and 408-418, respectively and aid in the translocation of 

the FMRP in and out of the nucleus (Eberhart, Malter, Feng, & Warren, 1996). The best­

characterized motifs in FMRP are the two KH and the RGG domains, located in exons 8, 

10 and 15 respectively. These are common to RNA binding proteins and permit the 

interaction of FMRP with its target mRNAs (Ashley, Wilkinson, Reines, & Warren, 

1993). More specifically, the first K.H domain binds to mRNA (Adinolfi , et al., 1999), the 

second K.H domain is required for the association of FMRP with ribosomes (Feng, 

Absher, et al., 1997), and the RGG box permits FMRP binding with mRNAs containing 

an intramolecular G quartet structure (Darnell, et al., 2001). 

1.1.2. 2 FMRP Expression 

FMRP expression is widespread throughout the body in humans, mice and rats, 

with the highest levels in the brain and testes (Bakker, et al., 2000; Devys, Lutz, Rouyer, 

Bellocq, & Mandel, 1993; Feng, Gutekunst, et al. , 1997; Hinds, et al., 1993). Within the 

brain, the highest expression of FMRP is found in the hippocampus, cerebellum and 

cortex (Bakker, et al. , 2000; Devys, et al. , 1993; Feng, Gutekunst, et al. , 1997; Hinds, et 

al., 1993). In neurons, FMRP resides largely in the cytoplasm, with less than 5% existing 

in the nucleus (Feng, Gutekunst, et al., 1997). Within the cytoplasm, high concentrations 

of FMRP are found in regions rich with ribosomes (>85%, Khandjian, Corbin, Woerly, & 

Rousseau, 1996), at the bases of dendri tes and within dendritic spines (Antar, Afroz, 

Dictenberg, Carroll, & Bassell, 2004; Feng, Gutekunst, et al., 1997). 

FMRP was originally thought to reside solely in neurons (Bakker, et al. , 2000; 

Devys, et al., 1993; Feng, Gutekunst, et al., 1997; Hinds, et al., 1993); however, in 2004, 

Wang and colleagues provided evidence of a possible role for FMRP in oligodendrocytes 
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in development. Most recently, our lab provided evidence for FMRP in cells of the early 

glial lineage (Pacey & Doering, 2007). 

FMRP expression is altered by a number of factors such as: age, sex, stage of 

development, experience and synaptic activity. Expression peaks in early development 

(Lu, et al., 2004; Pacey & Doering, 2007; Wang, et al., 2004) and gradually declines with 

age (Singh, Gaur, & Prasad, 2007; Singh & Prasad, 2008). Furthermore, FMRP 

expression is up-regulated in critical periods for learning (Winograd, Clayton, & Ceman, 

2008). The expression of FMRP can also be altered with experience. For example, FMRP 

expression is up-regulated in the visual cortex of rats following light exposure (Gabel, et 

al. , 2004), in the rat bippocampus after exposure to a complex environment (Irwin, et al. , 

2005), and in the rat somatosensory cortex after whisker stimulation (Todd, Malter, & 

Mack, 2003). FMRP expression is also altered in response to neuron activation. In vitro, 

FMRP and FMRJ mRNA expression was rapidly increased following KCI depolarization 

of hippocampal neurons (Antar, et al. , 2004), and in response to metabotropic glutamate 

receptor (mGluR) activation in culture (Todd, Mack, & Malter, 2003; Weiler, et al. , 

1997). 

These alterations are mediated at the molecular level by a number of biological 

signals that regulate the expression of FMRP, some of which are known. The expression 

of FMRJ mRNA can be regulated through a number of mechanisms including epigenetic 

modifications, RNAi-mediated methylation, and regulation by transcription factors (e.g., 

AP-2a and USFl/2) (reviewed in Lim, Booker, & Fallon, 2005). One specific example of 

FMRJ mRNA regulation has been shown to occur in the mouse hippocampus, where 

brain derived neurotrophic factor (BDNF), via TrkB signaling, down-regulates the 

expression of FMRJ mRNA (Castren, et al., 2002). Furthermore, FMRP contains a 

number of motifs that could lead to its phosphorylation, amidation, N-myristoylation, N­

glycosylation or methylation (Denman, Dolzhanskaya, & Sung, 2004). Modification of 

these sites would provide a number of avenues for regulating FMRP through a variety of 

second-messenger pathways. 
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1.1.2.3 Function ofFMRP 

In humans and other species, FMRP has been suggested to be instrumental in 

behaviours such as learning (Smit, et al., 2008; Winograd, et al. , 2008), memory 

(Dockendorff, et al., 2002; Gatto & Broadie, 2009), social behaviours (Spencer, 

Alekseyenko, Serysheva, Yuva-Paylor, & Paylor, 2005; Spencer, Graham, Yuva-Paylor, 

Nelson, & Paylor, 2008), and the regulation of circadian rhythms (Dockendorff, et al. , 

2002; Gatto & Broadie, 2009; Zhang, et al. , 2008). Furthermore, at the cellular level 

FMRP plays a role in neuron development (Gatto & Broadie, 2008; Lu, et al. , 2004; Pan, 

Zhang, Woodruff, & Broadie, 2004; Reeve, et al. , 2005; Zhang, et al. , 2001), synaptic 

plasticity (Bureau, Shepherd, & Svoboda, 2008; Huber, Gallagher, Warren, & Bear, 

2002; Li, Pelletier, Perez Velazquez, & Carlen, 2002; Muddashetty, Kelic, Gross, Xu, & 

Bassell, 2007; Pfeiffer & Huber, 2007; Schuett, Falley, Richter, Kreienkamp, & Kindler, 

2009; Todd, Mack, et al. , 2003; Zalfa, et al. , 2007), and the formation of neural networks 

(Bureau, 2009; Bureau, et al. , 2008; Tessier & Broadie, 2008). 

The means by which FMRP exerts action in the mammalian brain are not entirely 

understood, although a number of possible mechanisms have been postulated that include 

the regulation of mRNA translation (Castets, et al. , 2005; Laggerbauer, Ostareck, Keidel, 

Ostareck-Lederer, & Fischer, 2001), the transporting of mRNAs or mRNA localization 

(Dictenberg, Swanger, Antar, Singer, & Bassell, 2008), and the post-transcriptional 

control or degradation of mRNAs (i.e. , mRNA stability)(Zalfa, et al. , 2007). 

In accordance with its proposed role as an mRNA transporter, FMRP bears a 

nuclear localization signal (NLS) and a nuclear export signal (NES), suggesting that the 

Fragile X protein shuttles between the nucleus and cytoplasm (Eberhart, et al. , 1996). 

One theory suggests that FMRP is involved in the transport of synaptic mRNAs from the 

cell body to the synaptic regions, where they are then situated for activity dependent 

translation (Antar, et al., 2004). Accordingly, FMRP is localized to the base of dendritic 

spines where it is thought to play a role in local synaptic protein translation (Weiler & 

14 




Ph .D . Thesis - Shelley Jacobs McM aster University - Medical Sciences 

Greenough, 1999; Weiler, et al. , 1997). 

FMRP has been shown to be part of mRNA-containing ribonucleoprotein 

particles (mRNPs) (Eberhart, et al., 1996; Feng, Absher, et al. , 1997; Khandjian, et al. , 

2004), transporting stalled mRNAs to (and holding them at) their target location. 

Additionally, FMRP is found associated with actively translating polyribosomes (Corbin, 

et al. , 1997; Feng, Gutekunst, et al., 1997; Khandjian, et al., 2004; Stefani, Fraser, 

Darnell, & Darnell, 2004), in an mRNA dependent manner (Eberhart, et al. , 1996). 

Recently, Dictenberg and colleagues (2008), provided evidence in support of the role of 

FMRP in dendritic mRNA localization, and correlated this with dendritic spine 

morphology. They found that in hippocampal neurons from FMRJ null mice, dendritic 

mRNAs were not localized to dendritic spines, and when FMRP was acutely suppressed 

in wild type (WT) neurons, the neurons exhibited the characteristic long immature 

filopodia, providing evidence for FMRP in stimulus induced dendritic mRNA 

localization (Dictenberg, et al. , 2008). 

Initially it was thought that FMRP acted solely as a negative regulator of 

translation (Laggerbauer, et al. , 2001 ; Li , et al. , 200 l ; Sung, et al. , 2003); however, more 

recently it has been demonstrated that the levels of some proteins are decreased in the 

absence of FMRP (Brown, et al. , 2001 ; Liao, Park, Xu, Vanderklish, & Yates, 2008; 

Todd, Mack, et al. , 2003), suggesting a more complex regulatory role for FMRP. Most 

recently, FMRP was shown to positively regulate the translation of Superoxide Dismutase 

1 (Sodl) mRNA (Bechara, et al., 2009). Whether FMRP is acting as a enhancer or 

repressor of translation, its action is reversed upon synaptic activation, and it is thought 

that the phosphorylation state of FMRP may determine the nature of its regulatory role 

under the two conditions (Ceman, et al. , 2003). 

FMRP associates with three major classes of mRNAs: mRNAs harboring a G­

quartet, poly (U) stretches, or a kissing complex motif (Chen, Yun, Seto, Liu, & Toth, 

2003; Darnell, Fraser, et al. , 2005; Darnell, et al. , 2001 ; Jin, Alisch, & Warren, 2004; 

Schaeffer, Beaulande, Ehresmann, Ehresmann, & Moine, 2003). Furthermore, it appears 

15 




Ph.D . Thesis - Shelley Jacobs McMaster University - Medical Sciences 

that FMRP may be able to associate with non-coding RNAs, such as BC 1 RNA, enabling 

the indirect association of FMRP with mRNAs (Zalfa, et al., 2003). However, recent 

studies failed to verify the results represented by Zalfa and colleagues (Iacoangeli, et al., 

2008a), creating some controversy (Bagni, 2008; Iacoangeli, et al., 2008b). 

Whether via direct or indirect interactions, a number of target mRNAs for FMRP 

have been suggested (Brown, et al. , 2001; Darnell, Mostovetsky, & Darnell, 2005; 

Miyashiro, et al., 2003 ; Sung, Conti, Currie, Brown, & Denman, 2000; Zou, et al., 2008). 

In fact, up to 4% of brain mRNA transcripts are possible targets for FMRP (Brown, et al., 

2001 ), and many of those encode proteins that are involved in neuron growth and 

development, specifically in the appropriate extension and development of neurites and 

maturation of synapses. For example, microtubule associated protein lB (MAPlB), 

which is important for microtubule stability and neurite development (Bittel, Kibiryeva, 

& Butler, 2007; Lu, et al., 2004; Zhang, et al. , 2001) and post-synaptic density protein 95 

(PSD-95), which is a key player in synaptic plasticity (Muddashetty, et al., 2007; Todd, 

Mack, et al. , 2003; Zalfa, et al., 2007). Furthermore, FMRP has been shown to bind to its 

own mRNA (Schaeffer, et al., 2001). 

1.1.2.4 FMRP and synaptic plasticity 

Synaptic plasticity, the ability of neurons to change the strength of synaptic 

transmission, is important in learning and the formation of new memories. Furthermore, 

synaptic plasticity is crucial for the building of neural networks via its role in the 

fonnation, maturation, and elimination of synapses. There are two major forms of long­

term synaptic plasticity associated with learning and memory: long-term potentiation 

(LTP) and long-term depression (LTD). For a more in depth discussion of synaptic 

plasticity see Section 1.3.2.2.1 . 

It has been suggested that FMRP may be involved in the process underlying a 

specific type of LTD in the hippocampus. Stimulation of group 1 metabotropic glutamate 

receptors (i.e., mGluRl and mGluR5) results in local protein synthesis and a protein­

dependent internalization of N-methyl-D-aspartic acid (NMDA) and a-amino-3­
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hydroxyl-5-rnethyl-4-isoazole-propionate (AMPA) receptors - a senes of events 

representing a form of synaptic plasticity appropriately named mGluR-dependent LTD 

(Snyder, et al., 200 I). Since LTD has been associated with learning and memory, a role 

for FMRP may help explain some of the learning and memory impairments associated 

with FXS. 

The localization of FMRP and FMRJ mRNA to dendritic spines, the major site of 

synaptic plasticity in cortical neurons, and its association with polyribosomes and 

dendritic mRNAs, suggest that FMRP plays a role in spine development and synaptic 

plasticity. Numerous studies have demonstrated that FMRP might bind to and regulate a 

subset of dendritic mRNAs such as: MA P 1 b (Antar, Dictenberg, Plociniak, Afroz, & 

Bassell, 2005); the post-synaptic scaffolding protein, SAPAP3 (Brown, et al. , 2001 ; 

Kindler, Rehbein, Classen, Richter, & Bockers, 2004); the mRNA encoding regulator of 

G-protein signaling, RGS5 (Miyashiro, et al., 2003); the alpha subunit of 

calcium/calmodulin-dependent protein kinase II, a-CaMKJJ (Bramham & Wells, 2007; 

Zalfa, et al., 2003); the activity-regulated cytoskeletal associated protein, Arc/Arg3. l 

(Bramham & Wells, 2007; Zalfa, et al. , 2003); and PSD-95 (Muddashetty, et al. , 2007; 

Zalfa, et al. , 2007). Under basal conditions FMRP acts as a translational repressor of 

these proteins, and thereby the levels of its target proteins is decreased in vitro 

(Laggerbauer, et al. , 2001; Li, et al., 2001). However, in the absence of FMRP in vivo, 

the expression of these proteins is increased (Lu, et al. , 2004; Muddashetty, et al., 2007; 

Zalfa, et al. , 2003). 

Not only does a lack of FMRP alter the basal expression levels of synaptic 

proteins, but also there is a dysregulation of activity-dependent translation. In fact, 

Muddashetty and colleagues (2007) demonstrated that synaptoneurosomes from FMRI 

null mice were characterized by an excess of mRNA translation under baseline conditions 

and a loss of stimulus induced translation. In experiments designed to promote synaptic 

plasticity, FMRP levels have been shown to increase in cortical areas following 

environmental stimulation of the sensory, visual and motor systems (Gabel, et al., 2004; 

Irwin, et al. , 2005; Todd, Malter, et al., 2003). In addition, the synthesis of FMRP can be 
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altered by the manipulation of molecules that are known to function as regulators of 

synaptic plasticity. Weiler and colleagues (1997) demonstrated that the levels of FMRl 

mRNA and FMRP that could be detected in rat cortical synaptoneurosomes significantly 

increased when these preparations were stimulated with mGluRl specific agonists. 

Moreover, synaptic protein levels are increased in response to synaptic activity (Snyder, 

et al., 2001), and FMRP is necessary for stimulus-induced synaptic protein synthesis 

(Weiler, et al., 2004). In further support of a role for FMRP in synaptic plasticity, Li and 

colleagues (2002) showed that cortical synaptic plasticity was reduced in FMRl null 

mice. 

Since FMRP was found to be one of the proteins elevated following stimulation 

of group 1 mGluRs, and was important for the activity-dependent alterations in 

expression of other dendritic proteins, it was implicated as having a role in mGluR­

dependent LTD. This concept prompted Huber and colleagues to investigate the 

involvement of FMRP in hippocampal LTD - the idea being that if mGluR-dependent 

LTD coincided with an increase in FMRP, a lack of FMRP should somehow disrupt the 

mechanisms of mGluR-dependent LTD. Surprisingly however, rather than a deficit, LTD 

was found to be selectively enhanced in cultured hippocampal neurons from mice lacking 

FMRP compared to their WT counterparts (Huber, et al., 2002). 

1.1.2.5 FMRP, mGluR-dep endent LTD & the mGluR theory ofFragile X 

As mentioned above, stimulation of mGluRs results in a specific form of synaptic 

plasticity - mGluR-dependent LTD. This form of LTD requires local translation of 

proteins, the regulation of which is mediated by FMRP (reviewed in Willemsen, Oostra, 

Bassell, & Dictenberg, 2004). In this scenario, under normal conditions FMRP would 

bind to and inhibit the translation of a subset of mRNAs (including its own); and FMRP 

is important for regulating the mGluR activation dependent synthesis of proteins seen in 

LTD (Bear, Huber, & Warren, 2004) (Fig.1.4a). In the absence of FMRP, there would be 

no attenuation of the mGluR-dependent protein synthesis - over-activity of group 1 

mGluR signaling would ensue, as would the up-regulated translation of this subset of 
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mRNAs, resulting in altered synaptic protein dynamics (Bear, et al., 2004) (Fig.1.4b). 

The enhanced mGluR-dependent LTD, and the abnormal synaptic protein dynamics that 

would exist in the absence of FMRP could be fundamental to the development of the 

many variable symptoms of FXS, including the abnormal morphology of synapses and 

dendritic spines. Or in other words, as the 'mGluR theory' of FXS suggests: the 

neurological and physiological symptoms of FXS, including changes in synaptic 

plasticity and synapse maturation, can all be attributed to the over-activity of group 1 

mGluRs (Bear, et al., 2004; Huber, et al., 2002). 

1.1.3 Treatments for Fragile X Syndrome 

Currently there is no cure for FXS, and as such, treatments of the disorder are 

used to mediate the symptoms and maximize functioning of the individuals with FXS. 

Behavioural therapy and specialized learning programs are implemented in an attempt to 

minimize cognitive disabilities, and pharmaceuticals, such as anticonvulsants are used to 

alleviate seizures. 

New potential treatments are being investigated as potential means to address the 

underlying neural defect resulting from the absence of FMRP. One such intervention is 

based on the mGluR theory ofFXS. 

1.1.3.1 The mGluR theory & treatment for FXS 

The mGluR theory suggests that the underlying neurobiological abnonnalities of 

FXS are a result of enhanced mGluR-dependent LTD and/or exaggerated mGluR 

function. From this, it follows that drugs that target the mGluR pathway, specifically 

group I mGluR antagonists, may be potential treatments for FXS. 

There is solid evidence in support of this theory. The administration of 2-methyl­

6-(phenylethynyl)-pyridine (MPEP), an mGluR5 antagonist, to neurons in vitro corrects 

the abnormal excessive internalization of AMPA receptors (AMPAR) (Nakamoto, et al. , 

2007). MPEP also reduces excess protein synthesis in hippocampal slices from FMRl 

null mice, towards normal levels (Dolen, et al., 2007). Furthermore, the excess immature 
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Figure 1.4: The mGluR theory of FXS 

FMRP regulates protein translation in response to activation of the group 1 mGluRs. (a) 

Under normal conditions FMRP acts as a negative regulator of translation of a number of 

synaptic proteins involved in LTD. In response to group 1 mGluR activation, the 

synthesis of a number of proteins involved in synaptic plasticity ensues. The translation 

of FMRP is also up-regulated in response to group 1 mGluR activation. As a negative 

regulator of translation, FMRP regulates mGluR activation dependent protein synthesis. 

(c) In the absence of FMRP, as in FMRJ null mice, group 1 mGluR dependent protein 

synthesis is dysregulated. The resultant increase in protein synthesis has been implicated 

in the formation of the altered dendritic spine morphology and abnormal synaptic 

plasticity seen in FXS. 
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dendritic spines observed in FMRJ null hippocampal neurons in vitro, can be corrected 

by exposure to MPEP (de Vrij, et al., 2008). In vivo, the administration of MPEP has 

corrected morphological, physical, and behavioural impairments in animal models of 

FXS (Bassel! & Gross, 2008; McBride, et al., 2005; Yan, Rammal, Tranfaglia, & 

Bauchwitz, 2005). Additionally, a genetic reduction in mGluR5 has yielded similar 

promising results (Bassell & Gross, 2008; Dolen, et al. , 2007). 

1.1.4 The FMRJ knock-out mouse model of Fragile X Syndrome 

In order to study the underlying neurobiology, and investigate the potential 

treatments for FXS, an appropriate animal model is necessary. The FMRJ knockout (KO, 

null) mouse was developed in 1994, to address such a requirement (Bakker, et al. , 1994). 

The mouse FMRJ gene has 97% amino acid homology with the human gene (Ashley, et 

al. , 1993). Furthermore, the FMRP expression shows similar tissue and cell specific 

patterns in both humans and mice (Hinds, et al. , 1993). 

The FMRJ KO mouse was created by the transfection of a neomycin cassette into 

exon 5 of the FMRJ gene in embryonic stem cells, and homologous recombination 

(Bakker, et al. , 1994). FMRP is absent in the resulting homozygous KO mice (Comery, 

et al., 1997), and although the mouse model results from a knock out, whereas the human 

condition results from an expansion, the result is the same - no FMRP. As a result, both 

humans and FMRJ null mice exhibit the following characteristics: learning and memory 

impairments (Bakker, et al. , 1994; Brennan, Albeck, & Paylor, 2006; Dobkin, et al. , 

2000), hyperactivity (Bakker, et al. , 1994; Qin, Kang, & Smith, 2002), susceptibility to 

seizures (Chen & Toth, 2001; Musumeci, et al. , 2007), characteristics associated with 

attention deficits (Nielsen, Derber, McClellan, & Crnic, 2002), predictors of autistic 

behaviours (Frankland, et al. , 2004), and abnormal neuronal dendritic spine development 

(Comery, et al., 1997; Galvez, Gopal, & Greenough, 2003; Grossman, Elisseou, 

McKinney, & Greenough, 2006; Irwin, et al., 2002; Nimchinsky, Oberlander, & 

Svoboda, 2001). Given the behavioural and neuroanatomical similarities of the FMRJ 

null mouse compared to the human Fragile X counterpart, this model is an important tool 
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in the investigation into the effects due to a loss of FMRP. 

Recently, Mientjes and colleagues (2006) developed a conditional FMRI 

knockout mouse and a conditional FMRI restoration mouse, which will lead to further 

advances in Fragile X research. These new models will permit the investigation of the 

consequences of removing (or adding) FMRP from (to) specific brain regions, or specific 

cell types, in isolation. 

1.2 The hippocampus 

The hippocampus is one of a group of structures collectively referred to as the 

hippocampal formation: the hippocampus, dentate gyrus, subiculum and the entorhinal 

cortex. However, for simplicity, in the following the term 'hippocampus' will refer to 

both the hippocampus proper and the dentate gyrus. 

The majority of work studying synaptic plasticity has been accomplished using in 

vitro preparations, whether in the form of slice cultures or cultured primary neurons, of 

the hippocampus. Slice cultures of the hippocampus allow the study of signaling and 

plasticity within hippocampal neural networks due to the maintenance of the anatomical 

organization that this preparation affords. Hippocampal neurons in culture provide a 

relatively clean population of primary neurons, whose in vitro properties have been well 

characterized. One of the morphological features of hippocampal pyramidal cells that 

enhances their usefulness as a tool to study synaptic plasticity is the presence of dendritic 

spines, which are maintained in culture. 

The structure, function and signaling capabilities of the cells of the hippocampus 

are often a focus of Fragile X research (discussed below). Gross anatomical observations 

of patients with FXS have revealed abnormalities in hippocampal volume (Kates, et al., 

1997) and morphology (Jakala, et al., 1997), and the hippocampus is one of the brain 

regions in which FMRP is most highly expressed (Bakker, et al. , 2000; Devys, et al., 

1993; Feng, Gutekunst, et al. , 1997; Hinds, et al. , 1993; Pacey & Doering, 2007), and in 

which the characteristic abnormalities of dendritic spines are found (Antar, Li, Zhang, 

Carroll, & Bassell, 2006; Braun & Segal, 2000; de Vrij , et al. , 2008; Dictenberg, et al., 

23 




Ph.D. Thesis - Shelley Jacobs McMaster University - Medical Sciences 

2008; Grossman, et al., 2006; Segal, Kreher, Greenberger, & Braun, 2003). For these 

reasons, and others mentioned below, the author chose to use primary mouse 

hippocampal neurons in her experiments, and as such this structure (with a focus on the 

rodent hippocampus) warrants a brief discussion here. 

1.2 .1 The structure of the hippocampus 

1.2.1.1 Gross neuroanatomy 

The hippocampus is a bilateral limbic structure, which in the human is a relatively 

small structure located deep within the temporal lobes (Fig.I.Sa). In the rodent, the 

hippocampus actually forms a relatively large part of the entire brain (Paxinos & Watson, 

2007). Each half of the rodent hippocampus resembles a "C", running rostrally from the 

septum (septa! pole) to curve around down into the lateral temporal lobes where it ends at 

its temporal pole (Fig.I.Sb). The hippocampus is situated so that it forms the medial and 

part of the inferior wall of the lateral ventricles. 

The internal structure of the hippocampus is the same along its length, consisting 

of an infolded convolution of the older and more simple allocortex (i.e., archicortex or 

paleocortex), with its principal neurons aligned in a single layer. A cross-section taken 

perpendicular to the long axis (septal-temporal) of the hippocampus will reveal that the 

internal structure is made up of two interlocking "Cs" (Fig.1.6). One "C" is Ammon's 

horn (i.e. , the hippocampus proper), and the other is the dentate gyrus. Ammon's horn 

(Cornu Ammonis; CA), is divided into four morphologically and functionally distinct 

regions: CAl, CA2, CA3 and CA4 (Lombroso & Ogren, 2009). CAl is located in front 

of the dorsal hippocampus, and CA4 is located at the boundary of the dentate gyrus (DG) 

(Lombroso & Ogren, 2009) (Fig.1.6). In fact, CA4 is commonly considered the hilar 

region of the dentate gyrus. 
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Figure 1.5: The hippocampus 


A comparison of the hippocampus in the human (a) and rodent (b) brains. In each image, 


the hippocampus is coloured blue. 
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Figure 1.6: The trisynaptic circuit 

Schematic of the rodent hippocampus m cross section illustrating the regions of 

Ammon's horn (CAI, CA2, CA3, CA4) and the dentate gyrus (DG), the principle cell 

layer in each of Ammon's horn (i.e., pyramidal, triangles) and the dentate gyrus (i.e., 

dentate granule cells, circles), and the major excitatory pathways of the hippocampus that 

form the tri-synaptic circuit. Fibers enter the hippocampus from cortical regions via the 

perforant pathway (pp) and synapse on the granule cells in the DG. The granule cells of 

the DG then send projections via the mossy fibers (mf) to the pyramidal neurons in CA3. 

CA3 pyramidal neurons signal to CAI pyramidal neurons via the Schaffer collaterals 

(Sch). The CAI neurons project out of the hippocampus to extracortical regions, 

completing the circuit. In addition, the commissural connections (comm) support 

signaling between the two hippocampi. 
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1. 2. 1. 2 Cytoarchitecural features 

There are two principal cell types of the hippocampus: the dentate granule cell of 

the dentate gyrus, and the pyramidal cell of Amman's horn (Traub & Miles, 1991). Both 

of these cell types are excitatory and use glutamate as their neurotransmitter. In addition, 

there are a number of inhibitory interneurons in the hippocampus, such as: dentate gyrus 

basket cells (Ribak & Seress, 1983), pyramidal basket cells (Seress & Ribak, 1990), 

chandelier cells (axo-axonic cells) (Somogyi, Nunzi, Gorio, & Smith, 1983), and mossy 

cells (Ribak, Seress, & Amaral, 1985). The majority (but not all), of the non-pyramidal 

cells in the hippocampus proper are presumed to be inhibitory (Traub & Miles, 1991 ). 

1.2.1.2.1 The dentate gyrus 

The dentate granule cells of the dentate gyrus exist in a single layer, the stratum 

granulosum or granule cell layer, which is divided into the suprapyramidal layer and the 

infrapyramidal layer based on the location of the dentate gyrus compared to the 

pyramidal layer of the hippocampus. Adjacent to the granule cell layer there are two 

other layers; one on either side. The polymorphic layer is the most superficial layer, and 

contains the interneurons and axons of the dentate granule cells. Deep to the granule cell 

layer is the molecular layer or stratum moleculare (str. mo/.), which is divided into the 

inner third and external two thirds. The str. mo/. 113 contains the commissural fibers and 

the inputs from the medial septum, both of which terminate on the proximal dendrites of 

the granule cells. The str. mo/. 213 is the deepest of the layers, lying just superficial to the 

hippocampal fissure and across from the str. mo/ of the CA fields . This layer contains the 

fibers of the perforant path, terminating in excitatory synapses on distal apical dendrites 

of the dentate granule cells. 

1.2.1.2.2 The hippocampus proper (Cornu Ammonis) 

Amman's horn is also organized in layers, with the stratum pyramidale (or the 

pyramidal cell layer) as the principle cell layer. The layers, from deep to superficial are: 

stratum moleculare, stratum lacunosum, stratum radiatum, stratum lucidum and then the 
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stratum pyamidale, stratum oriens, and the alveus. The alveus contains the axons of the 

pyramidal cells as they pass to the fimbria/fomix . The stratum oriens consists of the 

bodies of the inhibitory basket cells, and the horizontal trilaminar cells. Within this layer 

also exist the basal dendrites of the pyramidal neurons and the septal and commissural 

fibers. The stratum pyramidale, as mentioned, contains the pyramidal neuron cell bodies. 

Also, in this layer are a variety of intemeurons such as axo-axonic cells, bistratified cells 

and radial trilaminar cells. Stratum lucidum is one of the thinnest layers, containing the 

mossy fibres from the dentate granule cells. The septa!, commissural and Schaffer 

collaterals lie within the next layer, the stratum radiatum. Also within this layer are 

various intemeurons including the basket cells, and the bistratified radial trilaminar cells. 

The stratum lacunosum (str. lac.) is a thin layer that consists of the Schaffer collaterals 

and the perforant path fibers. Due to its small size the str. lac. is often grouped with the 

next more deep layer, the stratum moleculare, into a single stratum lacunosum­

moleculare. The deepest layer is the stratum moleculare. It contains the perforant path 

synapses on the distal apical dendrites of the pyramidal cells. 

1.2.2 The neuronal circuitry of the hippocampus 

Via extra-hippocampal connections, the hippocampus interacts most closely with 

the temporal cortex and the septum (Lombroso & Ogren, 2009). The major inputs to the 

hippocampus originate from cortical sources including the opposite and same 

hippocampus, the dentate gyros and the entorhinal cortex; and from non-cortical sources 

such as the septum, hypothalamus, brainstem raphe nuclei and locus coeroleus (Traub & 

Miles, 1991 ). In tum, the hippocampus sends outputs via pyramidal cells to cortical 

targets such as the hippocampus, subiculum, entorhinal cortex, and cingulated gyros; and 

via both pyramidal and non-pyramidal outputs, to non-cortical areas including the septum 

(Traub & Miles, 1991). With the exception of the y-Aminobutyric acid (GABA) fibers 

from the septum (Freund & Antal, 1988), and the dentate hilar cell commissural 

projections (Ribak, et al., 1986), most inputs and outputs to the bippocampus are 

excitatory (Traub & Miles, 1991). 
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The hippocampus itself consists of three maJor excitatory pathways that use 

glutamate as their neurotransmitter, and are the components of the tri-synaptic circuit of 

the hippocampus (Lombroso & Ogren, 2009; Traub & Miles, 1991) (Fig.1.4). The first is 

the perforant pathway entering the hippocampus from the entorhinal cortex that synapses 

on the granule cells of the dentate gyrus. Second, the mossy fiber pathway consists of 

axons from dentate granule cells and projects to the dendritic fields of CA3 pyramidal 

neurons. Third, the axons of the CA3 neurons project to CAl pyramidal neurons via the 

Schaffer collateral pathway. In addition, there are also commissural connections, 

recurrent excitatory connections within CAl and CA3, and inhibitory circuitry (Traub & 

Miles, 1991). 

1.2.3 Function of the hippocampus 

The hippocampus is a cortical structure that is required for the formation of new 

memories. The critical functions of the hippocampus were first discovered in 1953, when 

a 27-year-old patient, H.M., underwent a bilateral temporal lobectomy to manage his 

seizures (Lombroso & Ogren, 2008). The seizures were better controlled, however H.M. 

lost bis ability to form new memories (Lombroso & Ogren, 2008). Since then, much 

research has been completed to investigate the structure, cellular function and circuitry of 

the hippocampus and has provided a more in depth understanding of the function of the 

hippocampus in health and disease. 

In general, the hippocampus plays a role in the formation of memories. In 2004, 

Eicbenbaum reviewed the functions of the hippocampus. In that paper, be describes the 

function of the hippocampus as three memory-related cognitive processes: associative 

representation, sequential organization and the consolidation of memories (Eichenbaum, 

2004). These functions are all a part of declarative memory processing, for which the 

hippocampus is perhaps best known. In addition, in rodents, the bippocampus contains 

special types of cells that respond to spatial location cues, called place cells (Traub & 

Miles, 1991). 
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1.2.4 The hippocampus in disease 

Abnormal hippocampal cellular structure, function and connectivity play a role in 

the development of a number of diseases. For example, the hippocampus is one of the 

first brain regions affected in Alzheimer's disease (deToledo-Morrell, Stoub, & Wang, 

2007), participates in the generation of seizures in some forms of epilepsy (Bertram, 

2009), and has been implicated in the neuropathology associated with psychosis (Lisman, 

et al., 2008), depression (McKinnon, Yucel, Nazarov, & MacQueen, 2009) and some 

forms of mental retardation (Hessl, et al., 2004; Pulsifer, 1996). 

1.2.4.l The hippocampus and Fragile X Syndrome 

As mentioned earlier, the hippocampus is one of the regions of the CNS in which 

FMRP is most highly expressed (Bakker, et al. , 2000; Devys, et al. , 1993; Feng, 

Gutekunst, et al. , 1997; Hinds, et al. , 1993). As such, it is not surprising that 

abnormalities of hippocampal structure, at both the gross neuroanatomical and the 

microscopic levels, are seen in individuals with FXS (Jakala, et al., 1997; Kates, et al., 

1997; Reiss, et al. , 1994). Furthermore, some of the key behavioural features associated 

with individuals with FXS, such as impairments of learning and memory, are related to 

the structural changes in the hippocampus (Beckel-Mitchener & Greenough, 2004; 

O'Donnell & Warren, 2002). 

Therefore, as would be expected, both clinical and basic science research in FXS 

are often focused on understanding the neurophysiological alterations associated with a 

Jack of FMRP in the hippocampus. Numerous studies, both in vivo and in vitro of 

hippocampal neurons of the FMJU knockout mouse have provided evidence for altered 

hippocampal neuron structure and function in the absence of FMRP. For example, Braun 

and Segal (2000) demonstrated that FMRP-deficient neurons in culture, from the 

newborn hippocampus, develop more slowly than neurons from the normal mouse. Jn 

vitro studies have consistently revealed a decrease in the number of dendritic spines 

(Antar, et al. , 2006; Braun & Segal, 2000). Furthermore, in vivo the hippocampal 

neurons of the FMRJ null mouse exhibit an immature profile of dendritic spines 
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(Grossman, et al., 2006). Huber et al (2002) found that hippocampal neurons from the 

FMRI null mice display alterations in a form of mGluR dependent synaptic plasticity. 

FMRI knockout mice also display smaller intra- and infrapyramidal mossy fiber (IIPMF) 

terminal fields than their WT counterparts (Mineur, Sluyter, de Wit, Oostra, & Crusio, 

2002). These mice also exhibit behavioural deficiencies in spatial memory, consistent 

with alterations in hippocampal-mediated behaviours in FXS. 

1.2.5 Primary hippocampal neuron culture 

The growth of rodent hippocampal neurons in culture was optimized in the 1970s 

by Banker and colleagues (Banker & Cowan, 1977, 1979). Prior to then, rat hippocampal 

neurons could only be maintained for long periods in culture when they were grown at 

high densities. The high density of the neurons caused problems with investigations into 

the neuronal morphologies, because a dense neural network precluded the isolation of 

individual neurons . Banker therefore defined a hippocampal co-culture procedure, in 

which neurons were cultured together with glial cells. The glial cells help support the 

growth of the hippocampal neurons, and permit the growth of low-density cultures for 

many weeks. 

Hippocampal neurons are chosen for the study of neuronal processes due to their 

well-defined shape. Furthermore, the ease with which a relatively pure population of 

neurons can be isolated from the late-embryonic hippocampus contributes to their 

popularity as an in vitro tool. When isolating the cells from the hippocampus, tissue from 

both the hippocampus proper and the dentate gyrus is combined. The combination of 

tissue becomes less of a problem when isolating cells from embryonic animals. At 

embryonic day 19 (El 9) the majority of cells generated are pyramidal, with the ratio of 

pyramidal neurons to granule cells as 8: 1 (Banker & Cowan, 1979). By comparison, in 

adult rats, the dentate granule cells out-number pyramidal neurons by 1.3-2.0: 1 (Banker 

& Cowan, 1979). Intemeurons are present in the hippocampus, but their frequency is low. 

In fact, Banker estimated that 80-85% of neurons in the cell population obtained, were 

pyramidal (Banker & Cowan, 1979). Similar to many cultures of other neuronal cell 
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types, of the neurons isolated, 20-40% survive in vitro and develop processes (Banker & 

Cowan, 1979). 

Banker and others have described four stages of hippocampal neuron growth in 

vitro (Banker & Cowan, 1977, 1979; Dotti, Sullivan, & Banker, 1988). Initially upon 

dissociation and immediately after plating the isolated neurons are round. Then, the 

neurons extend 4-5 neurites. Within 24 hours, and via a stochastic process, one neurite 

extends and becomes the axon. The newly formed axon then inhibits the other neurites 

from attaining characteristics of axons (Bradke & Dotti, 1997, 2000). The dendrites then 

acquire their characteristic morphological and structural features. Before the final stage 

of dendrite differentiation, all neurites have capacity to replace the axon if the axon is 

lost; however, once the dendrites are finalized, this ability is lost (Dotti & Banker, 1987). 

After one week in culture, the neurons develop many of the characteristic features 

of maturing cells in vivo. Their morphologies are very similar, although they exhibit 

features of a less developed nature, such as: smaller somas, shorter apical dendrites, 

fewer branches, shorter average length of dendrites, and less dendritic branching (Banker 

& Cowan, 1979). Banker suggests that this does not necessarily indicate that neurons in 

vitro are retarded in their growth. Instead, be reminds us that when examining the 

morphology of hippocampal neurons in vivo, neurons with a variety of developmental 

phenotypes are encountered reflecting the range of neurons at various stages of 

maturation. For examples of neuronal morphologies seen in vivo and in vitro, see Banker 

and Cowan, 1979. 

Additionally, Banker described the hippocampal neurons in culture as developing 

a variety of dendritic patterns compared with the pyramidal neurons in vivo (Banker & 

Cowan, 1979); however, it is possible that the population of neurons isolated was not as 

pure with pyramidal neurons as Banker once thought. Instead, the population of cells 

isolated may include cells with morphologies reflecting the varied cell populations within 

the hippocampus proper and dentate gyrus. 

Even so, cells with a pyramidal morphology dominate the culture, accounting for 

45% of all cells. Another 15% of cells exhibit a single dominant dendrite similar to 
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pyramidal neurons, but display various divergences from the typical pyramidal form . 

Approximately 23% of the neurons exhibit two comparable sized dendrites extending 

from opposite poles and are called bipolar. The least common cells, making up only 2% 

of the population, were those having a stellate morphology with several similar sized 

dendrites that ramify from the soma in all directions. The remaining 11 % of cells are 

those not otherwise classified. 

1.3 	 Neurons 

The study of brain development is important for the complete understanding of a 

number of developmental neuropathologies, and central to this knowledge is the study of 

neuronal architecture. The development of the central nervous system occurs in several 

stages. The neurons are born and migrate to their final positions in the nervous system. 

Then, the neurons elaborate axons and dendrites in patterns characteristic of each cell 

type. The dendrite outgrowth often occurs after the formation of the axon (DeFelipe & 

Jones, 1988). Finally, the synapses, highly specific connections between neurons, are 

formed. 

Over 100 years ago, Camillo Golgi made the first observations of neuron 

structure. He recorded that each neuron consisted of a cell body, a long process called the 

axon and a complex tree-like structure he referred to as the dendritic tree (dendron in 

greek means tree) . Ramon y Cajal verified this observation 15 years later, and added that 

neurons obey "the law of polarization". He postulated that the dendrites constitute the 

area of the neuron that is involved in obtaining input from all afferent neurons. 

Since that time, much research has been completed in this area and we now know 

that the dendrites are the location at which the input from multiple neurons is collected, 

and they determine the number and pattern of the synapses received (Hume & Purves, 

1981; Purves, Hadley, & Voyvodic, 1986; Purves & Hume, 1981). Therefore, the 

dendritic tree is crucial for signal integration and firing patterns (Gulledge, Kampa, & 

Stuart, 2005; Mainen & Sejnowski, 1996; Segev & London, 2000; Vetter, Roth, & 
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Hausser, 2001). Moreover, brain function is thereby dependent on dendritic shape and 

the factors that control it. 

Most of the foundations for knowledge about the architecture of the dendrites in 

the cortex is from anatomical studies of the neurons in the visual cortex completed by 

Gilbert, in 1983. In those experiments the critical relationship between the morphology of 

cortical neurons and their function was defined. It was once thought that dendrites 

passively transmit data. It is now known that they are dynamic integrators of synaptic 

input. The shape of the dendritic tree modulates the transmission of signals by dictating 

the electrophysiological and integrative properties of a neuron (Koch & Segev, 2000; 

Rall, et al., 1992). Furthermore, the dendritic arbor morphology determines the 

population of afferent signals with which the neuron interacts. The specific branching 

pattern and the distribution of ion channels on dendrites influences how the synaptic 

signals decay as they propagate towards the soma. Therefore, variations in dendrite 

morphology in the central nervous system have enormous consequences for neuronal 

information processing. 

1.3.1 	 Dendrites 

The mature shape of a neuron ' s dendritic arbor is one of the most striking 

characteristics that varies between neuron cell types. In fact, neurons can be classified in 

terms of the number of branches and the pattern of branching of their dendritic trees. 

The main excitatory neuronal subtypes are the pyramidal cells and the spiny 

stellate cells (Whitford, Dijkhuizen, Polleux, & Ghosh, 2002). The pyramidal neurons are 

the dominant cell type in the cortex. The pyramidal neurons have an apical dendrite that 

branches out into an apical tuft, and several highly branched basal dendrites that emanate 

from the cell body. The spiny stellate cells have spiny dendrites of similar lengths that 

radiate in all directions from the cell body (Whitford, et al., 2002). In contrast, the smooth 

stellate neurons are inhibitory (Houser, Hendry, Jones, & Vaughn, 1983; Prieto, Peterson, 

& Winer, 1994), and have varying non-pyramidal morphologies. 

During early development all excitatory neurons share a common immature 
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morphology, with a single branched apical dendrite (Banker & Cowan, 1977; Miller & 

Peters, 1981). Then, over time, the basal dendrites appear, and oblique side branches 

extend from the apical shaft. Following, as the arborization of the basal and apical 

dendrites becomes more complex, dendritic spines appear on the dendrites. When the 

pyramidal neurons reach their mature morphology they have a highly complex dendritic 

arbor and are covered with spines. 

The spiny stellate neurons also start with a pyramidal morphology, and then acquire their 

stellate morphology by retracting the apical dendrite early in development (Vercelli, 

Assal, & Innocenti , 1992). 

1.3.1.1 Dendrite structure 

Ultrastructurally dendrites contain all of the organelles present in the cell body 

including ribosomes and associated mRNAs. Dendrites are composed of filamentous 

actin (F-actin) at their exterior, and a microtubule core (Peters, Palay, & Webster, 1991). 

Microtubules are present throughout the entire trunks of the dendrites, and provide 

structural integrity. 

The most prominent microtubule associated protein (MAP) that is localized 

specifically to dendrites is MAP2 (Gamer, Tucker, & Matus, 1988). MAP2 caps the ends 

of growing microtubules and imparts stability to the dendrites. MAP2 is a substrate for 

both cAMP and calcium/calmodulin dependent protein kinases (Mitchison & Kirschner, 

1988). The phosphorylation of MAP2 decreases microtubule polymerization and 

increases dendritic stability. Therefore, MAP2 is crucial for determining the dendritic 

form by regulating the balance between unstable and stable forms of microtubules 

(Gamer, et al. , 1988). Due to the localization of MAP2 specifically to dendrites, it is 

often used as a dendritic marker, as it was in the experiments included in this dissertation. 

Importantly, some microtubules are altered by the presence/absence of FMRP. For 

example, the expression ofMAPlB is regulated by FMRP (Wei, et al., 2007). MAP2, on 

the other hand, is not affected by alterations in the expression of FMRP (Steward, 
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Bakker, Willems, & Oostra, 1998). Therefore we were able to use MAP2 to enable the 

visualization of the dendritic arbor of our hippocampal neurons, without concern that the 

findings were confounded with alterations in its expression. 

1.3.1.2 Dendrite differentiation 

The process of dendritic arbor elaboration is highly complex, however for 

simplicity it can be broken down into a series of stages that include: neurite initiation, 

guided outgrowth, branching, synapse formation and stabilization at predetermined 

boundaries (Kessel, Williams, Schweizer, & Kater, 1997; Portera-Cailliau, Pan, & Yuste, 

2003; Scott & Luo, 2001; Williams & Truman, 2004; Wu, Zou, Rajan, & Cline, 1999). 

First, young unpolarized neurons extend neurites that quickly differentiate into an 

axon and multiple dendrites. The dendrites then go through a stage of extension. Like 

axons, dendrites must steer towards their targets so that the appropriate neural 

connections are formed. Also like axons, dendrites are guided to their targets by sources 

of diffusible ligands (Tessier-Lavigne & Goodman, 1996). 

To cover the extent of the dendritic field necessary for correct neural circuitry, 

neurons must form extensive dendritic branches at defined intervals. Dendritic maturation 

is a highly dynamic process of branch addition and retraction (Dalva, Ghosh, & Shatz, 

1994; Greenough & Chang, 1988; Harris & Woolsey, 1981; McAllister, Lo, & Katz, 

1995; Ramoa, Campbell, & Shatz, 1988; Wise, Fleshman, & Jones, 1979). Generally 

there are two kinds of branching that are observed: interstitial branching (i.e., branching 

from the dendritic shaft) or tip bifurcation (i.e., splitting of the growth cone) (Acebes & 

Ferrus, 2000; Mizrahi & Libersat, 2002). Interstitial branching is thought to be the 

predominant mode of branching in vivo (Dailey & Smith, 1996), whereas splitting of the 

growth cones is more common in certain in vitro conditions (Bray, 1973). 

In interstitial branching, the branches first appear in the form of a single long thin 

protrusion called a filopodium. Filopodia are highly motile extensions of dendrites (or 

axons) that are 2-1 Oµm long and less than 1 µm thick (Segal, 2005). Most filopodia 

quickly retract into the dendritic shaft; however, others develop growth cone structures 
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that can then develop into stable branches (Dailey & Smith, 1996). The process of 

dendritic branch stabilization is not fully understood, but can be presumed to occur in a 

similar manner as that which occurs in axons. In general, local cues cause cytoskeletal 

destabilization at the prospective branch site. Transient branches, in the form of actin 

filled filopodia, are extended, and then, with the incorporation of microtubule proteins the 

branches become stable (Yu, Ahmad, & Baas, 1994). 

Next, the dendrites elaborate and many generate small protrusions called dendritic 

spines (See Section 1.3.2). Similar to the formation of dendritic branches (as discussed 

earlier), dendritic spines emerge as lateral protrusions of membrane and cytoskeleton. 

Observations of bippocampal neuron dendrite formation revealed that dendritic branching 

and dendritic spine formation share the same initial stages of development (Dailey & 

Smith, 1996). In both cases, the structures are first transient fi lopodia. These transitory 

structures can then entertain one of three fates : they either retract and disappear, extend to 

form a branch, or transform into stabile dendritic spines. The determination of whether 

the filopodium becomes a branch or a spine is in part defined by the cytoskeletal 

elements that are incorporated: microtubules are required for dendrite stabilization, 

whereas actin is necessary for dendritic spines. Also, stage of development plays a role 

in whether the filopodia mature into dendrite branches or dendritic spines; there appears 

to be a developmental progression from filopodia transitioning into mostly branches or 

mostly spines (Dailey & Smith, 1996). 

Finally, the development of the dendritic arbor is arrested at defined borders. 

Dendrites appear to know where their territories end, and stop growing if their arbors 

have covered that territory. The dendritic arbor of neurons covers a pre-determined 

dendritic field that is critical for the appropriate development of neural circuitry. In fact, 

the spacing of adjacent dendritic fields is adjusted to optimize the occupation of brain 

territory. Furthermore, due to space constraints of the skull, the territory of dendrites is 

dictated by evolution. Signals that regulate the extent of the dendritic arbor include both 

diffusible factors such as growth factors and signals mediated through direct contact 

between dendrites (e.g., contact inhibition mediated by adjacent retinal ganglion cells 

39 




Ph.D. Thesis - Shelley Jacobs McMaster University - Medical Sciences 

(Sernagor, Eglen, & Wong, 2001)). 

In general, the initial extensi~m of the neurites is quite slow, and then during the 

period of outgrowth the dendrites lengthen in a very fast manner. For example, in 

Xenopus laevis, the total dendritic length increases from SOµm to lOOµm in the first 24 

hours. Then, in the following 48 hours, there is a 4-fold increase in the total dendritic 

length (Wu, et al., 1999). Moreover, the final stage of stabilization occurs over a long 

period of time (Williams & Truman, 2004; Wu, et al., 1999). The timing of the individual 

stages described above may vary between species, but this overall sequence is conserved. 

Once the maturation of the dendritic arbor is complete, some plasticity is still 

preserved. However, compared to dendritic arbors during development, mature dendritic 

trees are much less malleable and have low branch turnover under basal conditions (Wu, 

et al., 1999). Also, it is important to recognize that while the development of dendritic 

arbors is presented here as a series of independent stages, in reality, the growth of 

dendrites occurs as a combination of the above steps in a simultaneous manner. 

1.3.1.2.1 Control of dendrite development 

Dendritic arbor development is controlled by a complicated interacting network of 

proteins including those involved in signal transduction, macromolecule synthesis, 

cytoskeletal rearrangements, and intracellular trafficking of dendritic machinery and 

components. In turn, these factors are regulated by both intrinsic genetic control and 

through modification by extracellular signals. Furthermore, this regulation can act either 

globally (i.e., on the whole cell), or locally (i.e., on specific dendrites or regions of 

dendrites). The evidence for these mechanisms of developmental control is presented 

here in this section; and, the generalities of processes involved are presented in the 

section that follows. However, the detailed molecular mechanisms are beyond the scope 

of this dissertation and the reader is encouraged to refer to recent reviews by Ethel and 

Pasquale (2005) and Urbanska and colleagues (2008) for a comprehensive summary of 

this topic. 
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The involvement of genetics is evident when we consider the fact that the shape 

of certain neurons is consistent between species. For example, intemeurons look like 

intemeurons, and motomeurons resemble motomeurons, regardless of their species of 

origin (Consoulas, Duch, Bayline, & Levine, 2000; Consoulas, Restifo, & Levine, 2002; 

Duch & Levine, 2000, 2002; Mendenhall & Murphey, 1974; Mizrahi, et al. , 2000; Scott, 

Raabe, & Luo, 2002). Pyramidal neurons (and other neuron types) maintain their 

characteristic appearance regardless of environment (i.e., in vivo versus in vitro). In fact a 

number of studies have shown that the dendritic morphology of neurons is so well 

conserved in vitro, that it is possible to identify the type and region of origin of the 

neurons based on the general shape of their dendritic arbors (Banker & Cowan, 1979; 

Bartlett & Banker, 1984; Bray, 1973). Additionally, Purkinje cells can develop their 

fully mature characteristic dendritic arbors and spines, even with very minimal afferent 

input from granule cells (Altman & Anderson, 1972; Rakic & Sidman, 1973). 

However, although the main dendrite organization occurs with little variability, the fine 

patterning of more distal higher order branches is more variable (Libersat & Duch, 2002; 

Mizrahi, et al., 2000). Most neurons do not reach the full complexity of their mature in 

vivo form when grown in culture. Therefore it appears that the general shape of the 

dendritic arbors is controlled by intrinsic genetic factors, whereas the finer details are 

determined by additional extracellular cues. These factors will be discussed below. 
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Figure 1.7: Factors that control dendritogenesis 

Dendritogenesis is a highly regulated process that is controlled by a number of factors. 

Aspects of the intrinsic genetic program are modified by extracellular signals. Together 

these factors cause changes in the cytoskeleton, macromolecule synthesis and membrane 

turnover. These factors can also act to effect changes to the genetic program. Many of 

the changes can occur locally or globally on the same dendrite, or neuron. 
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1.3.1.2.2 Control of dendrite arbor morphology 

As mentioned above, the basic structure of the dendritic arbor is defined by a 

genetic program and is modified by extrinsic factors (Figure 1.7). The genetic program is 

executed by transcription factors (TF) that can act either as an independent intrinsic 

program, or can be modified by external factors. Evidence for the independent action of 

TF comes from studies in Drosophila. Specific TF are expressed differentially in the 

various subtypes of neurons, which enables the generation of the type-specific 

morphology of each neuron (Moore, Jan, & Jan, 2002). Often, a number of TF work 

simultaneously to carry out the genetic program. In Drosophila neurons multiple TF are 

involved in the shaping of the dendritic arbor. These TF are expressed in various 

combinations in the neurons, with different TF expressed at different levels in the 

individual subtypes of neurons (Parrish, Emoto, Jan, & Jan, 2007; Parrish, Emoto, Kim, 

& Jan, 2007). Through this differential expression, the characteristic dendritic arbors of 

the neurons are created. In mammals, less is known about autonomously acting TF in the 

control of dendrite arbor morphology. One example that defines pyramidal neuron 

dendrite arborization is the basic helix-loop-helix factor, Neurogenin 2 (Ngn2) (Hand, et 

al. , 2005). 

Additionally, the action of TF can be regulated by synaptic activity - both 

experience dependent and spontaneous. There is convincing evidence for a role of 

synaptic activity in dendritic arbor maturation. As early as 1969, Morest found that 

dendrites grow toward sources of input. Twenty years later, Vaughn (1989) found that 

dendritic branches were formed at points of synaptic contact, and that new dendritic 

branches were stabilized by synapses. As a result of these findings he proposed the 

"synaptotropic hypothesis of dendrite growth". In support of this theory, the arrival of 

afferent contacts is coincident with the stage of dendrite development in many developing 

systems (Mason, Morrison, Ward, Zhang, & Baird, 1997; Mizrahi & Libersat, 2002; 

Murphey, Mendenhall, Palka, & Edwards, 1975; Rakic, 1975; Rakic & Sidman, 1973). 

Additionally, cultured hippocampal neurons were found to only form dendritic branches 

when they receive afferent innervation (Kossel, et al. , 1997). In vivo, increased visual 
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activity driven by exposure to light was found to promote dendrite growth (Sin, Haas, 

Ruthazer, & Cline, 2002). Furthermore, the theory predicts that branches of dendrites will 

retract if they are innervated by synapses that are transitory or are weakened. This aspect 

of the theory has also been proven true. Monocular deprivation results in alteration of the 

dendritic arbor properties of the lateral geniculate nucleus (LGN) neurons in the cat 

visual system (Borges & Berry, 1978; Friedlander, Stanford, & Sherman, 1982; Wiesel & 

Hubel, 1963). Similar alterations to dendrite arborization were observed in Drosophila 

(Barth, Hirsch, Meinertzhagen, & Heisenberg, 1997). However, not all neuron subtypes 

are equally affected by a lack of synaptic activity. Visual deprivation does not affect the 

dendrite growth of subpopulations of stellate and pyramidal cells in the visual cortex 

(Lund, Holbach, & Chung, 1991 ; Tieman, Zee, & Tieman, 1995). It would therefore 

appear that afferent activity plays a major role in shaping dendrites of the post-synaptic 

cell in a variety of systems, but this is not universal for all types of neurons. 

Molecular signaling, either by diffusible cues or cell contact, also contributes to 

defining the shape of neuronal dendritic arbors (Figure 1.7). A number of cell-contact 

factors are known that influence the shape of dendritic arbors by either enhancing or 

inhibiting dendritic growth and branching, for example: interaction of cell surface 

proteins like contactin, N-cadherins, seven-pass transmembrane cadherins (Flamingo, 

Celsr2 and Celsr3), Delta and Notch, ephrinB and EphB, and cell adhesion molecule LI 

(as reviewed in Urbanska, et al. , 2008). Cell-surface proteins also ensure appropriate 

dendritic growth by mediating the extent of the dendritic arbor (i.e. , contact inhibition) 

and by inhibiting the crossing of dendrites (e.g. , Down's syndrome-related cell adhesion 

molecule (Dscam) (Hughes, et al. , 2007; Matthews, et al., 2007; Soba, et al., 2007; Zhu, 

et al., 2006). In addition to cell surface proteins that mediate dendritogenesis via 

intemeuronal interactions, communication between neurons and glia also help ensure 

proper arborization. The details of glia-mediated guidance of dendrite growth will be 

discussed later (See Section 1.5.1). 

Diffusible cues are also important factors that shape the development of dendrites 

and some include: thyroid hormones, steroid hormones and glucocorticoids, agnn, 
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members of the bone morphogenetic protein family, cpgl 5, semaphorins, Slits, and 

neurotrophic factors such as brain-derived neurotrophic factor (BDNF), neural growth 

factor (NGF), neurotrophins (NT) 3 and 4 (for review see Urbanska, et al. , 2008). In vivo, 

NT generally increase the dendrite length and complexity, however, the effect is 

dependent on the type of NT, the layer in which the neuron resides, and whether the 

dendrite is apical or basal (Baker, Dijkhuizen, Van Pelt, & Verhaagen, 1998; McAllister, 

et al. , 1995; Niblock, Brunso-Bechtold, & Riddle, 2000). 

Depending on the developmental stage the extracellular cues described above are 

integrated to affect change in the dendritic arbor (Jan & Jan, 2003 ; McAllister, 2000; 

Parrish, Kim, Jan, & Jan, 2006; Wong & Ghosh, 2002). The stage of development can 

also have an effect on the manner of activity dependent morphological changes. In some 

vertebrate systems there appear to be two types of activity-dependent dendrite growth. 

The first stage, early in development, is an NMDA receptor (NMDAR) and calcium 

dependent stage of growth and sprouting (Iwasato, et al. , 2000; Rajan & Cline, 1998; Sin, 

et al. , 2002). Later in development, the second stage is an NMDAR-independent but 

AMP AR-dependent stabilization of dendrites (Rajan & Cline, 1998). 

Dendritogenesis is therefore controlled by a complex number of intrinsic factors 

and extracellular cues that are modified by developmental stage. Given the highly 

intricate process required for normal dendrite growth, it is not surprising that alterations 

in the normal functioning of any one of these factors can result in abnormal dendritic 

arbors, altered neuronal signaling, and disease. 

1. 3.1 . 3 Dendrites in disease 

Dendritic geometry is important for determining firing patterns of neurons, and 

the nature of neural circuitry. Alterations in the dendritic organization have a major 

impact on the processing of afferent information by individual neurons. Even slight 

alterations in dendritic structure and therefore the organization of many neurons, will lead 

to significant changes in information processing overall. 

Abnormalities in the patterning of dendritic arbors have been found in a number 
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of neurological diseases including psychiatric disorders such as schizophrenia (Harrison, 

1999), and neurodegenerative diseases (Anderton, et al., 1998). Animal studies have also 

revealed that mild, prolonged stress can induce decreases in the dendritic fields of 

hippocampal neurons, with regression of dendrites and a loss of dendritic spines (Chen, 

Dube, Rice, & Baram, 2008; Wood, Young, Reagan, Chen, & McEwen, 2004). 

Furthermore, animal studies investigating environmental causes of mental retardation 

such as prenatal alcohol exposure, hypothyroidism, fetal hypoxemia, experimental 

hyperphenylalaninemia, and protein deprivation, all showed a decrease in dendritic 

ramification (as reviewed in Dierssen & Ramakers, 2006). In humans, a decrease in 

dendritic arbor complexity, specifically with a reduced degree of branching, was found in 

children with mental retardation (Huttenlocher, 1974). Subsequent studies confirmed that 

dendritic abnormalities were characteristic of diseases of mental retardation, such as 

Down's, Rett and Fragile X Syndromes (for review see Huttenlocher, 1990; Kaufmann & 

Moser, 2000). 

1.3.1.3.1 Dendrites in Fragile X Syndrome 

Unlike some other disorders of mental retardation, the gross alterations of 

dendrite organization have not been studied extensively in Fragile X syndrome. Studies 

in Drosophila revealed that a loss ofDrosophila FMRJ (dFMRJ) results in an increase in 

dendritic branching, whereas over-expression of dFMRJ causes decreased extension and 

branching (Pan, et al. , 2004). This finding was consistent with the results from a study 

looking at dendritic development in the in the barrel cortex of the FMRJ null mouse 

(Galvez, et al. , 2003). Based on their findings of a lack of dendritic rearrangement in the 

null mouse, the authors suggest that there is some impairment in developmental processes 

that shapes the dendrites and dendritic spines in Fragile X (Galvez, et al. , 2003). In fact, 

the alterations in dendritic spine morphology are a cardinal feature of FXS, and as such 

most of the research has focused on this finer detail of dendrite morphology and will be 

discussed in the following. 
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1.3 .2 Dendritic spines 

The fi nal step in the acquisition of mature dendrite morphology is the 

development of the dendritic spines. Dendritic spines are small protrusions scattered 

along the dendrites of many neurons, and are approximately 0.5µm in diameter and 0.5­

2.0µm in length (Nimchinsky, Sabatini, & Svoboda, 2002) (Figure I .Sa). In contrast to 

the microtubule-based cytoskeleton of the dendrites, dendritic spines are typically 

composed of a filamentous network of actin and actin-regulating proteins (e .g., 

calmodulin, myosin, brain spectrin (fodrin) and MAP2). The actin filaments are 

organized longitudinally in the spine necks, whereas in the spine head they form a lattice, 

suggesting they form the scaffolding for the elementary structure of the spine 

Dendritic spines contain a number of proteins including: the neurotransmitter receptors 

that mediate the ligand-dependent influx of ions into the post-synaptic neurons, and 

numerous other proteins that are important for synaptic transmission (Figure 1.9). Some 

cellular organelles are also present in dendritic spines. All spines contain smooth 

endoplasmic reticulum (SER) in an amount that is proportional to the spine volume and 

area of the post-synaptic density (PSD), and occupies about 10-20% of the total spine 

volume (reviewed in Harris & Kater, 1994). Like the sarcoplasm of muscle cells, the SER 

in neurons is thought to be involved in the sequestration and intracellular release of 

calcium (Harris & Kater, 1994). In the more complex spines, the SER constitutes a 

structure known as the spine apparatus (Gray, 1959), and is proposed to carry out 

functions similar to the Golgi apparatus. Mitochondria are typically not found in dendritic 

spmes, with the exceptions being the very complex and large spines of the cerebral 

cortex, hippocampal CA3 and olfactory bulb (Harris & Kater, 1994). Significantly, 

polyribosomes are present in dendritic spines, and their frequency in the spine vicinity 

increases during synaptogenesis. The localization of polyribosomes, together with 

associated mRNAs, to the dendritic spines is now known to be important for activity 

dependent translation of proteins required for synaptic signaling and plasticity. 
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Figure 1.8: Dendritic spine morphology 

(a) Dendrirtic spines are small protrusions extending from the dendrites, which are 


typically 0.5µm in diameter and 0.5-2.0µm in length. 


(Image obtained at http:! /en. wikivisual.com/index. php/Dendritic _spine) 


(b) Dendritic spines are dynamic structures display a wide variety of morphologies. In 


general, however, spines are one of three general shapes: thin, mushroom, or stubby. 


(Image adapted from http: //en.wikivisual.com/index.php/Image:Spine-Types.gif) 
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Figure 1.9: Schematic diagram illustrating some of the components of dendritic spines. 

Spines are small membrane protrusions at excitatory synaptic junctions that use the 

neurotransmitter glutamate, which is released from synaptic vesicles clustered in the pre­

synaptic terminal. Across from these glutamate release sites, AMPAR and NMDAR are 

clustered at the post-synaptic active zone within a dense matrix called the postsynaptic 

density (PSD; green). Beyond the PSD lie subregions of spine membrane that contain 

mGluRs and endocytic zones for recycling of membrane proteins. Receptors, in tum, 

connect to scaffolding molecules, such as PSD-95 , which bind to other proteins within 

the spine. Actin filaments provide the main structural basis for spine shape. Via a network 

of protein interactions, actin filaments indirectly link up with the neurotransmittter 

receptors and other transmembrane proteins that regulate spine shape and development, 

including Eph receptors, cadherins, and neuroligins. Translational regulators (e.g., 

FMRP) and polyribosomes are also present in the spines to facilitate the activity­

dependent protein translation that occurs in response to signaling across the synapse. 

(Image adapted from, Figure 1, Calabrese et al., 2006) 
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Dendritic spines exhibit a wide variety of morphologies (Figure 1.8b). Spine 

necks can be short or long, fat or thin, bent or straight, irregular or cylindrical, with or 

without branches, or some combination of all of these. The heads of spines can be large 

or small, and oval, spherical or irregular in shape. In fact, the dimensions of parameters 

such as the spine length, diameter, volume, area, area of the post-synaptic density, can 

differ by greater than ten-fold between different spines (Harris & Kater, 1994). Based on 

these parameters spines can be classified into numerous different types. This 

classification can become quite complex; however, three basic spine morphologies 

include: thin spines with thin necks and bulbous heads; mushroom spines that have 

broader heads; and stubby spines without necks (Vanderklish & Edelman, 2002). 

The physical features of spines can differ on each cell type, or even among spines 

on the same dendrite. In a review by Harris and Kater (1994), the authors suggest that the 

diversity in spine morphology may be indicative of various changes in the lifetime of one 

spine, or reflective of varying synaptic efficacies at different synapses along the dendrite 

at a single point in time. Furthermore, they suggest that the different morphologies could 

represent successive stages that an individual spine must pass through in its development. 

Dendritic spines are dynamic structures and the shape of the spine head can change 

within seconds (Fischer, Kaech, Knutti, & Matus, 1998). The volume of a spine head is 

proportional to a number of other of its physical features such as: its synaptic area, the 

number of postsynaptic receptors and pre-synaptic docked vesicles (Harris & Stevens, 

1989; Schikorski & Stevens, 1999). The importance of dendritic spine size is due to its 

relationship with synaptic transmission. 

Dendritic spines are the post-synaptic elements of the excitatory synapses in the 

central nervous system. In fact, the number of spines nearly approximates the number of 

excitatory synapses. In 1992, Harris and others revealed that the number of dendritic 

spmes on hippocampal pyramidal neurons is approximately equal to the number of 

excitatory synapses. In 2004, Nimchinsky and coauthors confirmed this finding, 

establishing the nearly one to one ratio for excitatory synapses and dendritic spines 

(Nimchinsky, Yasuda, Gertner, & Svoboda, 2004). 
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1.3.2. 1 Development ofdendritic spines 

The formation of dendritic spines occurs via a developmentally regulated program 

that is subject to modification by synaptic activity. The specifics of the process of spine 

formation are not fully understood, however three basic theories have been suggested 

based on experimental evidence. First, and perhaps most commonly, spines are thought 

to be formed de nova. In this scenario, similar to dendritic branches, dendritic spines are 

thought to mature from initial protrusions of filopodia from the dendrites. The filopodia 

are highly dynamic projections that rapidly change their length and shape, and last only a 

short period of time before they either disappear or become a mature spine (or a dendritic 

branch; see Section 1.3.1.2). These filopodia are thought to sample the surrounding 

microenvironment for active pre-synaptic partners with which they can form synapses 

(Dunaevsky & Mason, 2003; Jontes & Smith, 2000; Yuste & Bonhoeffer, 2004; Ziv & 

Smith, 1996). As neurons mature, the filopodia become less dynamic, and retract into the 

dendritic shaft just prior to the dendritic spines being formed (Dailey & Smith, 1996; 

Fiala, Feinberg, Popov, & Harris, 1998). 

Interestingly, few filopodia are found in mature neurons, and yet there are large 

fluctuations in spine density at any point in time (Miller, 1981). Therefore, in mature 

neurons it is less likely that the new spines being formed are differentiating from new 

filopodia. Perhaps, then, different mechanisms of spine formation are more prevalent at 

different stages of development. 

Miller (1981) studied the emergence of dendritic spines during development in 

the pyramidal neurons of the early postnatal rat visual cortex. His work revealed that in 

the first week post-natally there are relatively few mature spines, and the dendrites are 

covered with a large number of filopodia-like processes and stubby spines (Miller & 

Peters, 1981). Then, between post-natal days 6 and 9 (P6-P9), and again at P12-P15, 

there is a large increase in the number of spines. The spine density then continues to 

increase over the first post-natal month, and then declines slightly. As the number of 

mature spines increased, the number of filopodia (and stubby spines) decreased. 
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Initially the spines are distributed evenly over the dendrites, with the exception of 

the area adjacent to the cell body. Then, at PIS, the spine density increases with distance 

from the cell body for distances between 0 and 125 µm , with a higher density of spines in 

the more distal dendrites. From there, the density of the spines is fairly stable or 

decreases slightly. Boothe and colleagues (1979) found a similar pattern of dendritic 

spine density changes in pyramidal neurons of the visual cortex from the Macaca 

nemestrina monkey (pig-tailed macaques). On the other hand, they revealed that the 

density of dendritic spines in spiny stellate neurons increased more slowly over 

development, and were equally distributed along the lengths of the dendrites (Boothe, et 

al., 1979). 

An increased density of spines is associated with an increased complexity of 

synaptic integration. Jacobs and others (2001) evaluated different Broadman areas and 

compared the spine density to the complexity of neural processing that occurred in those 

areas, and found that neurons in those areas with higher order cognitive processing had 

an increased density of dendritic spines. 

It is thought that the variation in spine density is a result of a progressive slow 

down of spine elimination (Zuo, Lin, Chang, & Gan, 2005). The number of spines 

present at any given time is a function of the net production of spines formed (i.e., the 

number of spines formed compared to the number of spines eliminated). The rate of 

spine formation is relatively constant for most of postnatal life, whereas the rate of spine 

elimination appears to be developmentally regulated (Holtmaat, et al., 2005; Zuo, et al. , 

2005). As such, there is a decrease in the rate of elimination with increasing age, and a 

resulting increase in the net number of spines. 

The elimination, or pruning of spines is important for the fine-tuning of mature 

neural circuitry. Furthermore, given the direct contrast of spine pruning with spine 

formation, it has been suggested that spine elimination may also be important for synaptic 

plasticity: if spine formation is associated with long-term potentiation (LTP), it is possible 

the spine elimination is related to long-term depression (LTD) (Segal, 2005). Segal 

(2005) cautions that this might be an overly simplistic view, and suggests that while the 
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evidence for an association between spine formation and LTP is well-established, the 

proof for a relationship between the elimination of spines and LTD is less than 

satisfactory. 

1.3.2.2 Functions ofdendritic spines 

1.3.2.2.1 Synaptic Plasticity 

Synaptic plasticity was described briefly earlier (Section 1.1 .2.4), but it warrants 

a more in depth discussion here. Within the central nervous system, plasticity is 

considered to be the capacity of experience-generated neural activity to modify neural 

circuits. Thereby synaptic plasticity shapes future thoughts, feelings and behaviours. 

Synaptic plasticity refers specifically to the activity-dependent alteration of the efficacy 

or strength of synaptic signaling at existing synapses. Since the first description by 

Ramon Y Cajal, synaptic plasticity has been suggested to play a key role in the ability of 

the brain to form persistent memories from transient experiences. In addition, synaptic 

plasticity is thought to be central to early neural circuit development. 

Synaptic transmission can either be augmented or attenuated by activity, and the 

changes that result are on the order of milliseconds to hours, days or perhaps even longer. 

From these characteristics - the effect of activity, and the length of change - a number of 

types of synaptic plasticity have been described. Short-term plasticity is generally 

triggered by short bursts of activity that result in transient accumulations of calcium in 

the pre-synaptic terminal, and the results last only milliseconds to several minutes (for 

review see Citri & Malenka, 2008). Included among the forms of short-term plasticity 

are: paired-pulse facilitation and depression, and facilitation and depression following 

trains of stimuli (Citri & Malenka, 2008). These types of plasticity are thought to play a 

role in short-term adaptations to sensory inputs, behavioural state changes that are 

transient, and short-term forms of memory (Citri & Malenka, 2008). 

Alternately, long-lasting modifications of synaptic strength caused by experience 

(i.e., long-term synaptic plasticity) are considered to be the underlying mechanisms of 

long-term behavioural changes. Over a century ago, Ramon y Cajal first proposed the 
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idea that the brain encodes events as complex patterns of activity in neural circuits, and 

that memories are formed (i.e., new information is stored) when the pattern of synaptic 

weights are altered by activity to generate long-lasting effects. In the 1940s, Donald 

Hebb further developed this theory and suggested that synapses are strengthened when 

pre-synaptic activity correlates with post-synaptic firing (Hebb, 1949). The first evidence 

for the existence of long-term activity dependent alterations in the strength of synapses 

was first reported 20 years later by Bliss and others (Bliss & Gardner-Medwin, 1973; 

Bliss & Lomo, 1973). They found that a potentiation of synaptic strength, lasting hours to 

days, could be induced in hippocampal neurons following the repetitive activation of 

excitatory synapses (Bliss & Gardner-Medwin, 1973; Bliss & Lomo, 1973). This came to 

be known as long-term potentiation (LTP). 

In addition to being enhanced via LTP, synaptic strength at excitatory synapses 

can be weakened by activity, in a form of synaptic plasticity called long-term depression 

(LTD). In contrast to the high frequency stimulation that elicits LTP, LTD is typically 

triggered by prolonged repetitive low frequency stimulation (Dudek & Bear, 1992; 

Mulkey & Malenka, 1992). A number of different forms of LTD have been described 

(reviewed in Citri & Malenka, 2008), the most important in terms of Fragile X research 

being the mGluR-dependent LTD (Section 1.1.2.5). 

1.3.2.2.2 Dendritic spines as a cellular basis for learning and memory 

Changes in the appearance of dendritic spines are thought to represent a means by 

which recent synaptic activity leaves a lasting effect on neurons; and this synaptic 

plasticity is understood to be the physiological correlate of learning and memory. In fact, 

as early as 1893, Ramon y Cajal and Tanzi suggested that changes in the dendritic spine 

number and morphology could be a cellular correlate for learning and memory. 

A number of studies have found that following tetanic stimulation of hippocampal 

neurons in slices or in culture there is an increase in dendritic spine volume, providing 

evidence for a physical alteration in response to activity (reviewed in Segal, 2005). 

Studies have revealed that mature spine actin dynamics are closely related to both LTP 
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and LTD. LTP is inhibited by drugs that selectively block actin dynamics (for review see 

Matus, 2005). Furthermore, these same drugs enhance LTD (Matus, 2005). Also, actin 

turnover is decreased following the induction of LTD (Matus, 2005). 

In addition to the alterations in appearance of the spmes, the stabilization of 

mature spines is thought to require synaptic contact (Marrs, Green, & Dailey, 2001 ). 

Dendritic spines in the hippocampus undergo morphological changes in response to 

activity; synaptic activity results in the enlargement of spines and shortening of spine 

necks. Evidence for the activity-dependent changes in cortical spines comes from 

experiments in which deprivation paradigms were employed and followed by 

examination of the neurons with Golgi staining (Riccio & Matthews, 1985; Valverde, 

1967). In these experiments most, but not all, spines were reduced in size with decreased 

synaptic activity. Furthermore, environmental enrichment results in an increase in spine 

density (Briones, Klintsova, & Greenough, 2004; Globus, Rosenzweig, Bennett, & 

Diamond, 1973; Rampon, et al., 2000; Schapiro & Vukovich, 1970). More recently this 

finding was confirmed in primates whereby environmental enrichment resulted in 

increases in spine density in pyramidal neurons of hippocampal CAI (Kozorovitskiy, et 

al. , 2005). The mechanisms through which sensory stimuli elicit increases in spine 

density are not yet known. 

The activity dependent regulation of net spine density may be a result of two 

different scenarios. First, it is possible that activity may regulate the formation of new 

synapses. In this model, synaptogenesis is initiated by experience-related neuronal 

activity that is dependent on signals that arrive at the neuron in a temporally and spatially 

discrete manner. Second, activity may control the destabilization and/or elimination of 

synapses after they are formed. In this case, synapse formation occurs in a random, 

continual manner at a constant rate generating excess synapses. Following their 

formation the elimination of unnecessary synapses occurs in an activity dependent 

manner. It is possible that these mechanisms are not mutually exclusive. Different types 

of neurons may preferentially employ one of the above means of regulating synapse 
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number. It is also possible that the mechanisms may each be more prominent at specific 

stages in development; for example, neuronal activity may induce synapse formation 

early in development, and then may be important for activity dependent elimination of 

superfluous synapses at later stages. 

As mentioned earlier, it has been suggested that while spine formation may be 

related to LTP, the elimination or pruning of spines may be associated with the 

contrasting form of synaptic plasticity, LTD. Even though evidence for the latter is 

lacking, a few studies have demonstrated that LTP is accompanied by increased numbers 

of enlarged spines, and that following the induction of LTD dendritic spines shrink and/or 

disappear (for review, see Segal, 2005). However, in some cases, pruning occurs 

following the intense synaptic stimulation that would normally result in LTP, such as in 

epilepsy or over-exposure to glutamate (reviewed in Segal, 2005). Therefore, in contrast 

to the elimination of synapses following stimulation that results in LTD, in certain cases 

pruning is associated with LTP. Additionally, in cultured hippocampal neurons one form 

of LTD can be induced by (S)3,5-dihydroxyphenylglycine (DHPG) stimulation of 

mGluRl (Huber, Roder, & Bear, 2001), resulting in the elongation rather than the 

disappearance of spines (Vanderklish & Edelman, 2002). Therefore, it appears that the 

differentiation between induction of LTP and LTD is within narrow limits, and varies 

depending on a number of factors. 

1.3.2.2.3 Dendritic spines facilitate compartmentalization of the synaptic signal 

Dendiitic spines are thought to facilitate signaling at synapses by modulating the 

synaptic response in a compartment that is separate from the dendritic shaft. One 

hypothesis is that the structure of dendritic spines creates boundaries within which 

synaptic function can be modulated. It is suggested that the spine neck provides a barrier 

to the flow of current and diffusion of molecules between the spine head and the dendrite. 

However, this effect may in fact be minimal, at least for the majority of spines and 

molecules. On the other hand, calcium diffusion in physiological conditions may be an 

exception, and the barrier function of the spine neck may prove to be a useful means to 
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allow the spines to act as independent calcium signaling compartments (for review, see 

Alvarez & Sabatini, 2007; Harris & Kater, 1994). In fact, mathematical calculations, 

based on anatomical and functional data have verified these claims. 

If the constriction in the spine neck does act as a restrictive barrier, there would be 

a resulting amplification of the depolarization in the region immediately around the 

synapse (relative to if the synapse were on the dendritic shaft). Thereby, the narrowing of 

the spine neck could facilitate LTP induction because it would allow voltage-sensitive 

channels to open at a lower subsequent depolarizing potential (than on non-spiny 

dendrites). In fact, there is much evidence to support this hypothesis and is reviewed by 

Harris and Kater (1994). 

The compartmentalization imparted by the constriction of the spine neck therefore 

allows a localized increase in calcium to reach the threshold level necessary to activate 

the second messenger systems within the dendritic spine. This increased intracellular 

calcium concentration could potentially be toxic within the dendrite itself. Notably, the 

sequestration of the calcium to the spine prevents toxic insults to the dendrite. 

Furthermore, the small volume of the spine is advantageous because, once the increase in 

calcium has served its purpose, the SER and cytoplasmic calcium buffers can restore the 

calcium levels to baseline very quickly. 

Additionally, the capacity for a dendritic spine to isolate a synaptic response has 

the potential to facilitate the specificity of synaptic activation. For example, without the 

compartmentalization imparted by the dendritic spine neck constriction, the signal 

transduced at one spine would be able to diffuse and potentially modify adjacent 

synapses. Therefore, the dendritic spine neck narrowing helps ensure a more specific 

effect of potentiation. 
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Figure 1.10: Dendritic spines maximize dendrite surface area 

(a) Longitudinal section of a spiny dendrite. The spiny dendrite bas access to many 


axonal boutons. 


(b) Longitudinal section through an aspiny dendrite occupying a similar amount of space. 


For the same area, the aspiny dendrite encounters less axons because there is no 


interdigitation of processes between spines, as in (a). 


(Image adapted from Figure 4, Harris and Kater, 1994) 
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1.3.2.2.4 Dendritic spines maximize dendrite surface area 

Dendritic spines also increase the surface area of the dendrite on which new 

synapses can form. Ramon y Cajal proposed this function of the dendritic spine based on 

the capacity for dendritic spines to allow the dendrite access to multiple axons as they 

course through the surrounding areas. Furthermore, they permit this increase in potential 

synaptic contacts within the confines of limited space. For an aspiny dendrite to establish 

a similar number of contacts, it would have to be greater in radius, and would therefore 

occupy more space (Figure 1.10). 

1.3.2.3 D endritic spines in disease 

The proper development of dendritic spmes is critical for the development of 

normal cognitive processes. In fact, dendritic spine abnormalities are found in disorders 

characterized by mental retardation, such as non-specific X-linked mental retardation, 

William 's syndrome, Rett syndrome, Down's syndrome, Angelman syndrome, autism 

and FXS (Irwin, Galvez, & Greenough, 2000; Kaufmann & Moser, 2000; Purpura, 1975; 

Rudelli, et al. , 1985). Abnormal dendritic spines are also associated other neurological 

disorders including schizophrenia and bipolar disorder with psychosis (as reviewed in 

Ethell & Pasquale, 2005). Additionally, dendritic spines are also altered in individuals 

with epileptic seizures, and those who have suffered hypoxia, ischemia and stroke (for 

review see Harris & Kater, 1994). In fact, the health of a neuron is normally reflected in 

the shape of the dendritic spines. Given the significant role of dendritic spines in the 

appropriate functioning of excitatory synapses, it is understandable that abnormalities in 

dendritic spines are associated with the dysfunction of synapses and considerable deficits 

in cognitive capacity. 

1.3.2.3.1 Dendritic spines and Fragile X Syndrome 

Both individuals with FXS and FMRI null mice exhibit immature spme 

morphology suggesting that FMRP may play a role in the formation of dendritic spines. 

Neurons from FMRI knockout mice show abnormal dendritic spine length and altered 
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spine densities (Galvez, et al., 2003; Grossman, et al. , 2006; Nimchinsky, et al., 2001). 

Moreover, stimuli that are known to cause increases in spine density, such as 

environmental enrichment, promote recovery of both morphological and behavioural 

alterations in mouse models of FXS (Restivo, et al. , 2005). In Fragile X post mortem 

specimens, investigators found an increase in the density of immature dendritic spines in 

the cerebral cortex (Hinton, et al. , 1991; Irwin, et al., 2001 ). Hinton and others (1991) 

studied the brains of three males with Fragile X Syndrome, and found an increase in the 

number of long thin spines in the adult temporal cortex. Irwin and colleagues (2001) 

performed a more in depth analysis using the Golgi-Cox method, looking at the length, 

number and morphology of the dendritic spines of apical dendrites of layer V pyramidal 

neurons from the visual and temporal cortices. In that study, the authors found that 

cortices from the individuals with FXS exhibited more immature spines (and fewer 

mature spines), with a higher density on more distal segments of the apical dendrites. 

These alterations in spine morphology and density could be indicative of a deficiency in 

synaptic pruning in FXS. 

1.3.2.4 Dendritic spines and FMRP 

FMRP is an mRNA binding protein that functions as a translational repressor 

(Kbandjian, 1999; Laggerbauer, et al., 2001; Li, et al., 2001; Zhang, et al., 2001) and a 

transporter of dendritic mRNAs (Antar, et al., 2004; Jin & Warren, 2003). FMRP and its 

mRNA are localized to dendritic spines (Todd, Mack, et al. , 2003; Weiler & Greenough, 

1999; Weiler, et al., 1997). Furthermore, FMRP is proposed to regulate the translation of 

a number of key postsynaptic molecules in dendritic spines (Brown, et al. , 2001; Feng, 

Gutekunst, et al., 1997; Greenough, et al., 2001; Liao, et al., 2008; Weiler, et al. , 1997; 

Willemsen, et al., 2004; Zalfa & Bagni, 2004; Zou, et al., 2008). Notably, many of these 

mRNAs are involved in spine development and synaptic plasticity such as: structural 

proteins (e.g., MAP2, PSD-95), receptor proteins (e.g. , glutamate receptor subunits), and 

translation machinery (e.g., elongation factor 1a). 

Dendritic spines are considered to be the cellular correlate for synaptic plasticity, 
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as mentioned earlier. Alterations in long-term synaptic plasticity of excitatory synapses 

have been observed in both hippocampal and cortical slices from FMRJ null mice. The 

translation of FMRP, and its target mRNAs are both up-regulated in response to 

stimulation of group 1 mGluRs (Weiler, et al., 1997). Moreover, mice lacking FMRP 

show alterations in mGluR dependent LTD (Huber, et al. , 2002), further supporting a role 

for FMRP in synaptic pla ticity and therefore the physical characteristics of dendritic 

spmes. 

1.4 Synapses 

Synaptic contacts are highly specialized contact zones across which the signal 

from the pre-synaptic neuron is transmitted to the post-synaptic neuron. Following their 

formation as the final step in neuron development, synapses are sculpted and remodeled 

by neuronal activity to achieve the mature pattern of connectivity of the brain (Katz & 

Shatz, 1996). It is estimated that the human brain contains approximately 10 15 synapses 

(Brose, 1999) that control brain functions from simple motor skills to complex cognitive 

behaviours such as learning and memory. 

1.4.1 The pre-synaptic compartment 

The pre-synaptic region of the synapse is the terminal bouton of the afferent 

neuron's axon, and is the site from which neurotransmitters are released. As such, it 

contains the synaptic vesicles within which the neurotransmitters are stored, various 

proteins involved in the on-demand synthesis of neurotransmitters, membrane integrated 

molecules involved in the re-cycling of neurotransmitters and membrane associated 

proteins necessary for the docking and exocytosis of the synaptic vesicles. Certain 

molecular markers are unique to certain pre-synaptic terminals: for example, the enzymes 

required for neurotransmitter synthesis are only expressed in those neurons utilizing that 

select neurotransmitter. Other molecules are necessary for the function of all pre-synaptic 

zones and are therefore expressed ubiquitously and can be used as markers for all pre­

synaptic sites. For example, synaptic vesicles and their associated proteins are expressed 

in all pre-synaptic terminals. 
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The release of neurotransmitters from synaptic vesicles at the pre-synaptic 

membrane occurs as a multi-step process: the synaptic vesicle is targets to release sites, 

docks at the active zone, prepares for fusion with the membrane, undergoes fusion and 

exocytosis to release the neurotransmitter, and recycles its constituents through 

endocytosis (Valtorta, Pennuto, Bonanomi, & Benfenati, 2004). At each step, a number of 

proteins are involved; two uch molecules include synaptophysin and synapsin, and they 

are discussed in the following sections. 

1.4.1.1 Synaptophysin 

Synaptophysin (Syp/p38) is a 38kDa synaptic vesicle integral membrane protein 

found in all neurons of the CNS (for review see Valtorta, et al., 2004). It is a glycoprotein 

with four transmembrane domains, and is the major phosphotyrosine protein of the 

synaptic vesicles (Valtorta, et al. , 2004). In vitro, Syp has been shown to interact with 

various synaptic terminal proteins including synaptobrevin II (VAMP2), the vesicular 

proton pump V-ATPase, myosin V, dynamin I, and the adaptor protein 1 (AP-1) (Valtorta, 

et al. , 2004). The true function of Syp is not known, but in vitro and in vivo studies have 

suggested that it has a role in a number of processes related to the release of 

neurotransmitters. Some of the potential roles of Syp include: endocytosis/exocytosis of 

synaptic vesicles, regulation of SNARE assembly, formation of the fusion pore, 

activation of synaptic vesicle endocytosis, synaptic vesicle biogenesis and synaptic 

vesicle trafficking (Valtorta, et al., 2004). Since its discovery in 1985, it has become the 

most frequently used marker for the determination of synaptic density in the CNS. 

1.4.1.2 Synapsin 

The synapsins are a family of neuron-specific phosphoproteins that play a role in 

the organization of the pre-synaptic terminals (reviewed in Ferreira & Paganoni, 2002). 

They are found in the pre-synaptic compartment associated with the synaptic vesicles. 

The synapsins are encoded by three genes: synapsin I , synapsin II and synapsin III. 

Increases in synapsin I and synapsin II are associated with the formation of synapses both 
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in vitro and in vivo (Ferreira & Paganoni, 2002). Over-expression of synapsin JI in a 

neuroblastoma/glioma cell line resulted in the development of synaptic-like varicosities 

(Han, Nichols, Rubin, Bahler, & Greengard, 1991). Furthermore, synapsin I null mice 

exhibit a decrease in both the number of synaptic vesicles and the size of the pre-synaptic 

terminal (Ferreira & Paganoni, 2002). Additionally, cells isolated from these mice 

display altered synaptogenesis in vitro (Ferreira & Paganoni, 2002). Ferreira and 

Paganoni (2002) reviewed a couple of mechanisms by which the synapsins are suggested 

to induce the formation of the pre-synaptic terminal. First, by binding to the membranes 

of synaptic vesicles, the synapsins may play a role in the recruitment of synaptic vesicles 

to the active zone of the synapse. Second, the synapsins may regulate other synaptic 

proteins involved in synaptogenesis, such as synaptotagmin, synaptobrevin and 

synaptophysin. Given the location and role of synapsins in the pre-synaptic terminal , 

synapsin has also become a widely used marker for the presence of synapses. 

1.4.2 The post-synaptic compartment 

Lying directly opposite the pre-synaptic neurotransmitter release sites is a specialized 

region of the post-synaptic membrane. This region is characterized by the presence of 

clusters of neurotransmitter receptors: glutamate receptors at excitatory synapses, and 

receptors for GABA or glycine (Gly) at inhibitory synapses. In fact, one of the first 

events in the differentiation of the post-synaptic compartment is the redistribution of the 

neurotransmitter receptors. Following that, a number of other related post-synaptic 

molecules are recruited and help define the nature of the synapse as excitatory or 

inhibitory. 

1.4.3 The synaptic cleft 

Between the pre- and post-synaptic compartments is the synaptic cleft, across 

which synaptic signals are transmitted. It is approximately 10-20nm wide (slightly wider 

than the usual extracellular space), and is filled with a dense staining material. The 

membranes of pre- and post-synaptic synaptic cleft are similar to the typical cellular bi­
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layer lipid membrane interposed with vanous proteins. Specific to the synaptic cleft 

membranes is the presence of cell surface molecules involved in cell-cell adhesion. For 

example, the synaptic membrane at the site of the synapse is rich in cell adhesion 

molecules such as: integrin-type adhesion receptors, neural cell adhesion molecules 

(NCAMs), cadhe1ins, dystroglycans, and the neurexins and neuroligins. These cell 

adhesion molecules are important for the initial axodendritic contact, and its stabilization 

(Ferreira & Paganoni , 2002). Also, the adhesion molecules play a role in the signaling 

pathways of both pre- and post-synaptic terminals during early synaptogenesis (Ferreira 

& Paganoni, 2002). Notably, the synaptic cell-cell adhesion molecules are expressed 

differentially throughout the CNS. Various combinations of these molecules are present 

in different cell types, and may therefore account for the specificity of the synapses in the 

brain (Brose, 1999). Moreover, some of the synaptic adhesion molecules, such as the 

neurexins and neuroligins, are present specifically in either the afferent neuron or the 

receptive terminal (Sudhof, 2008). These cell adhesion molecules and are therefore 

thought to play a role in the specificity of the pre- or post-synaptic differentiation, via 

something that is now known as heterotypic transynaptic signaling (Sudhof, 2008). 

1.4.4 Inhibitory Synapses 

Inhibitory synapses (Figure 1.lla) are symmetrical in appearance because their 

pre- and post-synaptic zones appear to be of almost equal thickness when viewed with 

electron microscopy (EM). Typically, inhibitory synapse terminal boutons contain both 

round and flattened synaptic vesicles that enclose the inhibitory neurotransmitters, most 

commonly GABA. In addition, the pre-synaptic compartments of the inhibitory synapses 

also contain other molecules that either mediate the effects of GABA, or interact with the 

post-synaptic cells directly. 

The post-synaptic terminal of inhibitory synapses contains the receptors for the 

inhibitory neurotransmitters, and other molecules required for the transduction of the 

signal into, and through, the terminal. One molecule specific to inhibitory synapses is 

gephyrin, an anchoring protein that is vital for the clustering of inhibitory receptor 
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proteins (O'Sullivan, Hofer, & Betz, 2009). 

1.4.5 Excitatory Synapses 

The predominant excitatory neurotransmitters m the CNS are glutamate and 

aspaitate. The synaptic vesicles of the pre-synaptic terminal in excitatory synapses are 

generally round and clear (Peters, et al. , 1991 ). Excitatory synapses (Figure 1.11 b) 

typically display an asymmetric appearance with EM due to the increased thickness of 

the synaptic region apposed to the post-synaptic membrane, the post-synaptic density 

(when compared to the pre-synaptic terminal). 

The post-synaptic density (PSD) is an electron dense area of the membrane of the 

post-synaptic neuron, located adjacent to the synaptic cleft. The PSD is most commonly 

spoken of with reference to excitatory synapses, because it is within the excitatory 

synapses that the PSD is so pronounced. It is about 50 nm thick, and is either disc 

shaped, or is irregularly shaped and full of perforations. It is present on almost all 

excitatory synapses, including those that occur on dendritic spines. Notably, the 

dimensions of the spine are proportional to the total PSD area, and this is true for all brain 

regions (Harris, et al. , 1992). A number of proteins are highly enriched in the PSD of the 

brain and potentially include proteins such as: receptor proteins, protein kinases, 

structural and associated proteins, proteins involved in endocytosis, and proteins involved 

in the glycolytic pathway. 

More specifically, the PSD is a region rich in post-synaptic receptors, which in the 

excitatory synapses include the ionotropic (NMDAR and AMPAR) and metabotropic 

glutamate receptors (mGluRs). In addition to these receptor proteins, a recent study by 

Dosemeci and others (2007) presented a large list of proteins that were enriched in this 

excitatory post-synaptic region including, but not limited to, Homer, Sbankl-3, CaMKII, 

actin, a-tubulin, ~-tubulin, BRAG1, SynGAP, post-synaptic density protein 93 (PSD-93) 

and post-synaptic density protein 95 (PSD-95). In fact, PSD-95 is the major scaffolding 

protein of this region, with which all of the above proteins are associated (Dosemeci, et 

al. , 2007). 

69 




Ph.D. Thes is - Shell ey Jacobs McMaster University - Medical Sciences 

Figure 1.11: Comparison of excitatory and inhibitory synapses 

Schematic diagram illustrating the key components of the inhibitory synapse (a) and the 

excitatory synapse (b ). Differences in the synaptic vesicles, post-synaptic receptors and 

structural proteins of the post-synaptic region are shown. Also, note the identification of 

the PSD (green) in the excitatory synapse only, reflecting its prominence in these 

synapses. 

(Image modified from Figure 6, Mei & Xiong, 2008) 
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1.4.5.1 PSD-95 

Post-synaptic density protein- 95 (PSD-95/Synapse Associated Protein 90kDa, 

SAP90) is a PDZ domain containing protein that is localized to the post-synaptic density 

of asymmetric excitatory synapses (Komau, Schenker, Kennedy, & Seeburg, 1995; Rao, 

Kim, Sheng, & Craig, 1998). PSD-95 is a member of the membrane-associated guanylate 

kinase (MAGUK.) family of proteins (Cho, Hunt, & Kennedy, 1992). As mentioned 

above, PSD-95 helps to anchor synaptic proteins (Kim & Sheng, 2004), and is necessary 

for the development of excitatory synapses (Rao, et al., 1998). Furthermore, PSD-95 is 

required for activity driven synapse stabilization (Ehrlich, Klein, Rumpel, & Malinow, 

2007). A lack of PSD-95 results in abnormal synaptic plasticity, and the over-expression 

of PSD-95 increases the size and number of dendritic spines (El-Husseini, Schnell, 

Chetkovich, Nicoll , & Bredt, 2000). 

1.4.6 Synapse maturation 

In general, synaptogenesis can be broken down into two stages: first the initial 

contact is established between pre- and post-synaptic terminals; and second, the 

differentiation of pre-and post-synaptic compartments is established through the specific 

recruitment of proteins respective of the synaptic compartment. 

One of the first detectable physical characteristics observed in synaptic 

development, is the formation of the synaptic vesicles within the pre-synaptic region in 

close proximity to the contact zones (as reviewed in Ferreira & Paganoni, 2002). 

Following the establishment of the pre-synaptic zone, the differentiation of the post­

synaptic zone begins. First, the neurotransmitter receptors are sequestered to the region 

adjacent to the synaptic cleft. Following that, specific anchoring proteins, such as PSD-95 

and gephyrin, are recruited to the post-synaptic zone to limit the lateral movement of the 

receptors . These molecules also serve as a means to connect the post-synaptic receptors 

with components of the cytoskeleton, cell adhesion molecules and signal transduction 

molecules. 
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Once the synapse is formed, it is a dynamic structure. During early development, 

newly formed synapses are either strengthened or eliminated (Purves & Lichtman, 1980), 

as an essential step in the formation of mature, finely tuned neural circuits. As discussed 

earlier, this process partially depends on external signals and synaptic activity (See 

Section 1.3.2.1 ). Furthermore, this activity-dependent plasticity of the synapses continues 

into adulthood where it is important for the processes of learning and memory. As such, 

synapses are important for the development of neural networks throughout life, and their 

altered development can have profound pathological results. 

1.4.7 Synaptic abnormalities and disease 

Abnormalities of the synapse have been implicated as having a role in the 

pathology associated with a number of diseases including; depression, addiction, 

dementia, anxiety disorders, autism spectrum disorders and FXS (Luscher & Isaac, 

2009). 

The proper functioning of neural networks requires a delicate balance between 

excitatory and inhibitory synaptic inputs. Alterations in the excitatory/inhibitory (Ell) 

ratio have also been found in a number of disease models of mental impairment including 

FXS (Eichler & Meier, 2008; Fatemi, Reutiman, Folsom, & Thuras, 2009; Gibson, 

Bartley, Hays, & Huber, 2008; Kehrer, Maziashvili, Dugladze, & Gloveli , 2008; Majdi, 

Ribeiro-da-Silva, & Cuello, 2009; Wong, et al. , 2006), and therefore have been 

implicated as a key neurobiological mechanism underlying cognitive impairment. 

1.4. 7.1 Synaptic abnormalities and Fragile X Syndrome 

Because it is known that there is an approximately one to one ratio between the 

number of excitatory synapses and dendritic spines (Harris, et al., 1992; Nimchinsky, et 

al., 2004), inferences about the synaptic abnormalities in FXS can be made from the 

characteristic dendritic spine abnormalities. Both humans and mice lacking FMRP show 

abnormalities in synapse morphology, including: an increased number of long, thin, 

immature dendritic spines (Braun & Segal, 2000; Comery, et al., 1997; Grossman, et al. , 
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2006; Mineur, et al., 2002; Nimchinsky, et al., 2001) as well as an overall increase in 

spine density (Grossman, et al., 2006; Nimchinsky, et al., 2001). Based on the one-to-one 

ratio, it is therefore also possible that there is an increase in immature synapses 

(reflecting the immature spine morphologies), and a decrease in mature synapses in the 

Fragile X brain. 

Some more specific insight into the nature of synaptic abnormalities in FXS has 

been elucidated recently. In a 2008 study, Gibson and others investigated membrane 

excitability and circuit activity of excitatory and inhibitory neurons in the Fragile X 

mouse. They found that the mice exhibited a substantial deficit in the excitatory 

projections to the layer IV inhibitory neurons in the barrel cortex (Gibson, et al., 2008). 

Furthermore they found that monosynaptic inhibitory signaling was unaffected (Gibson, 

et al., 2008). Based on these results the authors suggest that the local feedback inhibition 

of layer IV is impaired in the FMRJ null mouse, and that this change results in the 

hyperexcitabilty of cortical circuits. Furthermore, they posit that this persistent UP state 

may be involved in the hypersensitivity to sensory stimuli, epilepsy and cognitive 

impairments seen in individuals with FXS. 

A number of studies in the FMRJ null mouse and Drosophila models of FXS have 

revealed that there are alterations in the expression of synaptic mRNAs (Zhang, et al., 

2001), synaptic plasticity (Huber, et al., 2002; Li, et al., 2002; Nakamoto, et al., 2007; 

Zhao, et al., 2005), and activity dependent translation of synaptic proteins (Muddashetty, 

et al., 2007; Weiler, et al., 2004). These studies all support the idea that alterations in 

synaptic functioning are a key neurobiological mechanism underlying the clinical 

features ofFXS. 

1.4.8 Synapses and FMRP 

Current evidence suggests that FMRP may be involved in the formation and/or 

maturation of synapses. mRNP complexes containing FMRP have been found in normal 
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dendritic spines (Feng et al., 1997; Nimchinsky et al., 2001 ), making it plausible that 

FMRP engages in key interactions with synaptic proteins. FMRP is thought to regulate 

the translation of a number of key postsynaptic molecules (Brown, et al., 2001; Feng, 

Gutekunst, et al., 1997; Greenough, et al., 2001; Liao, et al., 2008; Weiler, et al., 1997; 

Willemsen, et al., 2004; Zalfa & Bagni, 2004; Zou, et al., 2008). Notably, many of these 

mRNAs are involved in synaptic plasticity such as: structural proteins (e.g., MAP2, PSD­

95), receptor proteins (e.g., glutamate receptor subunits), and translation machinery (e.g., 

elongation factor la) . Additionally, FMRP itself is synthesized in post-synaptic regions 

(Weiler & Greenough, 1999), further supporting its role in synapse development and 

maturation. 

Therefore a change in local protein synthesis caused by the absence of FMRP may 

result in a dysregulation of synaptic protein interactions, and therefore abnormal synaptic 

morphology. In support of this, Pfeiffer and Huber (2007) have shown that FMRP 

induces synaptic loss via acute postsynaptic regulation of translation. The altered FMRP­

dependent protein interaction results in abnormal synapse development and pruning that 

may also affect synaptic plasticity (Braun & Segal, 2000), and therefore potentially be a 

contributing factor to mental impairment. 

1.5 Astrocytes 

Glial cells were first identified around 150 years ago as connective elements of 

the nervous system that fi lled the space between neurons or that glued the neurons 

together. Astrocytes have historically been thought of as secondary cells that have only a 

passive role in neuron growth, providing structural, metabolic and trophic support to 

neurons. However, it is now known that astrocytes actively control neuron growth and 

synapse formation. 

Glia occupy approximately 50% of the total brain volume (Peters, et al. , 1991 ), 

and yet outnumber neurons 10 to 1. Glia are intimately involved with neurons at all 

stages of development and in adult life. In fact, it is estimated that in the rodent brain, an 

individual astrocyte may ensheath and interact with as many as 10,000 synapses 
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(Bushong, Martone, & Ellisman, 2004). However, glia are not uniformly distributed 

throughout the brain, and the relationship between astrocytes and neurons changes over 

development. 

In EM, astrocytes are identified by the presence of dark glycogen granules and astrocytic 

fibrils in their cytoplasm. Additionally astrocytes can be identified using a number of 

protein markers that are specifically expressed in glial cells. For example, glial fibrillary 

acidic protein (GFAP) is often used to identify astrocytes both in vivo and in vitro. 

1.5.1 Astrocytes and dendrites 

Glial cells secrete a number of signals that are known to regulate dendrite growth 

in both the peripheral and central nervous systems. Without glia, neurons exhibit stunted 

dendritic arbors with fewer branches (Tropea, Johnson, & Higgins, 1988). Astrocytes 

may also influence dendrite spine morphology (Murai, Nguyen, Irie, Yamaguchi , & 

Pasquale, 2003 ; Seil, Eckenstein, & Reier, 1992; Ventura & Harris, 1999). Astrocytes 

provide a number of soluble factors that support the appropriate growth of dendrites and 

dendritic spines such as cholesterol (for review see Ethell & Pasquale, 2005). In addition 

to signals released by astrocytes, a number of contact-dependent neuron-glia signals are 

known to provide cues that guide dendrite development and spine maturation. For 

example, the ephrin (Eph) A4 receptor, expressed on hippocampal pyramidal neurons, 

interacts with the Eph-A3 ligand that is expressed on the surface of astrocytes, and 

regulates dendritic spine morphology (Murai, et al., 2003). Furthermore, in 2007, 

Nishida and Okabe showed that direct astrocyte contacts are important for the 

stabilization of dendritic protrusions and their development into spines. Most recently, 

Ballas and others (2009) provided evidence that astrocytes contribute to the abnormal 

dendrite morphology in Rett yndrome. 

1.5.2 Astrocytes and synapses 

Astrocytes are found surrounding the synaptic complex forming what 1s now 
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known as the tripartite synapse: the presynaptic axonal bouton, the dendritic spine, and 

the astrocyte (Araque, Parpura, Sanzgiri, & Haydon, 1999). In fact, in the mature 

hippocampus 57% of synapses are in direct contact with astrocytes (Ventura & Harris, 

1999). Astrocytes perform many vital functions for synapses including the regulation of 

molecules in the extracellular environment such as calcium, and uptake superfluous 

potassium and glutamate. 

Recent evidence suggests an active role for astrocytes in the development and 

maintenance of synapses (Elmariah, Oh, Hughes, & Balice-Gordon, 2005; Mazzanti & 

Haydon, 2003; Pascual, et al. , 2005). In 2001, Ullian and others revealed that astrocytes 

are critical for the development of synapses. That same year, astrocytes were also found 

to be important for synaptogenesis and synapse elimination in cerebellar neurons in vitro 

(Seil, 2001 ). Fmthermore, ynapses that are formed in vitro in the presence of glial cells 

rapidly disappear when the astrocytes are removed (Ullian, Christopherson, & Barres, 

2004). In fact, astrocytes provide a number of molecules required for the normal 

development of functional synapses including cholesterol (Mauch, et al. , 2001), 

neurotrophins (Blonde] , et al. , 2000), tumor necrosis factor-a (Beattie, et al., 2002), and 

extracellular matrix proteins such as thrombospondin (Christopherson, et al., 2005; 

Ullian, et al. , 2004). In addition to the soluble factors released by astrocytes, the 

formation of synapses is also mediated by neuron-glia cell-contact mediated factors. For 

example, direct astrocyte contacts via p1 integrin mediated signals have recently been 

suggested to have a role in excitatory synaptogenesis of cultured embryonic hippocampal 

neurons (Hama, Hara, Yamaguchi, & Miyawaki, 2004). 

Notably, these effects are not due to indirect effects, such as promoting the 

survival of the neurons. Early experiments demonstrated that the effects of glial cells on 

synaptic development were the same in cultures of aged neurons where the survival was 

more stable (Pfrieger & Barres, 1997). These results supported the notion that the 

increase in synapse number was not due to an increase in the number of neurons. 

Astrocytes are also known to be critical for the proper physiological properties of 
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synapses, and are known to modulate neuron excitability and synaptic function . Pfrieger 

and Barres ( 1997) revealed that synaptic efficacy of retinal ganglion cells was increased 

by the presence of glial cells in culture. Studies by Nagler and colleagues (2001) 

confirmed these findings . Experiments by Perea and Araque (2007) demonstrated that 

astrocytes potentiate transmitter release at hippocampal CA3-CA1 synapses in vitro. 

Importantly, there is a physiological correlate for these findings. During 

development, astrocytes appear during the critical period of synaptogenesis (Ullian, et al. , 

2001). Most neurons innervate their target area approximately one week prior to synapse 

formation (Pfrieger & Barres, 1996), and it is during this week that the astrocytes are 

generated. Therefore there is a spatiotemporal correlation between astrocyte appearance 

and synaptogenesis. Additionally, thrombospondins, extracellular matrix proteins that are 

secreted by astrocytes, are expressed in the brain during the peak period of 

synaptogenesis (Christopherson, et al. , 2005). These findings suggest that immature 

astrocytes provide a permissive environment during a critical developmental window in 

which synapses can form. 

1.5.3 Astrocytes and disease 

Glial cells are associated with a number of diseases. Perhaps the most widely 

recognized disease is multiple sclerosis (MS) (reviewed in Jessen, 2004). GliaJ cells are 

also involved in the neuropathology of Charcot-Marie-Tooth disease, and a number of 

malignant brain tumors are derived from glial cells (Jessen, 2004). Additionally, due to 

the ability of astrocytes to remove cytotoxic elements from the extracellular milieu, 

astrocytes are likely to be involved in the pathology of stroke and Alzheimer's disease 

(Jessen, 2004). Recently, Ballas and colleagues (2009) demonstrated that astrocytes play 

a role in the development of Rett syndrome. 

1.5 .4 Astrocytes in Fragile X Syndrome 

As mentioned above, astrocytes play a role in synaptic pruning and dendritic 

spine morphology, both processes that are altered in FXS. Therefore, it is plausible that 
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there is also some role for astrocytes in the development of the neuropathology seen in 

FXS. 

1.5.4.1 Astrocytes and FMRP 

Previously, FMRP was thought to be present exclusively in neurons, with 

negligible expression in other cell types such as mature glia (Bakker, et al., 2000; Devys, 

et al., 1993). However, Wang and others (2004) revealed that FMRP is present in 

precursor, but not in mature, oligodendrocytes. Notably, our lab recently confirmed the 

presence of FMRP in putative astrocytes of the developing brain (Pacey & Doering, 

2007). In those experiment , FMRP was expressed in differentiating glial cells in vitro, 

and was co-expressed with GFAP in regions of the fetal and early postnatal mouse brain. 

Therefore, it is possible that a loss of FMRP, as seen in FXS could result in the altered 

regulation of signaling in astrocytes, as theorized to occur in neurons. The resulting 

deregulation of protein interactions could render the astrocytes less capable of effectively 

promoting the appropriate development of synapses and dendritic spines, and could 

contribute to the alterations in neuronal development seen in FXS. 
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HYPOTHESES & SPECIFIC AIMS 


80 




Ph.D. Thesis - Shelley Jacobs McMaster University - Medical Sciences 

Chapter 2: Hypotheses & Specific Aims 

2.1 Hypotheses 

The central idea around which the experiments presented in this dissertation were 

designed can be summarized as: 

Astrocytes contribute to the development of 


the abnormal neurobiology seen in Fragile X Syndrome. 


In an attempt to prove this central theory, a number of specific hypotheses can be 

proposed. The experiments presented herein focus on the following two specific 

hypotheses: 

1) Fragile X Astrocytes alter the maturation of dendritic arbors of neurons in 


Fragile X Syndrome. 


2) Fragile X Astrocytes contribute to the altered excitatory synapse 


development of neurons in Fragile X Syndrome. 


2.2 Specific aims 

In order to prove these hypotheses as true, a number of specific aims were generated as 

follows: 

Specific Aim 1: To show that Fragile X astrocytes alter the morphology of the dendrites 

of hippocampal neurons in culture. 

Specific Aim 2: To show that Fragile X astrocytes change the early excitatory protein 

expression in hippocampal neurons in culture. 

Specific Aim 3: To demonstrate that wild type astrocytes support the growth of normal 

dendritic arbors in Fragile X neurons in culture. 

Specific Aim 4: To demonstrate that wild type astrocytes promote normal excitatory 
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synaptic protein expression in Fragile X neurons in culture. 


Specific Aim 5: To show that the Fragile X astrocytes impart a developmental delay on 


the maturation of dendritic arbors in vitro. 


Specific Aim 6: To demonstrate that the Fragile X astrocytes delay the formation of 


excitatory synapses in vitro. 


2.3 Summary of manuscripts: 

Tbe manuscripts presented in this dissertation each address one or more of these 

aims, and can be summarized as follows: 

Chapter 3: Primary dissociated astrocyte and neuron co-culture 

This manuscript describes the co-culture methods used for all experiments in the 

dissertation. These methods are presented here as a chapter, rather than in the Appendix, 

as the methods as described were included as a chapter in Protocols for Neural Cell 

Culture, 4111 Ed.. 

Chapter 4: Astrocytes prevent abnormal neuronal development m the Fragile X 

mouse 

The experiments m this manuscript address specific aims 1 through 4. 

Morphological measurements of the dendritic arbors of isolated neurons were obtained 

using Neuronmetrics™, a plug-in for Image J. Quantification of pre- and post- synaptic 

protein clusters were determined using a custom-written plug-in for Image J, and were 

assessed independently for isolated neurons. The results show that Fragile X astrocytes 

contribute to the development of abnormal dendrite and synapse development in 

hippocampal neurons in culture. Furthermore, the findings demonstrate that normal 

astrocytes can prevent the abnormal dendrite and synapse development in Fragile X 

neurons. 

Chapter 5: Fragile X astrocytes induce developmental delays in dendrite maturation 
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and synaptic protein expression 

The experiments presented m Chapter 5 address specific aims 5 and 6. 

Morphological measurements of the dendritic arbors of cells were obtained using 

Neuronmetrics™, a plug-in for Image J. The formation of excitatory synapses was 

measured by quantifying the number of co-localized pre- and post-synaptic protein 

clusters (puncta) along 50µm segments of dendrites. The experiments extended over three 

time points (7, 14, and 21 days in culture), in order to ascertain whether or not, normal 

dendritic growth and excitatory synapse maturation would eventually occur even in the 

presence of Fragile X astrocytes. The findings illustrated that the abnormalities in 

dendrite morphology and synaptic protein expression induced by Fragile X astrocytes, 

were only a temporary delay in development; by 21 days in culture, the neurons exhibited 

characteristics similar to those grown on normal astrocytes. 

Chapter 6: Primary mouse hippocampal neurons develop abnormal dendritic arbors in 

the presence of Fragile X astrocytes 

The experiments presented m Chapter 6 address specific aim 5. In these 

experiments, Sholl analysis was used to ascertain developmental delays in dendrite 

maturation between neurons grown on normal and Fragile X astrocytes. This analysis of 

morphological alterations also sought to determine whether the developmental delays 

were specific to any of the five subtypes of neurons that could be identified in the 

hippocampal neuron cultures. The findings provided some interesting insight into the 

nature of the dendritic abnormalities. First, the results illustrated that the increase in 

dendritic branching seen in the previous study was due to an increase in short or 

inappropriately oriented dendritic branches, and that neurons grown with Fragile X 

astrocytes exhibited a decrease in the longer, and perhaps more mature branches. Second 

the findings revealed that neurons with a stellate neuron morphology (similar to that of 

spiny stellate neurons) were more pervasively affected by growth with Fragile X 

astrocytes. 
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CHAPTER 3. 

PRIMARY DISSOCIATED ASTROCYTE AND NEURON 

CO-CULTURE 
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3. Chapter 3 

3.1 Preface to Chapter 3 

This chapter consists of an author generated version of a methods paper entitled 

"Primary dissociated astrocyte and neuron co-culture", that was published in Protocols 

for Neural Cell Culture, 4th Ed, used with kind permission from Humana Press, Springer 

Science+ Business Media. See Appendix II for attached copyright license. 

3.1.1 Author's contributions 

For this paper I generated the method based on modifications to those existing in 

the literature, compiling aspects of various culture protocols as necessary. I then 

optimized the method in practice. I wrote the manuscript, and created the figures and 

tables within. Dr. Doering edited the manuscript and provided guidance and advice in the 

generation of the protocol. 

3.1.2 Background and rationale 

In order to address the central hypothesis stated in the previous chapter, it was 

necessary to create a co-culture protocol for neurons and astrocytes that could be 

independently isolated from mice of different genetic backgrounds. Earlier primary 

neuron-glia culture protocols involved the isolation of both cell types simultaneously 

from the same animal in a mixed culture (Lester, Quarum, Parker, Weber, & Jahr, 1989). 

In order for us to investigate the effect of FMR.1 null astrocytes on wild type (WT) 

neurons (or vice versa), we required the option of isolating the cell types from separate 

animals. More recently, neuron-glia co-culture procedures are performed in a manner that 

requires the isolation of the astrocytes and neurons independently (Kaech & Banker, 

2006). However, many of the current protocols utilize rat astrocytes, even when 

culturing mouse neurons. Furthermore, the protocols often suggest that the neurons be 

grown on pre-treated coverslips that are then inverted over a layer of astrocytes in culture 
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(Kaech & Banker, 2006). In this way, the neurons are able to benefit from the astrocyte­

derived growth and maturation cues, and yet the neurons are separated to permit 

unobstructed observations of the neuron morphology. However, in addition to astrocyte­

secreted signals, there are membrane-delimited signals on glial cells that are important 

for normal neuron growth (Hama, et al., 2004; Murai , et al., 2003; Nishida & Okabe, 

2007). For this reason, and for technical simplicity, we decided to modify the cmTent 

neuron-astrocyte co-culture protocols to allow the culture of primary mouse neurons 

directly on top of independently isolated mouse astrocytes. This protocol is included in 

the following. 
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3.2 Primary Dissociated Astrocyte and Neuron Co-culture 

Shelley Jacobs 1 and Laurie C. Doering t • 

1. Department of Pathology and Molecular Medicine, McMaster University, 1200 Main 
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3.2.1 Summary 

We describe a method to isolate and co-culture dissociated hippocampal neurons and 

cortical astrocytes from young mice (El 7 and newborn, respectively). This protocol is 

useful to investigate the effects of astrocytes on the developmental biology of neurons. 

By independently isolating the astrocytes and neurons (with different genetic 

backgrounds) from different mice, an in vitro environment can be created where one cell 

type is deficient in a gene or protein of interest. For example, this method is well suited to 

examine the effect of a genetic mutation in astrocytes on the development of neuronal 

processes and synapses. 

Key Words 

mouse, astrocyte, neuron, co-culture, development 
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3 .2 .2 Introduction 

To facilitate the study of interactions between cells of the central nervous system (CNS), 

in vitro preparations are often the method of choice by many neuroscientists. When 

neurons are isolated from their in vivo niche, it becomes possible to manipulate specific 

aspects of their development, maturation and signaling. In vitro cellular preparations can 

also be used to probe the effects of a genetic mutation (knockout mouse strain) on a 

specific CNS cell type without the complications and restrictions imposed by the in vivo 

environment. 

Hippocampal neurons can be isolated from embryonic or adult tissue. See also the 

Chapter by Nault and De Koninck (2009). However, the isolation of cells from the 

embryonic CNS is easier from a technical viewpoint. Neurons and their precursors can be 

dissociated from late stage embryos (i.e. , El 7 mouse) with higher viable yields due in 

part to the immature neural networks. Primary hippocampal neurons grown in vitro 

develop extensive dendritic arbors studded with characteristic dendritic spines. When 

seeded in sufficient density, these neurons form networks mediated by synaptic 

connections ( 1 ). 

The cellular homogeneity exploited in a number of in vitro paradigms, where neurons are 

the primary cell type of interest, bas prompted a number of laboratories to develop 

protocols for their isolated growth. However, it appears that unlike their peripheral 

counterparts, CNS neurons reqmre astroglial support for normal development. This 

support can come in variety of forms . Some researchers grow neurons in chemically 

defined media that has been preconditioned by astrocytes, and therefore contains the 

soluble astrocyte-derived factors required for neuron growth (2,3). Others have developed 

a protocol where neurons can be grown in a "sandwich" culture, where the neurons are 

grown on a coverslip, inverted on a mono layer of astrocytes ( 4). Alternatively, and 
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perhaps the least comp I icated, is the use of mixed cultures of neurons and astrocytes from 

the same tissue source, in which the astrocytes quickly form a monolayer beneath the 

neurons (3,5). 

Given that CNS neurons require glial interactions for growth, it is important to have 

methods to investigate the molecular interactions between neurons and glial cells. Here 

we describe a protocol that is relatively simple from a technical point of view, yet 

provides a means for investigating the effects of non-neuronal cells on neuronal 

development. Specifically, this protocol examines neuronal maturation and synaptic 

development when combined with astrocytes carrying a specific genetic mutation. Here, 

the neurons are isolated from the hippocampus of a late embryonic mouse and co­

cultured directly in apposition to cortical astrocytes from a newborn mouse pup. The co­

culture is maintained on glass coverslips to facilitate immunocytochemical studies. This 

protocol therefore provides a key means to investigate the effects of astrocytes on 

neuronal growth and synapse formation in genetic mouse models of disease. 

Our protocol is divided into four steps: cortical astrocyte isolation, preparation of 

coverslips for co-culture, plating cortical astrocytes for co-culture, and isolating and 

plating hippocampal neurons for co-culture (Figure 3.1) It is important to note that the 

steps of this protocol are dependent on the coordinated timing of astrocytes in culture 

with a timed-pregnant mouse at the appropriate gestational age (El 7). Here, El 7 is 

determined with the day of the sperm plug counted as El. For the purposes of outlining 

the timing of the protocol the day of neuron isolation will be considered the pivotal step, 

and the timing of all other steps will be counted from that day. 

89 




-----

- --

Ph.D. Thesis - Shelley Jacobs McMaster University - Medical Sciences 

Table 3 .1. Approximate time to perform each step 

STEP 1. Isolating cortical astrocytes for co-

culture 

STEP 2. Preparing coverslips for co-culture 

,____ 
STEP 3. Plating cortical astrocytes for co­

culture 
,______·------· 

STEP 4. Isolating and plating hippocampal 

-·--·.~-~~-n-------r-

I neurons for co-culture 

3 .2.3 General Equipment 

Biological hood 

Water bath (37°C) 

Dissecting microscope 

Centrifuge 

Cell culture incubator, 3 7°C, 5% C02 

3.2.4 Solutions 

.5 - 2 hours 

DAY 1: 30 min- 1 hour 

DAY 2: 1 hour 

1 hour 

2 - 3 hours 

Calcium and Magnesium Free Hanks Buffered Saline Solution (CMF-HBSS)(lOO ml) 

10 ml 1OX HBSS (Invitrogen, Cat No. 14185-052) 

1 ml IM HEPES (Invitrogen, Cat No. 15630-080) 

89 ml dH20 

Filter through 0.22 µm filtration system (Stericup, Cat. No. SCGPU01RE/SCGPU05RE) 

Glial Media (GM) (100 ml) 

10 ml Horse Serum (Invitrogen, Cat. No. 16050-122) 

2 ml 30% (w/v) D-Glucose (filtered through 0.22 µm filter) 
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(Sigma, Cat. No. G8769) 

88 ml Minimal Essential Media with Earl Salts and L-Glutamine 

(MEM) (Invitrogen, Cat. No. 11095-080) 

*Can be stored at 4C for up to a week 

Phosphate Buffered Saline (PBS) (500 ml) 

50 ml 0.1 M Phosphate buffer 

450 ml 0.9% (w/v) NaCl in dH20 (Sigma, S6191) 

Filter through 0.22 µm filtration system (Stericup, Cat. No. SCGPU01RE/SCGPU05RE) 

Neural Maintenance Media (NMM) (100 ml) 

1 ml N-2 Supplement (1 OOX)(Invitrogen, Cat. No. 17502-048) 

1 ml 100 mM Sodium Pyruvate Solution 

(Invitrogen, Cat. No. 11360-070) 

2 ml 30% (w/v) D- Glucose 

(filtered through 0.22 µm fi lter, Stericup, Cat. No. SCGPUOlRE) 

(Sigma, Cat. No. G8769) 

96 ml MEM (Invitrogen, Cat. No. 11095-080) 

* make fresh (can be stored for 24 hours at 4C) 

3.2.5 Isolating Cortical Astrocytes for Co-Culture 

3.2.5.1 Reagents & Equipment 

4 newborn mouse pups (postnatal day 0 or 1) 

(4 pups will prepare enough astrocytes for I T75 flask) 

Dissecting tools sterilized with 95% EtOH Fine dissecting forceps (2 pair), curved 

forceps, curved scissors, small scissors 

60 mm x 15 mm tissue culture dishes (Falcon, Cat. No. 353002) 
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15 ml polystyrene falcon tubes (Falcon Cat. No. 352095) 


50 ml falcon tubes (Falcon, Cat. No. 352070) 


70 µm cell strainer (Falcon, Cat. No. 352350) 


T75 culture flask (Sarstedt, Cat. No. 41111066) 


5 ml serological pipettes 


12 ml serological pipettes 


1.5 ml Eppendorf tubes (for tail samples for genotyping if desired) (Eppendorf, Cat. No. 


022364120) 


No.20 scalpel blades 


CMF-HBSS (See Solutions) 


DNase I (Roche Applied Science, Cat. No. 10104159) 


1 aliquot (1.5 ml) 2.5% (lOX) Trypsin (Invitrogen, Ca.t No. 15090-046) 


10% Glial Media (GM) (See Solutions) 


3.2.5.2 Protocol 

Preparation 

1. Tum on water bath (37°C) and biological hood 


2. Place 1 aliquot 2.5% trypsin in water bath 


3. Sterilize dissecting tools and area 


4. Prepare DNase I 


i) Weigh 15 mg ofDNase into 15 ml falcon tube 


ii) In hood, add 1.5 ml sterile CMF-HBSS 


5. In hood, add 4 ml CMF-HBSS to each 60 mm culture dishes (4 required) 


6. In hood, add 8 ml CMF-HBSS to a 50 ml falcon tube 


Cell isolation: 


7. Isolate brain from pup and place into one dish with CMF-HBSS 


8. Repeat with 3 other pups 


(optional - clip tail for genotyping, place in 1.5 ml Eppendorf tubes and store at -20°C) 


9. Under dissecting microscope, remove hemispheres from hind brain and mid brain, and 
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place hemispheres into second 60 mm dish 

10. Remove meninges and place into 3rd 60 mm dish 

CAUTION: Removal of meninges must be complete. Meninges contain fibroblasts 

which can overgrow the astrocyte culture. 

11. Remove hippocampi and place isolated cortices into final 60 mm dish 

12. Mince cortices with No. 20 scalpel blades 

13. In biological hood, transfer tissue and CMF-HBSS to 50 ml falcon with 8 mis CMF­

HBSS 

14. Rinse culture dish with 1.5 ml DNase solution and add to 50 ml falcon tube 

15. Rinse culture dish with 1.5 ml 2.5% Trypsin and add to 50 ml falcon tube 

16. Swirl tube, and place in 3 7°C water bath for 5 minutes 

17. Triturate with 12 ml serological pipet 10 times, expelling cell suspension against side 


of tube, and return to 37°C water bath for 5 minutes 


18. Triturate with 5 ml serological pi pet 10-15 times, and return to water bath for 5 


minutes 


19. Remove from water bath and add 15 ml of 10% GM, and triturate well. 


20. Pass cell suspension through cell strainer into second 50 ml falcon tube 


21. Centrifuge for 5 min (150-200g) 


22. Re-suspend in 20 mis of 10% GM and plate in T75 flask. 


TIP: The cortices of 4 mouse pups should yield on average, 8 x 106 cells, which is an 


appropriate quantity to seed in one T75 flask. 


23 . Place in incubator 37°C, 5% C02 

24. Replace with fresh GM after 24 hours. 


TIP: do not be alarmed if there appears to be few cells attached to flask. The astrocytes 


will proliferate quickly. Seeding the astrocytes at too high a density may result in an 


increased number of microglia in the culture (in high numbers these are toxic to neuron 


growth). 


25. Replace half the GM every 2-3 days. 


TIP: while maintaining the culture, never change the media completely; the conditioning 
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of the media promotes astrocyte growth 


TIP: When changing media, slap the flask 5-10 times on the palm of your hand before 


changing the media. This will help removed any loosely bound cells, and reduce the 


numbers of microglia in the culture. 


TIP: Astrocytes usually reach an appropriate level of confluence to be used for co­


culture after 10-14 days in culture. 


3.2.6. Preparing Coverslips for Co-Culture 

DAYl 

Reagents & Equipment 

24 well tissue culture plates (Falcon, Cat. No. 353047) 

13 mm round glass coverslips (Bellco Glass, Cat. No. 1943-00012) 

95% EtOH in a small beaker 

Forceps 

EtOHbumer 

Serological pipets 

Sterile Pasteur pipets 

Sterile filtered dH20 (filtered with 0.2 µm filter) 

Sterile filtered Poly-L-Lysine (PLL)(Sigma, Cat. No. Pl399 lmg/ml) (filtered before use 

with 0.2 µm filter) 

3.2.6.1 Protocol Day 1 

1. In hood, using forceps, dip coverglass into 95% EtOH and pass through flame of 

burner. 

2. Allow to cool for a few seconds and then place into one well of 24 well plate. 

3. Repeat as necessary for the number of wells desired. 

4. Rinse each coverslip with 0.5 ml dH20. 

5. Apply 0.5 ml PLL per well, making sure the coverslip is fully submerged. 


TIP: You can use the pipet tip or drop more PLL on the coverslip to ensure full coverage. 
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6. Cover each 24 well plate with a sheet of paper towel, and place into fridge ( 4 °C) 


overnight. 


DAY2 


Reagents & Equipment 


Sterile Filtered dH20 (filtered with 0.2 µm filter) 


Sterile Phosphate Buffered Saline (PBS) (see Solutions) 


Natural Mouse Laminin (Invitrogen, Cat. No. 23017-015, aliquoted and stored at - 80°C. 


3.2.6.2 Protocol Day 2 

7. Remove PLL. 


TIP: PLL can be re-used. Store at 4°C, and filter before each use. 


8. Wash 2 times with dH20. 


CAUTION: do not allow coverslips to dry out before unbound PLL is completely rinsed. 


off. This could cause decreased cell survival. 


9. Allow plates to air-dry completely in hood. (approximately 30 min) 


l 0. Dilute Laminin in sterile PBS, and add 0.5 ml per well. 


(optional - Wrap edges with parafilm) 


11. Incubate for at least 4 hours, or more commonly overnight, at room temperature (RT). 


TIP: PLL/laminin coating is stable for up to 2 days at RT. 


NOTE: before plating cells, the laminin needs to be removed, the wells washed 2 times 


with MEM, and filled with 10% GM. The plates can then be stored in the cell culture 


incubator until use. This is done the day of astrocyte plating. (STEP 3. Plating Cortical 


Astrocytes for Co-Culture) 


3.2.7 Plating Cortical Astrocytes for Co-Culture 

3.2.7.1 Reagents & Equipment 

Previously PLL/Laminin prepared coverslips in 24 well plates 

(STEP 2. Preparing Coverslips for Co-Culture) 
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1 T75 Flask of Astrocytes (isolated approximately 2 weeks prior) 

(STEP 1. Isolating Cortical Astrocytes for Co-Culture) 

Minimal Essential Media (MEM) (Invitrogen, Cat. No. 11095-080) 


10% Glial Medium (GM) 


Neural Maintenance Medium (NMM) (See Solutions) 


1 aliquot (10 mls) 0.05% Trypsin EDTA (Invitrogen, Cat. No. 25300-062) 


15 ml polystyrene Falcon tube (Falcon, Cat. No. 352095) 


0.5 ml Eppendorf tube (Eppendorf, Cat. No. 0030124.502) 


200 µl yellow tips 


Hemacytometer (for counting cells) 


Trypan Blue (to determine viability if desired) 


3.2.7.2 Protocol 

Preparation 

1. Wash prepared coverslips 2 times with 0.5 ml MEM. 


CAUTION: Be careful not to let the coverslips dry between washes. This is toxic to 


cells. 


2. Replace MEM with 0.5 ml per well 10% GM, and place in incubator 37°C, 5% C02 to 


equilibrate. 


3. Remove media from T75 flask. 


4. Wash with 5 ml 0.05% Trypsin-EDTA. 


5. Add second half of trypsin aliquot, and place into incubator (37°C, 5% C02) for 5 


minutes (approx). (Check flask to make sure the majority of cells are rounded up and 


floating) 


6. Add 5 ml 10% GM to flask, and rinse 5 times. 


7. Move cell suspension into 15 ml falcon tube and centrifuge 150-200g for 5 minutes. 


8. Remove supernatant and re-suspend cells in 2 ml 10% GM. 


9. Count cells to determine cell density in suspension, and calculate the number of µl 


needed to result in 9000 cells/well. 
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e.g. Cell concentration in suspension is 1245 cells/ul. Want 9000 cells/well. .. 9000/1245 

is 7ul. Therefore add 7ul of cell suspension to each well of the 24 well plate previously 

equilibrated in the incubator. 

l 0. Replace half of GM after 3 days. 


TIP: Do not replace all of the media. The astrocytes require the conditioned media for 


optimal growth. 


11. At 6 days in culture replace 10% GM with neural maintenance medium (NMM) in 

preparation for STEP 4. Isolation and Plating Hippocampal Neurons for Co-Culture. 

3.2.8. Isolating and Plating Hippocampal Neurons for Co-Culture 

3.2.8. 1 Reagents & Equipment 

Timed Pregnant Dam Mouse: 4 mouse pups at E17 (Day of plug is El). 


( 4 pups will prepare enough neurons for 1 experiment) 


Previously Plated Astrocytes (With NMM conditioned media i.e., NMM added 24 hours 


prior to neuron isolation (STEP 3. Plating Astrocytes for Co-Culture) 


Dissecting tools sterilized in 95% EtOH: fine dissecting forceps (2 pair), curved forceps, 


curved scissors, small scissors, 3 pairs of forceps and 3 pairs of scissors (one set for each 


tissue level of the dissection) 


4 100 mm tissue culture dishes (Falcon, Cat. No.353003) 


4 60 mm X 15 mm tissue culture dishes (Falcon, Cat. No. 353002) 


1 15 ml polystyrene Falcon tube (Falcon, Cat. No. 352095) 


5ml serological pipettes 


Sterile Pasteur pipettes 
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Sterile Fire Polished Pasteur pipettes (Polished to remove sharp edges) 

Sterile File Polished Pasteur pipette with borehole diameter reduced to half original size ­

no less 

4 1.5 ml Eppendorf tubes (for tail samples for genotyping if desired) (Eppendorf, Cat. 


No. 022364120) 


0.5ml Eppendorf tubes (for counting cells) (Eppendorf, Cat. No. 0030124.502) 


Hemacytometer (for counting cells) 


Sterile filtered saline (0.9% w/v NaCl in dH20) (Sigma, Cat No. S6 l 9 l )(Filtered through 


0.22 µm filter, Stericup Cat. No. SCGPU05RE) 


CMF-HBSS (See Table 2.) 


l aliquot (0.5 ml) 2.5% Trypsin (Invitrogen, Cat. No. 15090-046) 


NMM (See Solutions) 


3.2.8.2 Protocol 

Preparation 

1. Tum on water bath (37°C) and hood. 


2. Place 1 aliquot 2.5% trypsin in water bath. 


3. Sterilize dissection tools and dissecting area. 


4. In hood, add 4 ml CMF-HBSS to each of 4 60 mm culture dishes. 


5. Add 15 ml sterile saline to each of 4 100 mm culture dishes. 


Pup isolation: 


6. Euthanize preganant dam. 


7. Remove uterus and place into one 100 mm culture dish. 


8. Rinse blood from uterus and move into second 100 mm culture dish . 


9. Remove four pups randomly from uterus and place into third 100 mm dish. 


Hippocampal isolation: 


10. Using curved scissors decapitate pup, and place in fourth 100 mm dish. 


11. Remove brain and place into one dish with CMF-HBSS. 


TIP: When dissecting out the brain, it can help to stabilize the skull with forceps placed 
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through the eye sockets. 

12. Repeat with 3 other pups. 


(Optional - clip tail for genotyping, place in 1.5 ml Eppendorf tubes and store at -20°C) 


13. Under dissecting microscope, remove hemispheres from hindbrain and midbrain, and 


place hemispheres into second 60 mm dish. 


14. Remove meninges and place cleaned cortices into 3rd 60mm dish. 


CAUTION: The removal of meninges needs to be complete. 


15. Isolate the hippocampi and place into final 60 mm dish 


TIP: When isolating the hippocampus handle it as little as possible to avoid damaging 


the tissue. To minimize damage to the hippocampus, it may help to manipulate the brain 


by grasping the cortex with a pair of forceps. 


Cell isolation: 


16. In biological hood, transfer tissue and CMF-HBSS to 15 ml falcon tube and add 0.5 


ml CMF-HBSS (to bring volume to 4.5ml) 


17. Add 0.5 ml 2.5% Trypsin to 15 ml falcon tube. 


18. Swirl tube, and place in 37°C water bath for 15 minutes. 


19. Remove supernatant (as much as possible), and add 5 ml CMF-HBSS. Swirl tube and 


let stand for 5 minutes. 


20. Repeat 2 times. 


CAUTION: Care must be taken to ensure hippocampal tissue is not removed with the 


supernatant. 


21. Remove supernatant and add 2 ml NMM. 


22. Triturate 10-15 times with a fire-polished glass pipette. 


23. Switch to a reduced borehole fire-polished pipette and triturate another 10-15 times. 


CAUTION: Avoid generating air bubbles. These will reduce the neuron yield. 4 mouse 


pups should yield ~ 4 x 106 cells, with a viability of >85%. Expel suspension against the 


wall of the tube to minimize the generation of air bubbles. 


TIP: When the cells are fully isolated the suspension will appear cloudy, and will 


contain no visible tissue. 
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22. Determine cell suspension density, and the number of µl required to yield 20,000 cells 

per well. 

23. Add the appropriate measure of cell suspension to each well of previously plated and 

conditioned astrocytes. 

24. Place in incubator 37°C, 5% C02. 

25. Replace one third of media with fresh NMM every 7 days in culture, as necessary. 

TIP: Do not replace all of the media. The neurons require conditioned media from the 

astrocytes for optimal growth. 

NOTE: Many other neuron-astrocyte co-culture protocols include the addition of a glial 

inhibitor, such as cytosine arabinoside (AraC), to the medium a few days after the co­

culture is established. We prefer not to use inhibitors in consideration that glial inhibitors 

can alter cell physiology (6,7,8). Instead, we rely on the knowledge that our starting 

population, E17 mouse hippocampus, consists of a relatively low population of glial cells 

and the NMM used in this protocol does not promote glial proliferation. Under these 

conditions we obtain a relatively low level of glial contamination in our neuron 

population. 

3.2.9. Critical Steps 

Removal of meninges. This is important to ensure minimal contamination of culture 

with fibroblasts which do not support neuron growth. 

Plating density of the astrocytes. Astrocytes should be seeded at no more than 1 xl07 

cells/T75 flask (~7.5-8 X 106 cells/T75 flask is optimal). Increasing the density can result 

in the increase growth of microglia that, in high numbers, is toxic to neuron growth. 

Cooling coverslips. Ensure coverslips are cooled sufficiently. Coverslips that are still 

warm may stick to the plastic of the 24 well plate. 

Rinsing coverslips with dH20. The EtOH needs to be rinsed completely. Residual EtOH 

is toxic to cells. 
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Applying PLL to coverslip. Check all coverslips - Do not assume coverslips are 

completely immersed in PLL. Sometimes air bubble can accumulate and lift the coverslip 

so that some, or all, is exposed beyond the PLL. If the coverslip is not submerged, the 

astrocytes may not adhere to and cover the entire surface of the coverslip. 

Washing after PLL. Do not allow coverslips to dry before all unbound PLL is removed. 

Residual unbound PLL is toxic to cells. 

Air drying of coverslips before laminin. Ensure coverslips are completely dry prior to 

the addition of laminin. Residual moisture can prevent the laminin from coating the 

coverslips effectively and can result in poor adherence of the cells. 

Washing after laminin. Do not allow covers~ips to dry before all unbound laminin is 

removed. Residual unbound laminin is toxic to cells. 

Washing with 0.05% Trypsin EDTA. Rinsing with trypsin by incubation at RT for 

approximately a minute, and discarding this portion, helps remove any loosely bound 

cells (i.e. , contaminating microglia). 

Conditioning NMM. The conditioning of the NMM is essential for optimal neuron 

growth. The GM on the plated astrocytes should be replaced with NMM at least 24 hours 

before the addition of the neurons to the culture. If neuron survival is not adequate, 

increase the conditioning time to 48 hours. 

Washing of hippocampi after trypsin. Care needs to be taken when performing this step 

to ensure that hippocampal tissue is not removed with the supernatant. During the initial 

washes the tissue may not fully settle into the bottom of the tube. Remove only as much 

supernatant as possible with each wash. The removal of the supernatant becomes easier 

with each successive wash. If the supernatant cannot be adequately removed after three 

washes, wash a fourth time. At this point the tissue should settle more completely into the 

bottom of the tube. Do not centrifuge to expedite this process; centrifugation will 

decrease neuron yield. 

Trituration of hippocampal tissue. Avoid the generation of air bubbles as this will 

reduce neuron yield. The expulsion of the suspension against the side of the tube will 

reduce the generation of air bubbles. The cells will be adequately released from the tissue 
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when the suspension appears cloudy with no visible pieces of tissue. 

3.2 .10 Typical Protocol Results 

Table 3.2 Typical Cell Yield 

Source , Number of cells 

Mouse Cortex (newborn: PO-Pl) (4 pups) l~ 8 x_106 c~l~_
I 

Mouse Cortical Astrocytes ( 1 flask) I ~ 1-1.5 x 106 cells 

I 

Mouse hippocampus (El 7) (4 pups) ~ 4 x 106 cells 

An example of a neuron-astrocyte co-culture is shown in Figure 3.2. We obtain 

populations of astrocytes with >95% of cells positive for the astrocyte marker, glial 

fibrillary acidic protein (GFAP). In part, this could be due to conditions that promote 

GFAP+ cell growth that are inherent to this protocol (e.g., seeding a low density, plating 

on laminin, etc.) (9). We suggest that this should be routinely monitored by 

immunocytochemistry. If a less than an ideal proportion of cells are positive for GFAP, 

or if a more pure population of astrocytes is desired, there are many options for attaining 

such a population as outlined in Chapter 11 and also reviewed in reference 9. See Table 1 

as a troubleshooting guide. 
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Table 3.2 Troubleshooting Guide 

, Problem Potentia_I_c_a_use _____c

Yield normal, but astrocytes Failure of astrocytes to 
1 die shortly after plating adhere to substrate 

process 
----+-=--E-ns~r~ 

1 Sticky mass develops while 
isolating cells from tissue 

Triturating too vigorously 
Pipette tip too small 
Pipette tip too sharp 

---+------------+ yieldj 

Neuron yield low j Triturating too vigorously 
I 

I Borehole of pipette too 

!small 

Ensure that glass pipettes 
are fully fire poli shed. 

Pipette tip too sharp The tip of al ml plastic 
pipette is too sharp for 
optima! release of neurons. -
Add NMM to glial cultures 

, Slow initial development of Insufficient conditioning of 
at 4 8 hours prior to plating

NMM1 neurons 
neurons -' 

Media exposed too long to 
air while plating 

-

Glial feeder layer has high 
numbers of microglial

Sub-optimal neuron survival 
(toxic to neurons), orIor maturation fibroblasts (do not support 
neuron growth) 

_orrective ~eas~res j 
Ensure coverslips are 

washed well during coating 	I 
I 

pipett~ is -] 

1 appropriately firepolished, 
and work to triturate more 
steadily. (Trituration takes 
practice to determine the 

I mechanics for optimal cell 

_ 
, Triturate at a steady rate, 
I and expel against the wall 

of the tube 
1 Ensure that the borehole of 
I 

reduced boreholeI t~e 
pipette is no less than half 

I the original diameter 

-
Ensure plates are out of 
IIlCubator for minimum 
time possible. Add cells to 

es only 12 wells at a I~lat 
time, and return to 

meubator between each set. ,
-
Confirm there is a high 
(>9 5%) of GFAP positive 
cells. Discard glial cultures 
witha high percentage of 
m1croglia (small, round, 
phase bright, loosely 
attached), or other GFAP­
negative cells. 
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1 Contamination of culture* 

-

* We do not recommend the 
use of antifungal or 
antibacterial agents. It is 
better to improve sterile 
technique than to risk 
potential development of 
antibiotic resistance of 
contaminant or negative 
effects on the cell 
physiology. 

·-· 
Yeast (1 Oµm diameter with 

' budding structures) - often 
1 as a result of breathing or 
! coughing on the culture 
>- --­

Filamentous fungi that 
. form mats 

; Bacterial (rods/spheres, 
' ; < l µm diameter) - media 
i will tum yellow. 

Reduce talking while 
completing isolation, or 
wear surgical mask. 

Ensure there is no 

contamination in incubator . 

Clean incubator. 

Improve sterile technique. 

Determine source of 

contamination: media, 

substrate for coverslips, 

dissection media 

Replace source of 

contamination 
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Figure 3.1: Co-culture procedure flow diagram 

Schematic diagram illustrating the sequential steps for preparing neurons and astrocytes 

in a co-culture system. 
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2-3 weeks 
before* 

STEP 1. 
Isolate cortical 

astrocytes 

Figure 3.1 
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Figure 3.2: Mouse hippocampal neuron - cortical astrocyte co-culture. 


Typical appearance of astrocytes identified with an antibody to GFAP (red) and neurons 


marked with an antibody to MAP2 (green). All cell nuclei counterstained with DAPI 


(blue). Co-culture photographed after 7 days in vitro. 
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Figure 3.2 
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CHAPTER4: 

ASRTOCYTESPREVENTABNORMAL 

NEURONAL DEVELOPMENT IN THE FRAGILE X MOUSE 
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4. Chapter 4 

4.1 Preface to Chapter 4 

This chapter is comprised of an author-generated version of an article prepared for 

submission to the Journal of Neuroscience. Following the reviewers suggestions the 

article was revised and resubmitted on the 9th of October; Submission #JN-RM-5027-09. 

4.1.1 Author contributions 

For this paper, I designed and performed all of the experiments, photographed the 

images, performed the analyses, carried out the statistical analyses, wrote the manuscript 

and prepared all figures. Dr. Doering provided guidance in the designing of the 

experiments and the editing of the manuscript. 

4.1.2 Background and rationale 

To date, the majority of clinical and basic science research investigating the 

abnormal neurobiological mechanisms that cause FXS has focused on the abnormalities 

intrinsic to the neurons as a function of a loss of neuronal FMRP. Neurons in both 

humans and mice lacking FMRP exhibit abnormal dendrite morphologies (Comery, et al. , 

1997; Dierssen & Ramakers, 2006; Galvez, et al., 2003; Galvez & Greenough, 2005; 

Grossman, et al., 2006; Irwin, et al., 2000; Irwin, et al., 2002; Irwin, et al., 2001; 

Kaufmann & Moser, 2000; Lee, et al., 2003; McKinney, Grossman, Elisseou, & 

Greenough, 2005; Nimchinsky, et al., 2001; Pan, et al., 2004) and altered synaptic protein 

expression (Brown, et al., 2001; Liao, et al., 2008; Pfeiffer & Huber, 2007; Weiler, et al., 

2004; Zalfa, et al., 2007; Zalfa, et al., 2003; Zhang, et al. , 2001), and these atypical 

neuronal characteristics are thought to result in the clinical features of FXS. 

In contrast to the previous belief that FMRP is solely expressed in neurons, more 

recent studies have revealed the expression of FMRP in cells of the glial lineage (Pacey 

112 




Ph.D. Thesis - Shelley Jacobs 	 McMaster University - Medical Sciences 

& Doering, 2007; Wang, et al., 2004). Our laboratory recently demonstrated that 

developing astrocytes also express FMRP (Pacey & Doering, 2007). Interestingly, 

astrocytes are key players in the development of dendrite morphology and synaptic 

maturation (Ballas, et al. , 2009; Christopherson, et al., 2005; Guizzetti, Moore, Giordano, 

& Costa, 2008; Mauch, et al. , 2001; Murai, et al. , 2003; Nagler, et al. , 2001; Nishida & 

Okabe, 2007; Pfrieger & Barres, 1997; Ullian, et al. , 2001). Given that FMRP is also 

expressed in astrocytes it is possible that astrocytes in FXS also suffer from a loss of 

FMRP, and are therefore deficient in their usual role in shaping the neural circuitry of the 

CNS. As such, it is now important to investigate the potential for a role of astrocytes in 

the development of the abnormal neurobiology seen in FXS. 

We therefore used a co-culture protocol (see Chapter 3) in which the neurons and 

astrocytes were independently isolated from wild type (WT) or FMRJ null mice. In this 

manner, we were able to culture the astrocytes and neurons in one of four combinations 

(WT neurons with WT or FMRJ null astrocytes, or FMRJ null neurons with WT or 

FMRJ null astrocytes) in order to isolate the effects of the Fragile X astrocytes on 

neuronal dendrite morphology and synapse maturation. 

4.1.3 Specific aims 

• 	 To show that Fragile X astrocytes alter the morphology of the dendrites of 

hippocampal neurons in culture (1). 

• 	 To show that Fragile X astrocytes change the early excitatory protein expression in 

hippocampal neurons in culture (2). 

• 	 To demonstrate that wild type astrocytes support the growth of normal dendritic 

arbors in Fragile X neurons in culture (3). 

• 	 To demonstrate that wild type astrocytes promote normal excitatory synaptic 

protein expression in Fragile X neurons in culture ( 4). 
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4.2 Astrocytes prevent abnormal neuronal development in the Fragile X 

mouse 
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4.2.1 Abstract 

Astrocytes are now distinguished as major regulators of neuronal growth and synaptic 

development. Recently, they have been identified as key players in the progression of a 

number of developmental disorders; however, in Fragile X Syndrome (FXS), the role of 

astrocytes is not known. Using a co-culture design, we found that hippocampal neurons 

exhibited abnormal dendritic morphology and a decreased number of pre- and post­

synaptic protein aggregates when they were grown on astrocytes from a Fragile X mouse. 

Moreover, we found that normal astrocytes could prevent the development of abnormal 

dendrite morphology and preclude the reduction of pre- and post-synaptic protein clusters 

in neurons from a Fragile X mouse. These experiments are the first to establish a role for 

astrocytes in the altered neurobiology of FXS. Our results support the notion that 

astrocytes contribute to abnormal dendrite morphology and the dysregulated synapse 

development in FXS. 
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4.2.2 Introduction 

Fragile X syndrome (FXS) is a neurodevelopmental disorder, caused by a mutation in the 

Fragile X Mental Retardation 1 (FMRJ) gene (Kremer et al., 1991). Affecting 

approximately 1/2500 individuals (both male and female with the full mutation) 

(Hagerman, 2008), FXS is the most common cause of inherited mental retardation. 

Children with FXS exhibit a wide spectrum of cognitive and behavioural features 

including: mild to severe cognitive impairment, attention deficit, anxiety, social 

withdrawal, susceptibility to seizures, motor disorders and autistic behaviours (Beckel­

Mitchener and Greenough, 2004). To date, the mutation in the FMRJ gene is the leading 

known inherited cause of autism (Reddy, 2005). 

FMRJ codes for the Fragile X Mental Retardation Protein (FMRP) (Devys et al. , 1993), a 

regulator of mRNA translation (Brown et al., 2001 ; Miyashiro et al., 2003; Liao et al., 

2008), that plays an important role modulating the translation of a number of mRNAs 

that are important for dendritic growth (Brown et al., 2001; Lee et al., 2003) and the 

development of synapses (Greenough et al., 2001 ; Miyashiro et al., 2003; Liao et al., 

2008). In FXS, there is an abnormal number (>200) of CGG repeats in the 5' non-coding 

region of the FMR J gene (Kremer et al., 1991 ), which results in hypermethylation, 

transcriptional silencing, and a lack of FMRP. Without FMRP, there is a disturbance of 

translational regulation and a disruption in the composition of the normal protein milieu. 

The Fmr1 knockout (Fmr 1 KO) mouse is a well-established model of FXS. As in the 

human, the Fmr1 KO mouse displays a lack of FMRP (Bakker et al., 1994). This model 

recapitulates many characteristics of FXS, both behaviourally and at the cellular level, 

including: learning impairments (Bakker et al. , 1994), hyperactivity (Qin et al., 2002), 

susceptibility to seizures (Chen and Toth, 2001 ), characteristics associated with attention 

deficits (Nielsen et al., 2002), predictors of autistic behaviours (Frankland et al., 2004), 

and abnormal neuronal dendritic spine development (Comery et al., 1997; Nimchinsky et 

al., 2001). While preclinical and clinical studies have suggested a neuronal pathology in 
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FXS, there is new evidence that glial-neuronal interactions may be important in FXS. In 

the past ten years FMRP has also been found in oligodendrocytes and their precursors 

(Wang et al. , 2004; Castren et al. , 2005). We recently reported that FMRP is also 

expressed in developing mouse astrocytes (Pacey and Doering, 2007). In fact it appears 

that the expression of FMRP is developmentally regulated. Pacey and Doering (2007) 

found that FMRP was expressed in early development in cells of the glial lineage both in 

vitro and in vivo, but not in adult astrocytes. Wang and others (2004) also demonstrated a 

developmental expression of FMRP in glial cells. In their experiments they found that 

FMRP was expressed in oligodendrocyte progenitors but not in mature oligodendrocytes 

(Wang et al., 2004). However, the effect of a lack of FMRP in the glial lineage on 

neuronal development has not been determined experimentally. 

4.2 .3 Results 

In these experiments we investigated the role of astrocytes in the development of the 

abnormal dendrite morphology and synaptic aberrations seen in FXS. In order to examine 

whether astrocytes from an FMRP deficient animal could affect normal neuron growth 

we employed a co-culture procedure in which neurons are grown at low densities 

(400cells/ul) in serum free media (Jacobs and Doering, in press). In these cultures the 

neurons are dependent on a feeder layer of astrocytes for survival (Banker, 1980). 

Consistent with previously reported findings, hippocampal neurons from both wild type 

(WT; normal) and Fmrl KO (Fragile X) mice grown in the absence of an astrocyte feeder 

layer, did not survive. Both WT and Fmr 1 KO neurons grown on WT astrocytes, 

exhibited normal neuronal growth at 7 DIV (Fig. la, top row). In stark contrast, when 

Fmr 1 KO neurons were grown on Fmr 1 KO astrocytes the neurons exhibited a distinct 

abnormal morphology (Fig. 4.la, bottom row). The dendritic arbors were more complex 

and individual processes showed random meandering on the astrocyte surface. 

The survival of Fmr 1 KO neurons (grown on either WT or Fmr 1 KO astrocytes) was 

decreased in comparison to WT neurons (p=0.004, Fig. 4.lb) . However, survival was not 
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significantly affected by growth on Fmr1 KO astrocytes compared to WT, for either WT 

(p=0.977) or Fmrl KO neurons (p=0.382)(Fig. 4.lb). Therefore, the results that we 

present are not due to a density effect or selective neuron survival, and the morphological 

differences seen are a result of some quality of the different astrocyte populations. This 

difference could not be attributed to a significant variance in the purity of the astrocyte 

populations because the astrocytes isolated from both WT and Fmrl KO mice were 98.7 

± 0.5% GFAP positive. Therefore, the observed alterations in the neuronal phenotype can 

be concluded to result from the characteristics of the astrocytes imparted by the genotype 

of their origin animal. 

FmrlKO astrocytes alter the momhology of WT neurons 

In order to evaluate more precisely how the Fmr1 KO astrocytes affected the growth of 

the neurons we performed a detailed morphological analysis of the dendritic arbors . 

After staining with an antibody targeting the dendrite marker, MAP2, isolated neurons 

were selected at random from a minimum of two coverslips per experiment, and the 

morphology of their dendritic arbors was analyzed. WT neurons exhibited altered 

morphology when grown on astrocytes isolated from an Fmrl KO mouse (Fig.4.2a,b). 

Comparison of the dendritic arbor morphology of WT neurons grown on Fmr1 KO 

astrocytes with those grown on WT astrocytes showed: the length of the longest primary 

dendrite and the extent of the area covered by the dendritic arbor were decreased by 

15.5% (p<0.001) and 31.8% (p<0.001), respectively (Fig. 4.2c,d); the area covered per 

micrometer of dendrite was decreased by 17.3% (p<0.001) (Fig.4.2g); the number of 

branches per cell was increased by 13.0% (p=0.046, Fig.4.2e); and, the branch density 

(number of dendritic branches per µm 2
) was increased by 57.4% (p<0.001 , Fig.4.2h). 

These observations indicate that growth on Fmr1 KO astrocytes appeared to alter the 

normal dendritic arborization of WT neurons. 
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WT astrocytes prevent the abnormal dendrite morphology of Fmr 1 KO neurons 

Given that Fmr 1 KO astrocytes impacted the dendrite morphology of the cultured WT 

hippocampal neurons, we next tested whether WT astrocytes are able to prevent the 

development of the abnormal neuron morphology in Fmrl KO hippocampal neurons. We 

analyzed the morphology of Fmr 1 KO neurons grown on both Fmr 1 KO and WT 

astrocytes. Notably, Fmr 1 KO neurons grown on WT astrocytes exhibited morphological 

alterations towards a normal neuronal dendritic phenotype (Fig.4.3a-h). When grown on 

WT astrocytes, Fmr 1 KO neurons exhibited an increase in the length of the longest 

dendrite (16.7%, p<0.001 , Fig.4.3c), the total area covered by the dendritic arbor (36.9%, 

p<0.001 , Fig.4.3d), and the area covered per micrometer of dendrite (24.9%, p<0.001 , 

Fig.4.3g). Conversely, when grown on WT astrocytes, Fmrl KO neurons showed a 

decrease in the number of branches (Fig.4.3e), number of primary dendrites (Fig.4.3f) 

and branch density (Fig.4.3h), by 6.9% (p=0.381), 13.8% (p<0.001) and 33 .3% 

(p<0.001), respectively. However, for all parameters, growth on WT astrocytes restored 

the Fmr 1 KO phenotype closer to the WT neuron morphology. In fact, growth of Fmr 1 

KO neurons on WT astrocytes restored the phenotype by as much as 71 . 7% (Relative 

difference of Fmr 1 KO neurons grown on WT astrocytes vs. Fmr 1 KO astrocytes 

compared to WT neurons grown on WT astrocytes, dotted line in Fig.4.3c-h). These 

observations support the notion that astrocytes from a WT mouse prevent the 

development of abnormal dendritic morphology ofFmr 1 KO neurons. 

Fmr 1 KO astrocytes alter the synaptic protein expression in WT neurons 

Next, we sought to determine if the initial synaptic protein packaging was altered in the 

WT neurons grown on Fmr 1 KO astrocytes. Early in neuron development before synaptic 

formation, pre- and post-synaptic protein complexes are packaged for transport to future 

synaptic sites. These synaptic protein aggregates can be visualized as puncta (spots of 

intense staining) with immunocytochemistry. We used antibodies directed at 

synaptophysin (a pre-synaptic protein that exists as part of the synaptic vesicle 
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membrane) and PSD-95 (a post-synaptic protein that forms part of the post-synaptic 

density) to determine if the early packaging of synaptic proteins was altered. 

At 7 DIV the clustering of both pre- and post-synaptic proteins was altered in WT 

neurons grown on Fmrl KO astrocytes (Fig. 4.4a,b). We found a 34.8% decrease 

(p<0.001 , Fig. 4.4c) in the number of synaptophysin immunoreactive (IR) puncta per cell , 

and a 13.9% reduction (p<0.001 , Fig 4.4d) in the number of PSD-95 IR puncta per cell. 

These results demonstrate that the initial synaptic protein clustering is impaired when WT 

neurons are grown on Fmr1 KO astrocytes. 

WT astrocytes prevent the alterations of synaptic proteins in Fmr1 KO neurons 

Given that the dendritic morphology of Fmr1 KO neurons approached normal when 

grown on WT astrocytes, we examined whether astrocytes from a WT mouse could also 

influence the synaptic protein distribution of Fmr1 KO neurons. At 7 DIV the clustering 

of both pre- and post-synaptic proteins was increased in Fmr1 KO neurons grown on WT 

astrocytes (Fig. 4.4e,f) . We found a 40.3% (p=0.003, Fig. 4.4g) increase in the number of 

synaptophysin IR puncta in Fmr1 KO neurons grown on WT astrocytes . This equated to 

30.6% of the number seen in WT neurons on WT astrocytes (compared to 22.8% of 

normal). Similarly, we observed an increase in the number of PSD-95 IR puncta per cell. 

In fact, there was almost three times (p<0.001 , Fig. 4.4h) the number of PSD-95 IR 

puncta per cell, increasing the quantity to 39.0% of normal numbers (compared to 

14.7%). Therefore, these results support the concept that WT astrocytes can increase the 

number of both pre- and post-synaptic protein clusters, contributing to the recovery of the 

alterations in synaptic protein expression in Fmr1 KO neurons. 

4.2.4 Discussion 

These experiments are novel and exciting as they are the first to establish a role for 

astrocytes in the altered neurobiology of FXS. Our data show that astrocytes are 

involved in shaping the dendritic arbors of neurons in FXS. During development, 
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numerous pathways between neurons are made and then the redundant connections are 

pared back to create a streamlined neural communication network. Glial cells provide 

guidance cues that aid in the correct extension (Banker, 1980; Powell and Geller, 1999) 

and elimination of neural processes (Barres, 2008). In FXS, as in other disorders that 

manifest with cognitive impairment (Kaufmann and Moser, 2000), the fine-tuning is 

often impaired. It follows that the astrocytes in FXS (and other disorders of cognitive 

impairment) could be lacking in their capacity to promote appropriate neurite patterning. 

Consistent with thi s, our results revealed more complex dendritic arbors with increased 

branch density in neurons grown with astrocytes from a Fragile X mouse. Furthermore, 

the abnormal increase in branch density was prevented in Fragile X neurons when 

cultured with normal astrocytes. These results are consistent with the abnormal pruning 

associated with FXS. Furthermore, the findings imply that FXS astrocytes are deficient 

in their capacity to effectively regulate the pruning process that is required for efficient 

neural communication, and could contribute to the cognitive impairment seen in 

individuals with FXS. 

The current experiments demonstrated that astrocytes are also involved in the early stages 

of synapse development. Abnormal levels of synaptic proteins have been shown in FXS 

(Liao et al. , 2008), and synaptic inefficiencies have also been described in a number of 

developmental disorders (Sudbof, 2008). Astrocytes are required for the efficient 

formation, maturation and maintenance of synapses (Pfrieger and Barres, 1997; Ullian et 

al. , 2001). Therefore, in addition to lacking the full capacity to promote appropriate 

dendrite elaborations, astrocytes in FXS could also be deficient in their ability to regulate 

synapse development. In agreement with this, we found that neurons grown with 

astrocytes from a Fragile X mouse exhibited a decreased number of pre- and post­

synaptic protein aggregates. Furthermore, this abnormal decrease was prevented in 

Fragile X neurons when they were cultured with normal astrocytes. These findings are in 

concert with the current understanding of synaptic protein dysregulation in FXS. In 

addition, these experiments suggest that astrocytes contribute to the erroneous synapse 
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development in FXS, and could therefore be a fundamental factor in the development of 

the behavioural maladaptations seen in individuals with FXS. 

Previous research has shown that glial cells contribute to the development of several 

neurological disorders (reviewed in (Barres, 2008)) and our results support the concept of 

astrocytes guiding appropriate neurite and synapse development (Pfrieger and Barres, 

1997; Mauch et al. , 2001; Ullian et al. , 2001; Murai et al., 2003; Christopherson et al. , 

2005; Nishida and Okabe, 2007; Guizzetti et al. , 2008). Most recently, Ballas and 

colleagues (2009) found that astrocytes lacking the protein responsible for Rett 

syndrome, methyl-CpG-binding protein 2 (MeCP), could not support normal neuron 

growth. Similar to Rett syndrome, FXS was previously thought to be a disease resulting 

from a loss-of-function due to a lack of a specific protein in neurons only. However, it is 

possible that the abnormal phenotype in FXS, as in Rett syndrome, results from 

additional non-neuronal deficiencies. For example the astrocytes in individuals with FXS 

may also be dysfunctional, and this deficit could be caused by an indirect or a direct loss 

of FMRP. The loss of FMRP in neurons could result, indirectly, in aberrant astrocyte 

mediated support functions as a result of impaired neuron-to-astrocyte signaling caused 

by the loss of neuronal FMRP. Alternatively, the astrocytes in an individual with FXS 

may also be deficient in FMRP, and suffer abnormalities in normal functioning directly 

due to the loss of FMRP. Recently, our lab documented that FMRP is expressed in cells 

of the glial lineage, and that FMRP was absent from putative astrocytes in the Fmr 1 KO 

mouse (Pacey and Doering, 2007). Therefore, it is possible that astrocytes lack FMRP, 

specifically at a time during development when astrocyte support of neuron growth and 

synapse formation are vital, and this lack of FMRP could contribute to the abnormal 

neuron phenotype seen in FXS. Given that FMRP is a key regulator of translation of a 

number of mRNA targets in neurons (Brown et al., 2001; Miyashiro et al. , 2003; Liao et 

al., 2008), and that the list is not yet complete, it is plausible that FMRP also regulates a 

subset of mRNAs in astrocytes. In this scenario, the loss of FMRP seen in FXS, would 

result in aberrant protein translation in astrocytes in addition to that already documented 
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in neurons. In tum, this could lead to altered astrocyte-neuron signaling and interfere with 

astrocyte-mediated neuronal growth and synaptic development. While the present study 

provides strong evidence for a role of astrocytes in the development of the 

neurobiological abnormalities seen in FXS, the experiments do not identify the molecular 

basis of the alterations and cannot confirm whether they are a direct or indirect result of a 

lack of FMRP. 

Future studies designed to investigate these possibilities would provide valuable 

information on the neurobiological processes that are altered in FXS. For example, in 

vitro studies evaluating the effect of FMRP transfection in Fmr1 KO astrocytes, and the 

siRNA mediated specific down-regulation of Fmr1 in WT astrocytes, on WT neurons 

could provide more direct evidence for a role of astrocyte FMRP in the neurobiology of 

FXS. Such studies could yield insight into whether there are any astrocyte-secreted 

factors that are altered consequent to a deficiency of FMRP, and would therefore provide 

novel avenues for therapeutic intervention. Additionally, in vivo studies targeting FMRP 

expression in astrocytes using the Fmr1 conditional knockout and Fmr1 conditional 

expression mice (Meintjes et al., 2005) would provide an invaluable in vivo correlate and 

offer insight into the functional consequences of alterations in astrocyte FMRP. 

4.2.5 Materials and Methods 

Animals 

All animal experiments were carried out in accordance with the guidelines set out by the 

Canadian Council on Animal Care and were approved by the McMaster University 

Animal Research Ethics Board. The FMRP mouse colony was established from breeding 

pairs of B6.129.FMRl.FvBN mice originally obtained from Dr. Carl Dobkin at the New 

York State Institute for Basic Research in Developmental Disabilities. The WT and KO 

B6.129.FMR1.FvBN mice were maintained as individual strains and genotyped regularly. 

Both male and female mice were used in the experiments. The FMRP knockout mice 

(B6.129.FMRl.FvBN) were housed and bred at the McMaster University Central Animal 
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Facility. 

Cell Culture 

Primary hippocampal neurons with astrocytes were grown in co-culture conditions as 

detailed previously by our lab (Jacobs & Doering, 2009; in press). Briefly, astrocytes 

were isolated from either WT or Fmr 1 KO post-natal day (PND) 0-1 pups and grown on 

Poly-L-Lysine (lmg/ml) and laminin (O.lmg/ml) coated coverslips in MEM (Invitrogen) 

supplemented with 6% glucose and 10% horse serum (Invitrogen) for one week. Primary 

hippocampal neurons were then isolated from embryonic day 17 (day of sperm plug 

counted as El) animals and seeded on the astrocytes and maintained in MEM 

supplemented with N2 (Invitrogen), sodium pyruvate (Invitrogen) and 6% glucose, for 

the duration of the experiments. 

Immunocytochem istry 

After seven days in vitro (DIV) the cells were fixed with ice-cold (-20°C) methanol and 

processed for immunocytochemistry. Following the appropriate serum block, the cells 

were incubated with primary antibodies overnight at 4°C. Secondary antibodies were 

applied for three hours at room temperature. The following antibodies, diluted in 1 % 

bovine serum albumin (BSA), were used: chicken MAP2 (1 :20,000, Neuromics), mouse 

monoclonal synaptophysin (Clone SVP-38, 1:250, SIGMA), mouse monoclonal PSD-95 

(Clone 6G6-l C9, 1:200, Chemicon), anti-mouse AlexaFluor 594(1 :1500, Invitrogen) and 

anti-chicken FITC (1: 100, Jackson). Covers lips were mounted with Vectashield 

fluorescent mounting medium with DAPI. 

Image acguisition and Quantification 

Images were captured using a Zeiss Axioskop 2 epi-fluorescence and AxioVision Image 

Acquisition software. The quantification of dendritic arbor morphology and puncta 

analysis were performed using plug-ins for Image J (http://rsbweb.nih.gov/ij/). 

Morphological measurements of isolated neurons were obtained using Neuronmetrics™ 
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(http ://www.ibridgenetwork.org/ arizona/U A 07-5 6-N euronmetri cs )(Narro et al. , 2 007). 

Puncta analysis was performed on isolated cells using a custom written plug-in (©2001 

Barry Wark. Source code or binaries available upon request to barrywark@mac.com) 

(Christopherson et al. , 2005). 

For each experiment, the same culture conditions were established in multiple wells. For 

analysis, two or three coverslips per experiment were used to obtain the sample of 

isolated neurons . For the morphometric analyses approximately 100 cells were selected at 

random from three coverslips, from each of 3 independent experiments (with the 

exception of the KO/KO condition where only 2 experiments were performed). For the 

synaptic protein analysis approximately 50 isolated neurons were selected at random per 

experiment, over 2 coverslips for each of 3 independent experiments (with the exception 

of the KO/KO condition as above). 

Statistical Analyses 

For all analyses, the observer was blind to the identity of the sample. Statistic analyses 

were conducted using SPSSl 7, with an alpha level set to 0.05. Data are presented as 

mean ± s.e.m. . For multiple comparisons a one-way ANOVA with post-hoc Tukey 's 

tests were performed. Where data had significantly different variances (as determined by 

Levene's test for equal variances), and deviated significantly from a normal distribution 

(as determined by the Shapiro-Wilk test for normality), Mann-Whitney U (two-tailed) 

tests were used. 
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Figure 4.1: Effects of astrocytes on the growth of hippocampal neurons in co-culture at 7 

DIV. 

El 7 primary hippocampal neurons were co-cultured with P0-1 primary cortical astrocytes 

for 7 days in vitro (DIV) in each of four co-culture conditions. a, Immunofluorescent 

images of neurons in each of the four culture combinations. Neurons are stained with an 

antibody directed against the neuronal dendritic marker, MAP2. Scale bar represents 

1OOµm. b, Quantification of percent of surviving neurons at ?DIV in each of the four 

culture conditions. Data shown are mean values ± s.e.m. from two or three independent 

experiments (10-15 regions of 1.5 mm2 from 2 coverslips per experiment). Significant 

differences revealed by post-hoc Tukey's tests are indicated, p<0.001. 
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Figure 4.2: Effects of Fmrl KO astrocytes on dendritic momhology of WT neurons. 

WT El 7 primary hippocampal neurons were co-cultured for 7 DIV with primary cortical 

astrocytes from either WT or Fmr 1 KO mice. a, Immunofluorescent images of neurons at 

7DIV stained with an antibody directed against the neuronal dendritic marker, MAP2. 

The left and right images are representative WT neurons cultured on WT and Fmr 1 KO 

astrocytes, respectively. Scale bar represents SOµm . b, Representative dendritic arbor 

skeletons of WT neurons grown on WT astrocytes (left panel), or Fmr 1 KO astrocytes 

(right panel). c-h, Quantification of dendritic arbor morphology. Data shown are mean 

values ± s.e.m. of 297 (WT) and 282 (Fmr 1 KO) cell s, from three independent 

experiments. Significant differences revealed by Mann-Whitney U tests (two-tai led) are 

indicated, * p<0.05, *** p<0.001 . 
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Figure 4.3: WT astrocytes rescue the dendritic mor:phology of Fmrl KO neurons. 

Fmrl KO El 7 primary hippocampal neurons were cultured for 7 DIV with primary 

cortical astrocytes from either WT or Fmrl KO mice. a , Neurons stained with an 

antibody directed against the neuronal dendritic marker, MAP2. The left and right images 

are representative of Fmr 1 KO neurons cultured on WT or Fmr 1 KO astrocytes, 

respectively. Scale bar represents 50µm. b, Representative dendritic arbor skeletons of 

Fmr 1 KO neurons grown on WT astrocytes (left panel), or Fmr 1 KO astrocytes (right 

panel). c-h, Quantification of dendritic arbor morphology. Data shown are mean values ± 

s.e.m. of 318 (WT) and 201 (Fmr 1 KO) cells, from two or three independent 

experiments. Significant differences revealed by Mann-Whitney U tests (two-tailed) are 

indicated, *** p<0.001. Horizontal dotted line indicates mean value for WT neurons 

grown on WT astrocytes (from Fig. 2c-h). 
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Figure 4.4: WT astrocytes rescue the synaptic protein aggregation in Fmrl KO neurons. 

a-d, WT El 7 primary hippocampal neurons were cultured for 7 DIV with primary 

cortical astrocytes from either WT or Fmr I KO mice. a,b, Immunofluorescent images of 

WT neurons stained with antibodies directed against Map2 (green) and synaptophysin (a) 

or post-synaptic density protein 95 (PSD-95) (b)(red). Nuclei are stained with DAPI 

(blue). The images on the left and right are representative WT neurons grown on WT 

astrocytes and Fmr I KO astrocytes, respectively. Scale bars represent 50µm. c, 

Quantification of synaptophysin puncta per cell. Data shown are mean values ± s.e.m. of 

147 (WT) and 143 (Fmr I KO) cells, from three independent experiments. d, 

Quantification of PSD-95 puncta per cell. Data shown are mean values ± s.e.m. of 111 

(WT) and 119 (Fmr I KO) cells, from three independent experiments. e-h, Fmr I KO E 17 

primary hippocampal neurons were cultured for 7 DIV with primary cortical astrocytes 

from either WT or Fmr I KO mice. e,f, Immunoflourescent images of neurons stained 

with antibodies directed against MAP2 (green) and synaptophysin (e) or PSD-95 (f)(red). 

Nuclei are stained with DAPI (blue). The images on the left and right are representative 

Fmr I KO neurons grown on WT and Fmr I KO astrocytes, respectively. Scale bars 

represent 50µm. g, Quantification of synaptophysin puncta per cell. Data shown are mean 

values± s.e.m. of 112 (WT) and 94 (Fmrl KO) cells, from two or three independent 

experiments. h, Quantification of PSD-95 puncta per cell. Data shown are mean values ± 

s.e.m. of 143 (WT) and 94 (Fmrl KO) cells, from two or three independent experiments. 

Significant differences revealed by Mann-Whitney U tests (two-tailed) are indicated, 

**p<0.05, ***p<0.001. 
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CHAPTERS: 

FRAGILE X ASTROCYTES INDUCE DEVELOPMENTAL 

DELAYS IN DENDRITE MATURATION AND SYNAPTIC 

PROTEIN EXPRESSION 
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5. Chapter 5 

5.1 Preface to Chapter 5 

This chapter is comprised of an author-generated version of an article prepared for 

submission to GLIA, and as presented it is the pre-review version. The manuscript was 

submitted to GLIA on September 151
h, 2009; Submission# GLIA-00303-2009. 

As a submitted manuscript the author generated version is reproduced with implicit 

permission understood from the Wiley-Blackwell Copyright Transfer Agreement: 

" Submitted Version. Wiley-Blackwell licenses back the following rights to the 

Contributor in the version of the Contribution as originally submitted for publication: 

b. The right to transmit, print and share copies with colleagues." 

5.1.1 Author conh·ibutions 

For this paper, I designed and performed the majority of the experiments*, 

photographed the images, performed the analyses, carried out the statistical analyses, 

wrote the manuscript and prepared all figures. Dr. Doering provided guidance in the 

designing of the experiments and the editing of the manuscript. 

* An undergraduate student, Meera Nathwani, conducted the NeuronmetricsTM_ 

based morphological analysis on a subset of the neurons from the 14 DIV (n(WT)=50, 

n(K0)=50) and 21 DIV (n(K0)= 17) time points (data included in her thesis project) . For 

these neurons, MN maintained the tissue culture (with cells I isolated), performed the 

ICC, and photographed the neurons (after I scanned her cultures to ensure no obvious 

problems). MN also helped edit the final manuscript. 

5 .1.2 Background and rationale 

In our previous paper (Chapter 4), we found that Fragile X astrocytes alter the 

dendrite morphology and excitatory synaptic protein expression of normal primary 
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hippocampal neurons in culture. At 7 DIV neurons grown with Fragile X astrocytes 

exhibited an increase in branching and a decrease in the extension of the dendritic arbors 

compared to neurons grown on normal astrocytes. Furthermore, the neurons grown with 

Fragile X astrocytes had fewer pre- and post-synaptic protein clusters than did neurons 

grown on normal astrocytes. 

Fragile X syndrome is a developmental disorder, and evidence suggests that the 

expression of FMRP is developmentally regulated. Expression peaks in early 

development (Lu, et al., 2004; Pacey & Doering, 2007; Wang, et al. , 2004) and gradually 

declines with age (Singh, et al., 2007; Singh & Prasad, 2008). Furthermore, FMRP 

expression is up-regulated in critical periods for learning (Winograd, et al., 2008). 

Recent studies indicate that FMRP may also be developmentally regulated in glial cells 

Wang and colleagues (2004) found that FMRP is expressed in immature, but not mature, 

oligodendrocytes. Additionally, Pacey and Doering (2007) found that FMRP to be 

expressed in astrocytes during development. FMRP may therefore be expressed, and 

exert its regulatory effects, during a specific developmental window. 

We therefore wondered if it were possible that the effect of Fragile X astrocytes 

seen in normal neurons at 7 DIV would be minimized if provided a longer period of 

growth in culture. In other words, was is possible that the Fragile X astrocytes were 

inducing a delay in the normal development of the dendritic arbors and synapses in the 

neurons in culture. If this were true, we would expect that the effects of Fragile X 

astrocytes would be less, and perhaps even no longer, significant at longer time points in 

culture. 

In these experiments we co-cultured neurons with normal or FMR.l null 

astrocytes, and evaluated the neuronal dendritic morphology and excitatory protein 

expression at 7, 14 and 21 DIV. 

5.1.3 Specific aims 

• 	 To show that the Fragile X astrocytes impart a developmental delay on the 

maturation of dendritic arbors in vitro (5). 
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• 	 To demonstrate that the Fragile X astrocytes delay the formation of excitatory 

synapses in vitro (6). 
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5.2.1 Abstract 

The Fragile X mouse was used to study the developmental effects of FMRP null 

astrocytes on neuronal development. Embryonic hippocampal neurons were seeded on 

astrocyte monolayers in a co-culture system and allowed to develop for 7, 14 or 21 days. 

A detailed morphometric analysis was performed on the dendritic arbors of hippocampal 

neurons defined by a MAP2 antibody. When analyzed at 7 days in culture, we found that 

the hippocampal neurons grown on FMRP null astrocytes exhibited a significant 

difference from the neurons grown with normal astrocytes for many parameters including 

an increase in dendritic branching and area of the cell body. However, after 21 days in 

culture, the neurons grown on FMRP null astrocytes exhibited morphological 

characteristics that did not differ significantly from the neurons grown on normal 

astrocytes. With antibodies to the pre-synaptic protein, synapsin, and to the excitatory 

post-synaptic protein, PSD-95 , we quantified the number of excitatory synapses along 

50µm lengths of the dendrites. In addition to the delays in dendritic patterning, the 

development of excitatory synapses was also delayed in the hippocampal neurons. At 7 

days in culture the neurons grown on the Fragile X astrocytes had more than double the 

number of excitatory synapses when compared to the neurons grown on the normal 

astrocytes. These experiments are the first to establish a role for astrocytes in the delayed 

growth characteristics and abnormal morphological features in dendrites and synapses 

that characterize the Fragile X syndrome. 
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5 .2 .2 Introduction 

As the central nervous system (CNS) develops numerous events must occur in a highly 

regulated manner to create the intricate organization of neural networks that control the 

mature brain. One of the key players recognized in the guidance of neuron development 

is the astrocyte (Banker 1980; Barres 2008; Pfrieger and Barres 1997; Powell and Geller 

1999; Ullian et al. 2001 ). As such, abnormal or 'diseased' astrocytes are now known to 

be prominent factors in the neurobiology of a number of developmental diseases of the 

CNS including Fragile X Syndrome (FXS) (Allen and Barres 2009; Ballas et al. 2009; 

Barres 2008; Maezawa et al. 2009; Jacobs and Doering, submitted). 

FXS is the most common inherited form of mental retardation, affecting approximately 

1/2500 children (Hagerman 2008). Children with FXS suffer from a number of 

behavioural deficiencies including: mild to severe cognitive impairment, hyperactivity, 

attention deficit, susceptibility to seizures, motor disorders and autistic behaviours 

(Beckel-Mitchener and Greenough 2004). Underlying neurobiological abnormalities in 

FXS are recognized in the form of altered dendritic growth, abundant immature dendritic 

spines and inappropriate synaptic development (Irwin et al. 2000; Irwin et al. 2001; 

Kaufmann and Moser 2000). The defects in individuals with FXS can be attributed to a 

mutation in the Fragile X Mental Retardation 1 (FMRJ) gene causing gene silencing and 

a lack of the protein product, Fragile X Mental Retardation Protein (FMRP) (Kremer et 

al. 1991). 

The Fmrl knockout (KO) mouse model of FXS is well accepted as an appropriate model 

in which to study the neurobiology of FXS (Bakker et al. 1994). The Fmrl KO mouse 

has been shown to demonstrate behavioural qualities similar to those seen in individuals 

with FXS, including: susceptibility to seizures, hyperactivity and learning impairments 

(Bakker et al. 1994; Chen and Toth 2001; Qin et al. 2002). Additionally, the neurons of 

Fmr1 KO show similarly abnormal dendritic spine morphology and altered synaptic 

function (Comery et al. 1997; Nimchinsky et al. 2001), as documented in humans with 
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FXS (Irwin et al. 2000). 

Contrary to the current belief that FMRP is only expressed in neurons, recent work in our 

lab revealed that FMRP is also expressed in cells of the glial lineage in the Fmr I KO 

mouse (Pacey and Doering 2007). Based on these findings we began our investigation 

into the role of astrocytes in the development of the abnormal neurobiology of FXS. 

Previously, we used the Fmr I KO mouse model to investigate the role of astrocytes in the 

development of the abnormal neuronal characteristics seen in FXS (Jacobs & Doering, 

submitted). In short, we found that Fragile X astrocytes were not able to support normal 

neuron growth and contributed to the abnormal neuronal phenotype seen in the Fragile X 

mouse. However, in that series of experiments, we focused on the early development of 

neurons, solely evaluating the effect of null astrocytes on the neurons after seven days in 

culture. Given that FXS is a developmental disorder, we wondered if neurons were 

prevented from normal maturation when exposed to signaling from the Fragile X 

astrocytes. If so, is it possible that neurons exposed to Fragile X astrocytes could recover 

from developmental delays? If true, this information would foster insight into the 

potential for astrocyte-directed therapeutic interventions as a preventative measure 

against the neuronal abnormalities underlying FXS. Such is the basis for the following 

experiments in which we investigated the possibility of an astrocyte-mediated a delay in 

neuron development using detailed morphometric and synaptic protein analyses 

combined with immunocytochemistry. 

5.2.3 Materials and Methods 

Animals 

The FMRP knockout (KO)(FvBN.129.B6-Fmrl)(Bakker et al. 1994) and wild-type (WT) 

mice used for these experiments were housed and bred at the McMaster University 

Central Animal Facility. All experiments were completed in accordance with the 

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

McMaster Animal Research Ethics Board. 
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Cell Culture 

Primary hippocampal neurons with astrocytes were grown in co-culture conditions as 

detailed previously by our lab (Jacobs and Doering 2009). Briefly, cortical astrocytes 

were isolated from post-natal day (PND) 0-1 pups and grown on Poly-L-Lysine (lmg/ml, 

Cat. No. Pl399, SIGMA-ALDRICH, Oakville, Canada) and Laminin (O.lmg/ml, Cat. 

No. 23017-015, Invitrogen, Burlington, Canada) coated coverslips in MEM (Cat No. 

11095-080, Invitrogen, Burlington, Canada) supplemented with 6% glucose and 10% 

horse serum (Cat No. 16050-122, Invitrogen, Burlington, Canada), for one week. 

Primary hippocampal neurons were then isolated from embryonic day 17 (day of sperm 

plug counted as PND l) animals and seeded above the astrocytes and maintained in MEM 

supplemented with N2 (Cat No. 17502-048, Invitrogen, Burlington, Canada), sodium 

pyruvate (Cat No. 11360-070, Invitrogen, Burlington, Canada) and 6% glucose, for the 

duration of the experiments. Hippocampal neurons isolated from WT animals were 

grown with astrocytes, from either WT or Fmrl KO mice, in culture for 7, 14 or 21 days. 

These cultures were grown in culture for 7, 14 or 21 days. A total of three independent 

cultures per condition (genotype+days in vitro (DIV)) were completed. 

Immunocytochemistry 

Following removal of the media, the cells were fixed with 4% PFA in PBS or ice cold (­

200C) acetone for 15 or 20 minutes, respectively. After three washes with PBS, and the 

application of 0.1 % Triton X-100 where necessary, non-specific binding was blocked 

with 1 % bovine serum albumin (BSA) for 30 minutes . Primary antibodies were applied to 

the coverslips and incubated overnight at 4 °C. The second day, following washes with 

PBS, secondary antibodies were incubated with the cells for 3 hours at room temperature. 

Following a final set of washes with PBS and distilled water, the coverslips were 

mounted onto slides with Vectashield fluorescent mounting medium (Vector Labs, 

Burlington, Canada) containing DAPI to stain the nuclei. 
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The following antibodies, diluted in l % BSA, were used: chicken anti-Map2 

(Microtubule Associated Protein -2, 1 :20,000, Neuromics, Edina, MN), guinea pig anti­

synapsin (1 : 1000, Synaptic Systems, Goettingen, Germany), mouse monoclonal anti­

PSD-95 (Post-Synaptic Density protein-95, Clone 6G6-1 C9, 1:200, Millipore, Temecula, 

CA), anti-mouse AlexaFluor 594 (1: 1500, Invitrogen, Burlington, Canada), anti-guinea 

pig FITC (1 :200, Jackson ImmunoResearch, West Grove, PA) and anti-chicken FITC 

(1: 100, Jackson ImmunoResearch, West Grove, PA). 

Image acquisition 

Images were acquired usmg a Zeiss Axioskop-2 epi-fluorescence microscope and 

AxioVision (v4.2) image acquisition software. 

Dendritic arbor morphology 

Morphological measurements were conducted usmg Neuronmetrics™ 

(http://www.ibridgenetwork.org/arizona/UA07-56-Neuronmetrics) (Narro et al. 2007), a 

plug-in for Image J (http://rsbweb.nih.gov/ij /). The following parameters were evaluated: 

number of dendritic branches, length of the longest primary dendrite, and the area 

covered by the dendritic arbor. For each independent culture, 50 isolated MAP2(+) 

neurons were selected and analyzed for morphology. Once each neuron image was 

converted to a black and white TIFF file, the images were processed through 

Neuronmetrics™ to generate pixilated skeletons and to obtain the morphological 

measurements listed above. Examples of representative neurons overlaid with digitized 

skeletons and area demarcations generated by Neuronmetrics™ are shown in Figure 5.1. 

Representative skeletons used by Neuronmetrics™ for morphological measurements are 

shown in Figure 5.2. 

Cell body measurements 

For each of the above neurons the area of the cell body was also measured, by tracing 

around the cell body using Image J. 
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Synaptic puncta analysis 

Synapses were identified by the co-localization of the pre- (synapsin) and post-synaptic 

(PSD-95) puncta, using a custom written plug-in for Image J (©2001 Barry Wark: source 

code or binaries available upon request to barrywark@mac.com) (Christopherson et al. 

2005). After selecting a 50µm segment along the dendrite, the image was processed using 

the above plug-in. Briefly, low frequency background from each channel (red and green) 

of the image was removed with the rolling ball background subtraction algorithm. Then, 

the puncta in each single-channel was 'masked' by thresholding the image so that only 

puncta remained above threshold. Puncta were then identified in each channel by the 

"Particle Analyzer" plug-in for Image J. Co-localization of the puncta in each channel 

was indentified when the distance between the centers of the two puncta was less than the 

radius of the larger puncta. The number of co-localized puncta was then recorded as 

synapses. For each independent culture one hundred 50µm-long sections along the 

dendrites were evaluated for synaptic protein expression. 

Statistical Analyses 

Statistics were performed using SPSS version 17, with an alpha level set to 0.05. All data 

are presented as mean ± SEM. Where the data had significantly different variances (as 

determined by Levene ' s test for equal variances), and deviated significantly from a 

normal distribution (as determined by the Shapiro-Wilk test for normality, Mann-Whitney 

U (two-tailed) tests were used. 
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5.2.4 Results 

Morphological Analysis 

In order to visualize the dendritic arbors of the neurons m co-culture, 

immunofluorescence using an antibody directed against the dendrite marker MAP2 was 

used (Riederer and Matus 1985). Figure 5.3 provides an example of the hippocampal 

neuron- astrocyte co-culture at 7 DIV, stained with MAP2 (green) to enable the 

visualization of the dendritic arbors. In the same image the astrocytes are stained with an 

antibody directed against Glial Fibrillary Acidic Protein (GFAP, red), and the nuclei are 

stained with DAPI (blue). Upon examination of the cultures, no obvious differences 

could be seen between clusters of neurons grown on Fmr 1 KO compared to those grown 

on WT astrocytes. To perform the morpbometric analysis, isolated neurons were selected 

at random from the coverslip (Figure 5.3, inset). 

At 7 DIV, the number of dendritic branches per cell was significantly (p=0.045; Mann 

Whitney U=9745.50; F=-2.007) increased in the neurons grown on Fmrl KO astrocytes 

(12.90±0.62) compared to those grown on WT astrocytes (10.93±0.44)(Fig. 5.4a). 

Branching increased over time in neurons grown on both Fmr1 KO and WT astrocytes. 

However, by 14 DIV there was no significant difference in the number of dendritic 

branches between neurons grown on Fmr 1 KO astrocytes versus those grown on WT 

astrocytes (Fmrl KO, 25.62±1.49; WT, 25 .69±1.49; p=0.794; Mann Whitney 

U=ll054.00; F=-0.261). This was also true for the cells measured at 21 DIV(Fmrl KO, 

29.13±2.02; WT, 26.27±1.48; p=0.818; Mann Whitney U= 11077.00; F=-0.230). 

The length of the longest dendrite was also significantly different at 7 DIV. At 7 DIV, 

neurons grown on Fmrl KO astrocytes exhibited significantly (p=0.019; Mann Whitney 

U=9491.00; F=-2.342) lower values (148.93±6.47) of their longest dendrites compared to 

neurons grown on WT astrocytes (167.40±6.47)(Fig. 5.4b). The length of the longest 

dendrite increased at 14 DIV, and decreased slightly at 21 DIV, for neurons grown on 
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both FmrJ KO and WT astrocytes. No significant difference in length of the longest 

dendrite was observed at 14 DIV (Fmrl KO, 295 .94±16.00; WT, 338.86±21.14; p=0.261 ; 

Mann Whitney U= 10335.00; F=-1.124) or 21 DIV (Fmrl KO, 263.78±12.29; WT, 

274.78±11.97; p=0.229, Mann Whitney U=10205.00; F=-1.203). 

At 7 DIV, but not 14 or 21 DIV, the cell body area was significantly (p=0.047; Mann 

Whitney U=9754.50; F=-1.991) increased in neurons grown on Fmrl KO astrocytes 

(197 .10±5.87) compared to those grown on WT astrocytes (179.85±3.95)(Fig. 5.4c). The 

cell body area was increased in neurons grown on both Fmr1 KO and WT astrocytes 14 

DIV, and only slightly so at 21 DIV. Once again, there was no significant difference in 

this morphological parameter between neurons grown on Fmr1 KO or WT astrocytes at 

14 DIV (Fmrl KO, 242.27±6.45; WT, 246.02±6.66; p=0.840; Mann Whitney 

U= l 1098.00; F=-0.202) or 21 DIV (Fmrl KO, 245.13±9.44; WT, 268.05±11.08; p=0.228; 

Mann Whitney U= I 0344.50; F=-1 .205). 

The area of the dendritic arbor was significantly decreased in neurons grown on Fmr1 

KO astrocytes compared to those grown on WT astrocytes at both 7 DJV (Fmr1 KO, 

12373.57±654.79; WT, 17800.08±1038.79; p=0.000; Mann Whitney U=8278.00; F=­

3.956) and 14 DIV (Fmrl KO, 8116.14± 1126.15; WT, 23209.23±2153.68; p=0.000; 

Mann Whitney U=6001.00; F=-6.987) (Fig. 5.4d). The area of the dendritic arbor 

increased with time in culture for neurons grown on WT astrocytes . At 21 DIV the area of 

the dendritic arbor of neurons grown on Fmr1 KO astrocytes also increased, and was 

comparable to that of the neurons grown on WT astrocytes. The difference was not 

significant at this point (21 DIV) in culture (Fmrl KO, 30192.00±1995.85; WT, 

31900.05±2020.96; p=0.539; Mann Whitney U=10789.00; F=-0.614). 

Therefore, by the morphological parameters evaluated in these experiments, it appears 

that the growth of the neurons early in development (i.e., 7 DIV) is altered when grown 

on Fmr1 KO astrocytes, but these abnormal characteristics disappear with time. By 14 
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DIV, three out of four of the morphological characteristics we studied were no longer 

significantly altered in neurons grown on Fmr1 KO astrocytes. The last parameter, the 

area of the dendritic arbor, had also reached levels comparable to values seen in neurons 

grown with WT astrocytes by 21 DIV. 

Excitatory Synapse Analysis 

Excitatory synapses were visualized using immunofluorescence. An antibody directed at 

synapsin, a synaptic vesicle protein known to be involved in neurotransmitter release 

(Greengard et al. 1993), was used to identify pre-synaptic components. Excitatory 

synapse post-synaptic regions were detected using an antibody directed at the post­

synaptic protein, PSD-95, that is known to be part of the post-synaptic density complex 

found at excitatory synapses (El-Husseini et al. 2000). Double-labeling of these pre- and 

post-synaptic proteins was followed by the quantification of co-localized pre- and post­

synaptic puncta using a plug-in for Image J. Figure 5 provides an example of a network 

of dendrites in the hippocampal neuron culture double-stained for synapsin (green) and 

PSD-95 (red). To perform the quantification, segments of dendrites that were 50µm long 

were isolated and processed for co-localization analysis (Figure 5.5, rectangular region 

and inset). 

The number of synapses per 50µm increased over time in neurons grown on WT 

astrocytes whereas in neurons grown on Fmr1 KO astrocytes, there was a slight decrease 

in the number of synapses over time (Fig. 5 .6b ). At 7 DIV neurons grown on Fmr1 KO 

astrocytes had more than double the number of excitatory synapses per 50µm compared 

to neurons grown on WT astrocytes (Fmrl KO, 4.15±0.14; WT, 1.95±0.10; p=0.000; 

Mann Whitney U=20684.50; F=-ll.129)(Fig. 5.6a,b). This significant difference was 

maintained at 14 DIV; neurons grown on Fmrl KO astrocytes had 53.8% more synapses 

per 50µm compared to neurons grown on WT astrocytes (Fmrl KO, 3.70±0.17; WT, 

2.40±0.14; p=0.000; Mann Whitney U=31908.50; F=-6.229, Fig. 5.6a,b). By 21 DIV, 

however, there was no significant difference between the number of synapses per 50µm 
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of dendrite for neurons grown on Fmrl KO or WT astrocytes (Fmrl KO, 3.68±0.18; WT, 

4.00±0.21; p=0.577; Mann Whitney U= 43822.50; F=-0.558). The number of synapses 

per 50µm increased over time in neurons grown on WT astrocytes; whereas in neurons 

grown on Fmr 1 KO astrocytes, there was a slight decrease in the number of synapses 

over time (Fig. 5.6b). 

Therefore, similar to the morphological characteristics we evaluated, it appears that the 

abnormal number of synapses found at 7 DIV and 14 DIV on neurons grown with Fmr1 

KO astrocytes is brought to levels comparable to normal by 21 DIV. 

5.2.5 Discussion 

In this study we used a co-culture procedure in which normal primary hippocampal 

neurons were co-cultured with normal or Fmr1 KO astrocytes for up to 21 days in vitro in 

order to investigate the possibility of an astrocyte-mediated delay in hippocampal neuron 

development. We evaluated the changes in neuron dendritic arbor morphology and 

excitatory synapse expression at 7, 14 and 21 DIV. We found that both the morphological 

parameters and the synaptic protein expression approached nonnal levels by 21 DIV, with 

three of four morphological parameters approaching normal at 14 DIV. Our results 

suggest that Fmr1 KO astrocytes do not completely prevent normal hippocampal neuron 

growth, but delay it. 

The morphological results presented herein are consistent with our previously reported 

results for the effects of Fmr1 KO astrocytes on normal primary hippocampal neurons at 

7 DIV (Jacobs & Doering, submitted). This finding is further supported by the earlier 

studies done by Lee et al. (2003). Consistent with our results, they described an increase 

in dendritic branching in neurons from mice lacking the Drosophila fmr1 gene (Lee et al. 

2003). However, the results of the present synaptic protein expression analysis at 7DJV, is 

different from the synaptic protein analysis at 7 DIV of that same series of experiments. 

This difference could be due to the modifications of the experimental design in the 
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present studies. First, in this study we used synapsin as our pre-synaptic protein antigen. 

While we would not expect that there would be a difference in the number of pre-synaptic 

puncta identified by the synapsin antibody versus the previously used synaptophysin 

antibody, this difference should be noted. Second, in the previous report we evaluated the 

pre- and post synaptic proteins independently whereas in the present experiments we 

report the co-localization of the pre-and post-synaptic proteins. It is in fact possible that 

the number of pre- or post- synaptic protein puncta does not correlate in a positive 

direction with the number of synapses. In that case there could a decrease in the numbers 

of pre- and post-synaptic puncta independently, but there could be an increase in the 

number of co-localized puncta. Third, and most importantly, here we report the synaptic 

protein expression in segments of dendrites taken from neuron networks, whereas in the 

previous paper we focused on the absolute numbers of pre- and post-synaptic puncta per 

isolated neuron. It could be expected that synapse number will vary when comparing 

neural networks with isolated neurons. 

Dendritic arborization is delayed in neurons grown with Fmr 1 KO astrocytes 

The results presented here support the idea that bippocampal neurons grown with Fmr1 

KO astrocytes reach normal maturity, but are delayed in the process. At 7 DIV the 

neurons grown on Fmr 1 KO astrocytes had significantly different cell measurements 

from the neurons grown on WT astrocytes for all of the parameters we measured. 

However, by 21 DIV those neurons had morphological measurements that closely 

resembled those of neurons grown on normal astrocytes. 

During development the growth of dendritic arbors is a highly choreographed dynamic 

balance between phases of extension and retraction. Cues that regulate the initiation and 

promote dendritic arbor development are equally as important as those that stop its 

elaboration (Cline 2001). There is compelling evidence suggesting that dendritic 

arborization is regulated by both intrinsic and extrinsic signals. Astrocytes are known to 

provide a number of molecules that have been shown to be involved in the growth and 
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maturation of dendritic arbors (Banker 1980; Barres 2008; Powell and Geller 1999). 

In the early stages of development the neurons grown on Fmr 1 KO astrocytes appear to 

be in a branching mode of growth, versus a mode dominated by arbor extension. This 

suggests that the dendritic arborization is altered in a manner that would interfere with the 

normal appropriate wiring of the hippocampal circuits. In 200 1, Cline suggested that 

mechanisms that enhance dendritic arbor complexity have the potential to affect the 

integrative properties and firing characteristics of a neuron (Cline 2001). Neurons with 

more densely branched arbors may receive greater numbers of synaptic input that may 

affect the manner in which convergent inputs influence the neuron (Cline 2001). 

Astrocytes are known to provide cues that can alter the development of dendritic arbors 

(Banker 1980; Barres 2008; Powell et al. 1997). Here we show that astrocytes induce 

increased branching in the early stages of development of hippocampal neuron dendritic 

arbors in vitro. Thus, there is the possibility that astrocytes induce an increase in 

branching in the early development of hippocampal neurons in FXS, resulting in the 

alteration of the signaling properties of the neurons. In tune, this may affect key 

developmental stages when initial neural networks are being established. As such, these 

alterations could contribute to the underlying abnormal neurobiology, and therefore the 

clinical deficiencies observed in FXS. 

In addition, it is possible that astrocytes from an Fmr 1 KO animal may be unable to 

appropriately regulate the establishment of the receptive field margins. Under normal 

conditions there are "stop" signals that inhibit the expansion of dendrites beyond the 

normal receptive field of the arbor (Gao 2007). Although poorly understood, some of 

these cues are known to originate in a contact dependent manner from the dendrites of 

adjacent neurons, and from contact independent means via secreted molecules (reviewed 

in (Gao 2007). Astrocytes present a number of signals that mediate other aspects of 

dendrite growth and elaboration and therefore it is possible that astrocytes may also play 

a role in dendritic tiling. In FXS, the 'diseased' astrocytes may inhibit the expansion of 
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the arbor to an abnormal extent, reducing the size of the area of coverage. At later stages 

in development, other cues could help mediate these adverse effects, and enable the 

extension of the arbor. However, during that early period of inhibited expansion, 

irreversible damage may have occurred, thereby preventing the establishment of local 

circuits in a timely manner necessary for normal neural network maturation. Once again, 

these alterations that develop early in the dendritic arbor could contribute to the 

underlying abnormal neurobiology, and result in cognitive impairments. 

Excitatory synapse formation is delayed in neurons grown with Fmr1 KO astrocytes 

The findings of this study suggest that the growth of hippocampal neurons with Fmr1 KO 

astrocytes impedes the appropriate timing of excitatory synaptic development. At 7 DIV, 

neurons grown on Fmr1 KO astrocytes had significantly more excitatory synapses than 

the neurons grown on WT astrocytes. However, by 21 DIV the numbers of excitatory 

synapses in neurons grown on Fmrl KO astrocytes were equal to the quantity seen in 

neurons under nomial conditions. 

The formation of mature synapses is a dynamic process with a continuous fluctuation 

between synapses being formed and unwanted synapses being eliminated (Puro et al. 

1977). Therefore at any time the number of synapses observed can be considered to be 

the net result of the number of new synapses formed and those being eliminated. At 7 

DIV neurons grown on Fmr1 KO astrocytes have a significantly greater number of 

synapses than neurons grown on WT astrocytes. Perhaps at 7 DIV, growth with Fmr1 KO 

astrocytes promotes an increase in the production of synapses or a decrease the degree of 

pruning. A number of studies have suggested that many developmental disorders are 

caused by a lack of pruning early in development. Our findings therefore support a lack 

of appropriate synaptic pruning early in development as a potential contributor to the 

neurological abnormalities seen in FXS. 

We found an abnormally high net number of excitatory synapses being maintained in 
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neurons grown on Fmr 1 KO astrocytes at 7 DIV, when compared to neurons grown on 

WT astrocytes. Over time, the difference between the net number maintained in the 

neurons grown on Fmr 1 KO astrocytes and those grown on WT astrocytes decreased, 

until 21 DIV at which point there is no longer a significant difference. The neurons grown 

on Fmr1 KO astrocytes have reached a stage of maturity at which their net production of 

excitatory synapses equals that of neurons grown under normal conditions. Still, there is 

the potential that the abnormal early stages of development could play a major role in the 

ability of neurons to later integrate and transmit information effectively. Abnormal 

synapses may have been formed alongside atypical local neural networks, and these early 

alterations may negatively affect the neural circuitry of the region in the long run. 

However, from the findings of this study we cannot make conclusions about synapse 

maturity. It is possible that the increase in synapses observed in the neurons grown on 

Fmr 1 KO astrocytes reflects an increased number of immature synapses. Given that the 

dendritic spine is the site for the majority of excitatory synapses, this finding would be in 

agreement with numerous studies that identified neurons in Fragile X with an abnormally 

high number of immature dendritic spines. The methods used in the current study did not 

permit the assessment of alterations in dendritic spine morphology. 

The development of the CNS is a highly organized process requiring the establishment of 

correct connectivity with specific target cells. The creation of appropriate neural 

networks requires an intimate coupling of dendritic arborization and synaptogenesis, 

perfectly timed to promote the normal circuitry underlying normal neurological function. 

Individuals with FXS syndrome suffer a diverse range of cognitive impairments. Most 

research has focused on the effects of a lack of FMRP in neurons, and its implications for 

the underlying neurobiology of FXS . Knowing that astrocytes contribute to the abnormal 

neurobiology of the disease, the current results should promote new therapeutic avenues 

in the treatment of FXS and related autistic disorders. 
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Figure 5.1: A selection of representative images of neurons overlaid with skeletons as 


generated by Neuronmetrics™. 


The parameters measured in these experiments are indicated on the left of the images: 


number of dendritic branches (green), longest dendrite (pink), area of dendritic arbor 


(bounded by yellow), and cell body area (blue). 
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Figure 5.2: Neuronmetrics™-generated digitized skeletons 

A selection of digitized skeletons, generated by Neuronmetrics™, used to generate the 

measurements of the dendritic arbors. 
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Figure 5.2 
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Figure 5.3: Hippocampal neurons in co-culture. 

WT primary embryonic hippocampal neurons (MAP2, green) on top of a monolayer of 

WT primary cortical astrocytes (GFAP, red). Nuclei are stained with DAPI (blue). Scale 

bar represents lOOµm. Inset is an example of an isolated neuron that would be selected 

for morphometric analysis. 
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Figure 5.3 
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Figure 5.4: Analysis of the morphological measurements generated by Neuronmetrics™. 

a, number of dendritic branches per cell ; b, length of the longest dendrite; c, cell body 

are; d , area of dendritic arbor. In each graph the number of days in vitro (DIV) is 

represented along the x-axis. Data from neurons grown on WT astrocytes are represented 

by the solid bars, and from neurons grown on Fmr I KO astrocytes are represented by the 

white bars. Data are presented as mean ± s.e.m. of 150 neurons from three independent 

experiments. *, significantly different at P<0.05; *** , significantly different at P<0.001 ; 

Mann Whitney U Tests (two-tailed). 
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Figure 5.5: Excitatory synaptic protein expression in hippocampal neurons in co-culture. 

Hippocampal neurons are stained with antibodies to the pre-synaptic protein, synapsin 

(green) and the excitatory post-synaptic protein, PSD-95 (red). Nuclei are stained with 

DAPI (blue). Scale bar represents lOOµm. Inset is an example of a 50µm segment that 

would be used for excitatory synapse quantification. 
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Figure 5.5 
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Figure 5.6: Excitatory synaptic protein expression 

a. Excitatory synaptic protein expression in segments of dendrites from neurons grown 

for 7, 14 or 21 DIV on either WT astrocytes (left panel) and on Fmrl KO astrocytes (right 

panel). Each set of three images represents the same 50µm segment visualized with 

immunofluorescence directed at pre- and post-synaptic proteins (top), pre-synaptic 

synapsin (green, middle), and post-synaptic PSD-95 (red, bottom). Closed arrow-heads 

indicate those instances of co-localization where the pre- and post-synaptic puncta were 

located in the same space; open arrow-beads indicate those incidences of co=localization 

where the pre- and post-synaptic puncta were located immediately adjacent to one 

another. b. From similar 50µm segments, the number of synapses (i.e. , instances of co­

localized puncta as defined above) per 50 µm were quantified. The number of days in 

culture (DIV) are indicated along the x-axis. The solid bars are data from neurons grown 

on WT astrocytes. The white bars are data from neurons grown on FmrI KO astrocytes. 

Data are presented as mean ± s.e.m., from 300 segments from three independent 

experiments. ***, significant at P<0.001 , Mann Whitney U tests (two-tailed). 
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CHAPTER6: 

PRIMARY MOUSE HIPPOCAMPAL NEURONS DEVELOP 

ABNORMAL DENDRITIC ARBORS IN THE PRESENCE OF 

FRAGILE X ASTROCYTES 
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6. Chapter 6 

6.1 Preface to Chapter 6 

This chapter is comprised of an author-generated version of an article prepared for 

submission to the Journal of Comparative Neurology, and as presented it is the pre­

review version. The manuscript was submitted to the Journal of Comparative Neurology 

on October 161
\ 2009; Submission# JCN-09-0469. 

As a submitted manuscript the author generated version is reproduced with implicit 

permission understood from the Wiley-Blackwell Copyright Transfer Agreement: 

" Submitted Version. Wiley-Blackwell licenses back the following rights to the 

Contributor in the version of the Contribution as originally submitted for publication: 

b. The right to transmit, print and share copies with colleagues." 

6.1.1 Author contributions 

For this paper, I designed and performed all of the experiments, photographed the 

images, performed the analyses, carried out the statistical analyses, wrote the manuscript 

and prepared all figures . Dr. Doering provided guidance in the designing of the 

experiments and the editing of the manuscript. 

6.1.2 Background and rationale 

In our previous paper (Chapter 5), we found that the effect of Fragile X astrocytes 

on the dendrite morphology of wild type (WT) hippocampal neurons appears to be a 

result of a developmental delay. At 7 DIV the WT neurons grown on FMRJ null 

astrocytes exhibited significant alterations in their dendrite morphology compared to 

neurons grown on WT astrocytes; neurons on FMRJ null astrocytes exhibited significant 

increases in branching, and significant deceases in the extension of the dendritic arbors 

and in the area of the neuron cell bodies. By 21 DIV, the WT neurons grown on FMRJ 
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null astrocytes no longer displayed significant differences in their dendritic morphology, 

compared to WT neurons grown on WT astrocytes. 

The previous findings indicated that there was an increase in branching, but did 

not specify the nature of the alterations in dendrite ramification: was the increase in 

branching uniform along the extent of the arbor or was it localized to specific regions. In 

this paper we sought to perform a more in depth morphological analysis of the alterations 

in the dendritic branching patterns of the neurons. Here, we used the traditional methods 

of linear and semi-log Sholl analyses to evaluate the differences in the dendritic arbor 

ramification patterns of WT neurons grown on FMRJ null astrocytes compared to WT 

neurons grown on WT astrocytes, at each of the time points used previously (i.e., 7, 14 

and 21 DIV). In this manner we were able to obtain more detailed information regarding 

how the dendritic arbors of the WT neurons were affected by the Fragile X astrocytes. 

Furthermore, the measures obtained through Sholl analysis are constant for neurons from 

specific subpopulations. For example, the value for the Sholl's regression coefficient is 

unique for neurons with pyramidal morphologies versus neurons with stellate 

morphologies (Sholl, 1953). The dendritic arbor morphology of a neuron determines its 

properties as an integrative unit in neural circuitry (Hume & Purves, 1981 ; Purves, et al. , 

1986; Purves & Hume, 1981 ). Additionally, dendritic arbor morphology can be used to 

identify subpopulations of neurons with varying signaling properties. For example, 

hippocampal excitatory neurons are typically pyramidal or stellate in appearance, 

whereas the inhibitory neurons of the hippocampus have multiple morphologies including 

bipolar and multipolar neurons and do not resemble pyramidal or stellate neurons 

(Banker & Cowan, 1979; Kriegstein & Dichter, 1983; Spruston & McBain, 2007). In our 

culture preparation we were able to identify a variety of neuronal subtypes based on the 

morphologies of their dendritic arbors, as described elsewhere (Kriegstein & Dichter, 

1983). We therefore decided to divide our neuron population into five subtypes, and 

evaluated the effects of the Fragile X astrocytes on each subtype independently. By doing 

this, we were able to obtain information regarding specific subtypes of neurons that are 

targeted by the developmental delay induced by the FMRJ null astrocytes, and gain 
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important insight into the nature of the abnormalities in neural circuitry underlying the 

clinical features of FXS. 

6.1.3 Specific aims 

• 	 To show that the Fragile X astrocytes impart a developmental delay on the 

maturation of dendritic arbors in vitro (5) . 

6.1.3.J Specific aim not previously identified 

• 	 To investigate whether the developmental delay imparted by the Fragile X 

astrocytes affects all neuronal subtypes equally 
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6.2. l Abstract 

Astrocytes are now recognized as key players in the neurobiology of neurodevelopmental 

disorders such as Fragile X Syndrome. However, the nature of Fragile X astrocyte ­

mediated control of dendritic arbor development in subtypes of hippocampal neurons is 

not yet known. In these experiments we used a co-culture procedure in which normal 

primary hippocampal neurons were cultured together with astrocytes from either a wild 

type or Fragile X mouse, for either 7, 14 or 21 days. The neurons were processed for 

immunocytochemistry using an antibody against the dendritic marker MAP2, classified 

based on morphological criteria into one of five groups, and subjected to Sholl analyses. 

Both linear and semi-log methods of Sholl analyses were applied to the neurons in order 

to provide an in depth analysis of the dendritic arborizations. We found that Fragile X 

astrocytes affect the development of dendritic arborization of all subtypes of hippocampal 

neurons. Furthermore, we show that hippocampal neurons with spiny stellate neuron 

morphology exhibit the most pervasive developmental delays, with significant dendritic 

arbor alterations persisting at 21 days in culture. The results presented here are the first to 

provide a detailed examination of the manner through which cell-type specific astrocyte­

mediated signaling plays a role in the development of Fragile X Syndrome, and provide 

important insight into potential targets for novel therapeutic strategies. 
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6.2.2 Introduction 

Fragile X Syndrome (FXS) is the most common inherited cause of mental retardation 

affecting approximately 1/2500 individuals (Hagerman, 2008). Individuals with FXS are 

characterized by a set of physical features including: an elongated and narrow face, 

protruding jaw, hyperextensible joints and macroorchidism (O'Donnell and Warren, 

2002). Children with FXS also suffer a number of neurological symptoms including 

attention deficit, hyperactivity, susceptibility to seizures and varying degrees of cognitive 

impairment (Beckel-Mitchener and Greenough, 2004). The symptoms of FXS result from 

a mutation in the Fragile X Mental Retardation (FMRJ) gene, that causes gene silencing 

and a lack of the protein product, the Fragile X Mental Retardation Protein 

(FMRP)(Kremer et al. , 1991). 

Analysis of the brains of individuals with FXS reveals abnormalities in neuron 

development (Irwin et al., 2001 ). Appropriate neuron growth and neural network 

formation is essential for the effective cell-cell signaling required in a fully mature brain. 

The dendritic arbors of neurons are specialized to receive and process information in 

neurons, and as such their proper growth and arborization is crucial for the proper 

functioning of the nervous system. Due to the space constraints in the brain, the wiring 

of the neural circuits is optimized in part through the shape of the dendritic arborizations. 

This optimization is dependent upon precise regulation of dendritic shape and contacts. 

Therefore, their precise morphologies are indicative of neural connectivity and normal 

flow of information through neural circuits. Since dendrites are the sites of most synaptic 

contacts, the shape of the dendritic arbors determines the number and pattern of synapses 

received by each neuron (Hume and Purves, 1981; Purves and Hume, 1981; Purves et al. , 

1986). In fact, each type of neuron in the nervous system exhibits its own specific 

dendritic arbor pattern, and these patterns are maintained in culture (Banker and Cowan, 

1979; Threadgill et al. , 1997), with unique membrane properties, that determine the 

computational capability of each cell (Stuart et al., 2008). Given this important functional 

role of dendrites, the consequence of abnormal arborization is often severe, and is often 
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found in many CNS disorders associated with mental retardation (Dierssen and 

Ramakers, 2006; Kaufmann and Moser, 2000; Purpura, 1975). 

Until now, the majority of the research on the neurobiology of FXS has focused on the 

effect of a lack of FMRP in the neuronal population. Recently however, our lab 

discovered that FMRP was also expressed in cells of the glial lineage (Pacey and 

Doering, 2007). Astrocytes are recognized as important regulators of neuron growth and 

maturation, and are documented as key players in the abnormal neurobiology of a number 

of developmental disorders in addition to FXS (Ballas et al. , 2009; Barres, 2008). Under 

normal conditions, astrocytes are known to provide signals that guide synapse formation 

and neurite development (Banker, 1980; Barres, 2008; Powell and Geller, 1999). In fact, 

astrocyte-derived cues help ensure appropriate dendritic arborizations (Yamamoto et al. , 

2006). 

Recently, we provided evidence that establishes astrocytes as key players in the 

development of abnormal neuron morphology in FXS (Jacobs and Doering, submitted). 

Given the importance of appropriate dendritic arbor development for normal neural 

circuitry and cognitive function, we sought to further clarify the nature of the dendrite 

morphology that is altered by the astrocytes in Fragile X. Here, we used Sholl analysis to 

determine more precisely if, and how the astrocytes in Fragile X affect the branching 

pattern of the dendritic arbors of hippocampal neurons in culture. Furthermore, by 

classifying the morphology of the hippocampal neurons, we were able to analyze if the 

dendritic arborization of certain subtypes of neurons were preferentially affected. 
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6.2.3 Methods 

Animals 

The FMRP mouse colony was established from breeding pairs of B6.129.FMRl.FvBN 

mice originally obtained from Dr. Carl Dobkin at the New York State Institute for Basic 

Research in Developmental Disabilities. The WT and KO B6.129.FMR1.FvBN mice 

were maintained as individual strains, and are genotyped regularly. Both male and 

female mice were used in the experiments. The Fmrl knockout (KO, FvBN.l29.B6­

Fmrl) and wild-type (WT) mice used for these experiments were housed and bred at the 

McMaster University Central Animal Facility. All experiments complied with the 

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

McMaster Animal Research Ethics Board. 

Cell Culture 

Primary hippocarnpal neurons and astrocytes were grown in co-culture conditions as 

detailed previously by our lab (Jacobs and Doering, 2009b ). Briefly, cortical astrocytes 

were isolated from post-natal day (PND) 0-1 pups and grown on Poly-L-Lysine (lmg/ml, 

SIGMA Cat. No. Pl399) and Laminin (O.lmg/ml, Invitrogen Cat. No. 23017-015) coated 

coverslips in MEM (Invitrogen, Cat No. 11095-080) supplemented with 6% glucose and 

10% horse serum (Invitrogen, Cat No. 16050-122), for one week. Primary hippocampal 

neurons were then isolated from embryonic day 17 (El 7; day of sperm plug counted as 

El) animals and seeded above the astrocytes and maintained in MEM supplemented with 

N2 (Invitrogen, Cat No. 17502-048), sodium pyruvate (Invitrogen, Cat No. 11360-070) 

and 6% glucose, for the duration of the experiments. Hippocampal neurons isolated from 

the WT animals were grown with astrocytes from either WT or Fmr1 KO mice, and 

grown for 7, 14 or 21 days. A total of three independent cultures per condition 

(genotype+days in vitro (DIV)) were completed. 
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Immunocytochemistry 

Following the removal of the media, the cells were fixed with ice-cold (-20°C) acetone 

for 20 minutes. The cells were then washed three times with PBS and treated with 0.1 % 

Triton X-100 for five minutes at room temperature. Non-specific binding was blocked 

with 1 % bovine serum albumin (BSA) for 30 minutes. Chicken MAP2 primary antibody 

(1 :20 000, Neuromics), diluted in 1 % BSA, was applied to the cells and incubated 

overnight at 4°C. On the second day, after washing three times with PBS, an anti-chicken 

FITC ( 1: 100, Jackson) secondary antibody was applied to the cells and incubated for 3 

hours at room temperature. Following a final set of washes with PBS (twice) and distilled 

water (twice), the coverslips were mounted onto slides with Vectashield fluorescent 

mounting medium containing DAPI to stain the nuclei . Controls for the 

immunocytochemistry were performed with the inclusion of only the primary or 

secondary antibody. 

Image acquisition 

Images were acquired usmg a Zeiss Axioskop-2 epi-fluorescence microscope and 

AxioVision image acquisition software. At each time point (7 DIV, 14 DIV, 21 DIV), for 

each independent culture (three on Fmr 1 KO astrocytes, and three on WT astrocytes), 50 

isolated neurons were selected at random for analysis. 

Neuron Classification 

Neurons were classified according to the shape of their cell body and dendritic arbor into 

one of five groups: bipolar, bi tufted, multi polar, stellate and pyramidal (Fig. 6.1), using a 

modified classification scheme based on one previously defined by Kriegstein and 

Dichter (1983). Bipolar and bitufted neurons were identified as neurons having a 

fusiform cell body with dendrites extending from opposing ends. Bitufted neurons had an 

increased number of branches projecting from each end of the cell body, with a high 

degree of branching occurring in close proximity to the cell body. Neurons classed as 
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bipolar had a lesser degree of branching immediately adjacent to the cell body with some 

branching occurring at increasing distances. Neurons classified as having a multipolar 

dendritic arbor were characterized by a round or square soma and bad more than two 

primary dendrites (and generally more than three) with multiple branches that increased 

with distance from the cell body. Neurons classified as multipolar included those neurons 

that had only three primary dendrites and could not be classified as pyramidal due to the 

shape of the cell body. These neurons did not comprise a large proportion of the cells 

classified as multipolar. Those neurons classified as stellate, also bad a round cell body 

and greater than three primary dendrites; however, their dendritic arbors exhibited a high 

degree of branching along their length. Lastly, those neurons classified as having a 

pyramidal dendritic arbor had a roughly triangular cell body and three primary dendrites 

that branched modestly in close proximity to the soma, with increased degrees of 

branching with increasing distance. In the majority of the cells that were classified as 

pyramidal, the dendritic arbors formed three clearly distinct regions with two primary 

dendrites exiting on one side of the soma, and the third exiting on the opposite. At 7 DIV, 

one neuron of the 50 in each condition could not be classified under any of the above 

types because it had only one dendritic process. These two neurons were excluded from 

further analysis. There was no difference in the proportion of cell types between the 

cultures grown on Fmr I KO astrocytes when compared to those grown on WT astrocytes 

(data not shown). The resulting numbers of cells per class in each condition are shown in 

Table 6.1. 

Sholl Analysis 

The Sholl analysis is a method of determining the nature of the neuronal dendritic arbor 

branching (Sholl, 1953). In this analysis, the image of the neuron's dendritic arbor is first 

simplified into a digital skeleton. Then, a series of equidistant concentric circles, 

centered on the perikaryon, are overlaid on the image of the skeleton (Sholl, 1953). In 

this way, the number of dendritic crossings per circle is quantified. This data can then be 

analyzed by either a linear or a log approach, as described below. 
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In this study, the Sholl analysis was performed usmg a plug- in for Image J 

(http://rsbweb.nih.gov/ij/) obtained from the Ghosh Lab web site (http: //www­

biology.ucsd.edu/labs/ghosh/software/). Digitized skeletons of each neuron were 

generated using Neuronmetrics™ (http://www.ibridgenetwork.org/arizona!UA07-56­

Neuronmetrics) (Narro et al., 2007), a plug-in for Image J. Neuron skeletons were 

smoothed (using the smooth function in Image J) and the Sholl analysis (Sholl, 1953) was 

performed with equidistant concentric circles, in steps of 1Oµm ranging from 10-300µm 

from the neuron soma (Fig. 6.2). 

Linear Sholl Analysis 

In the linear Sholl analysis the frequency data (number of intersections/circle) was plotted 

as a function of the distance from the cell body (i .e., radius of the circle). The data from 

50 neurons per neuron type was averaged and presented in the linear Sholl analysis plots. 

From this, the pattern of dendrite branch density, from the soma to the extremes, was 

obtained for each neuron type, in each condition, at each of the three time points. 

Thereby, three morphometric parameters were attained for each neuron subtype (in each 

condition, at each time point): the critical value (the radius at which maximal numbers of 

intersections occurs), the dendritic max (the number of intersections at the critical value) 

and the Schoenen's ramification index (dendritic max/number of primary dendrites) 

(Schoenen, 1982). 

Semi-log Sholl Analysis 

Semi-log Sholl analysis, as it's name suggests, involves taking the log of 'the number of 

intersections per circle area' and plotting it as a function of the distance from the soma 

(Sholl, 1953). In this study, the 'number of intersections per circle area' was calculated 

for each neuron. The log value was calculated, and then the values of the 50 neurons 

were averaged and plotted on the semi-log Sholl analysis plots. A straight line was then 

fit to the data using linear regression analysis. From this line, the rate of decrease of the 
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branch density as a function of the distance from the cell body can be obtained from the 

slope. Multiplying the slope (m) by negative one yields the Sholl regression coefficient, k. 

In this study the Sholl regression coefficient was determined for each neuron subtype, in 

each condition at each of the three time points. The Sholl regression coefficient 

accurately predicts the type of a given neuron based on the branching pattern as revealed 

by the Sholl analysis (Sholl, 1953), and therefore is a useful parameter for determining if 

two cell populations of the same type have different dendritic arborizations. 

Statistical Analyses 

For all analyses the observer was blind to the experimental condition. Statistics were 

perfom1ed using SPSS version 17, with an alpha level set to 0.05. All data are presented 

as the mean ± s.e.m. Analyses were performed for each neuron class independently, with 

a focus on the differences observed between the genotypes (Fmr 1 KO and WT) at each 

time point (7 DIV, 14 DIV, 21 DIV) and within a genotype over time. Linear Sholl 

analysis data had significantly different variances (as determined by Levene 's test for 

equal variances), and deviated significantly from a normal distribution (as determined by 

the Shapiro-Wilk test for normality, and therefore Mann-Whitney U (two-tailed) tests 

were used. Semi-log Sholl data was analyzed with linear regression. 

6.2.4 Results 

Bipolar Neurons: 

Linear Sholl analysis revealed that Fmr1 KO astrocytes induced alterations in the 

dendritic arbors of bipolar neurons . At 7 DIV, the arbors of bipolar neurons grown on 

Fmr1 KO astrocytes extended to a lesser distance than bipolar neurons on WT astrocytes 

(280µm vs. 300µm, respectively)(Fig. 6.3a and Table 6.2). The radius at which the 

bipolar neurons reached maximal branching density was closer to the cell body in those 

neurons grown on Fmrl KO astrocytes (20µm), compared to those grown on WT 

astrocytes (40µm)(Fig. 6.3a and Table 6.2). This difference was no longer apparent by 14 

DIV (Fig. 6.3 and Table 6.2). Additionally, bipolar neurons grown on Fmr1 KO 
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astrocytes consistently had a similar or lesser degree of branching at all distances from 

the cell body (Fig. 6.3a-c). At 7 DIV bipolar neurons grown on Fmrl KO astrocytes 

exhibited a significantly decreased (p<0.05) degree of branching at 160µm, l 70µm and 

l 90µm, compared to bipolar neurons grown on WT astrocytes (Fig. 6.3a). Closer to the 

cell body, the difference was not significant which is similarly indicated by only a 0.01 

difference in the Schoenen's coefficient at 7 DIV (Table 6.2). However, an overall 

relative decrease in branching became more pronounced by 21 DIV, specifically for the 

region of the arbor closer to the cell body (Fig. 6.3c). A decrease of 0.22 in the 

Schoenen's coefficient at 21 DIV reflects this difference, as does a 10.9% decrease in the 

dendritic max (Table 6.3). 

Semi-log Sholl analysis with linear regression yielded a Sholl's regression coefficient of 

0.013±0.000 (R2=0.84) for bipolar neurons grown for 7 DIV on Fmrl KO astrocytes, 

which was significantly different (p<0.01) than the Sholl's regression coefficient of 

0.012±0.000 (R2=0.83) for bipolar neurons grown for 7 DIV on WT astrocytes (Fig. 6.4a 

and Table 6.3). At 14 DIV and 21 DIV linear regression revealed that there was no 

difference in the Sholl ' s coefficient between bipolar neurons grown on Fmrl KO or WT 

astrocytes (Fig. 6.4b,c and Table 6.3). 

It therefore appears, that by both linear and semi-log Sholl analysis, that there is a 

significant difference in the dendritic branching patterns of bipolar neurons when grown 

on Fmr1 KO astrocytes compared to WT astrocytes at 7 DIV and that this difference is 

minimized by 14 DIV and 21 DIV. 

Bitufted Neurons: 

At 7 DIV, bitufted neurons grown on Fmr1 KO astrocytes exhibited a decreased 

extension of their dendritic arbors, on average reaching only 240µm, compared to those 

grown on WT astrocytes reaching 270µm (Fig. 6.5a and Table 6.4). This difference was 

absent at 14 DIV (Fig. 6.5b and Table 6.4). However, at 21 DIV, bitufted neurons grown 
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on Fmr 1 KO astrocytes, once again exhibited a decrease in the extent of their dendritic 

arbors (200µm vs. 300µm) (Fig. 6.5c and Table 6.4). By a linear Sholl analysis, bitufted 

neurons exhibited a significantly (p<0.05, Fig. 6.5a) decreased degree of branching at 

distances greater than l 80µm when grown on Fmr1 KO astrocytes compared to those 

grown on WT astrocytes, at 7 DIV However, at distances closer to the soma there was 

no significant difference in the degree of branching, which is matched by a lack of a 

major difference in the Schoenen' s ramification indices at 7 DIV (0.07, Table 6.4). The 

difference in ramification of the more distant dendrites was no longer significant at 14 

DIV or 21 DIV (Fig. 6.5b,c). Although, at 21 DIV bitufted neurons grown on Fmrl KO 

did not have dendrites extending beyond 21 Oµm , whereas a proportion of bitufted 

neurons grown on WT astrocytes had dendritic arbors that extended to 300µm. An 

interesting finding was that, at 14 DIV bi tufted neurons grown on Fmr1 KO astrocytes 

exhibited an increase in branching at distances of less than 90µm and greater than 

l 50µm, although these differences were not significant (Fig. 6.5b ). Once again, this 

difference is reflected in an increase of 1.07 for the Schoenen's ramification index for 

neurons grown on Fmrl KO astrocytes at 14 DIV (Table 6.4). In addition, at 14 DIV 

bitufted neurons grown on Fmrl KO astrocytes had a dendritic max that was 37.6% 

greater than neurons grown on WT astrocytes (Table 6.4). 

Semi-log Sholl analysis of bitufted neurons indicated a similar pattern of dendritic arbor 

changes (Fig. 6.6a-c ). At 7 DIV linear regression revealed that bitufted neurons grown on 

Fmrl KO astrocytes had a significantly higher (p<0.001) Sholl's regression coefficient 

than bitufted neurons grown on WT astrocytes (0.015±0.000, R2=0.85 vs . 0.012±0.000, 

R2=0.90)(Table 6.5). At 14 DIV the Sholl ' s regression coefficients were not significantly 

different between bi tufted neurons grown on Fmr 1 KO or WT astrocytes (Table 6.5). 

However, at 21 DIV bi tufted neurons grown on Fmr 1 KO astrocytes again exhibited a 

significantly increased (p<0.05) Sholl's regression coefficient compared to bitufted 

neurons grown on WT astrocytes (0.013±0.001 , R2=0.79 vs. 0.011±0.000, 

R2=0.80)(Table 6.5). 
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Therefore, by both linear and semi-log Sholl analysis there is a significant difference in 

the dendritic arborization patterns seen at 7 DIV between bitufted neurons grown on 

Fmr1 KO astrocytes and WT astrocytes, and this is no longer significant at 14 DIV. 

Interestingly, at 21 DIV only the semi-log Sholl analysis indicated a significant difference 

in the branching of the dendritic trees of bi tufted neurons grown on Fmrl KO versus WT 

astrocytes . 

Pyramidal Neurons: 

At 7 DIV, pyramidal neurons grown on Fmr1 KO astrocytes displayed a decrease in the 

extent of their dendritic arbor, reaching distances of only 240µm compared to the 290µm 

of those grown on WT astrocytes (Fig. 6.7a and Table 6.6). This difference was no longer 

apparent by 14 DIV when neurons in both conditions exhibited arbors that extended 

300µm (Fig. 6.7b,c and Table 6.6). Linear Sholl analysis revealed that when grown on 

Fmrl KO astrocytes, pyramidal neurons exhibited significantly (p<0.05, Fig. 6.7a) 

decreased branching at 7 DIV for distances greater thanl60µm from the cell body. This 

trend of a lesser degree of ramification continued at 14 DIV; however, the difference was 

no longer significant at this stage in culture (Fig. 6.7b). At 21 DIV, pyramidal neurons 

grown on FmrI KO astrocytes exhibited an increase in the degree of branching from 

greater than 80µm , which was significant (p<0.05) at lOOµm and 190µm (Fig. 6.7c). 

This lack of a significant difference at distances closest to the soma are reflected in 

Schoenen's coefficients that are simi lar between pyramidal neurons grown on Fmrl KO 

and WT astrocytes, especially at 7 DIV (1.65 and 1.67 for WT and Fmrl KO, 

respectively)(Table 6.6). Furthermore, the inversion that occurs between 14 DIV and 21 

DIV is also evident when noting the Schoenen' s ramification indices. At 14 DIV 

pyramidal neurons grown on Fmrl KO astrocytes had a Schoenen's ramification index 

that was 0.12 less than neurons grown on WT astrocytes; however, at 21 DIV the 

Schoenen's ramification index was greater by 0.16 (Table 6.6) . In addition, at 21 DIV the 

pyramidal neurons grown on Fmr1 KO astrocytes had a shift in the value of the radius of 
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the maximal number of branches compared to the pyramidal neurons grown on WT 

astrocytes. At 21 DIV the pyramidal neurons grown on Fmrl KO astrocytes had maximal 

branching at 90µm compared to 40µm for WT. 

When the branching pattern of pyramidal neurons was evaluated with the semi-log Sholl 

analysis (Fig. 6.8a-c), there was only a significant (p<0.001) difference in the 

ramification pattern of the pyramidal neurons grown on Fmr1 KO astrocytes compared to 

WT astrocytes at 7 DIV (Table 6.7). The value of Sholl's regression coefficient for 

pyramidal neurons grown on Fmr1 KO astrocytes (0.017±0.000, R2=0.83) was 

significantly higher (p<0.001) than the Sholl 's regression coefficient for pyramidal 

neurons grown on WT astrocytes (0.014±0.000, R2=0.84) (Table 6.7). This significant 

difference was absent at the 14 and 21 DIV time points. 

Therefore, both linear and semi-log Sholl analyses showed significant alterations in the 

dendritic arborization patterns of pyramidal neurons at 7 DIV. Linear Sholl analysis 

revealed a potentially important reversal of the degree of branching at 21 DIV with 

pyramidal neurons grown on Fmr1 KO astrocytes shifting from less branching (compared 

to those grown on WT astrocytes) at 7 and 14 DIV to an increase in branching at 21 DIV. 

However, there was great variability in the dendrite ramification patterns of the pyramidal 

neurons and the difference was only significant at two locations from the soma. This 

difference seen at 21 DIV was not found to be significant by the semi-log Sholl analysis. 

Multipolar Neurons: 

At 7 DIV, multipolar neurons grown on Fmrl KO astrocytes displayed a decrease in the 

extent of their dendritic arbors compared to those grown on WT astrocytes (250µm vs. 

290µm)(Fig.6.9a and Table 6.8). This difference was absent at 14 and 21 DIV (Fig.6.9b,c 

and Table 6.8). When evaluated by linear Sholl analysis, multipolar neurons grown on 

Fmr1 KO astrocytes exhibited a decreased degree of branching along their extent, at both 

7 DIV and 21 DIV (Fig. 6.9a,c). At 14 DIV multipolar neurons were observed to have a 
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similar ramification pattern whether grown on Fmrl KO or WT astrocytes (Fig. 6.9b). 

The difference in ramification was significant (p<0.05) only when analyzed at greater 

than lOOµm from the soma at 7 DIV (Fig. 6.9a), which is reflected in a small shift in the 

Schoenen's ramification index (Table 6.8). However, at 21 DIV multipolar neurons 

grown on Fmr1 KO astrocytes exhibited a highly visible decrease in branching from 

40µm, which was significant at 120µm (p<0.01), 130µm (p<0.05) and between 210­

260µm (p<0.05) (Fig. 6.9c). This corresponded to a decrease of 0.35 in the Schoenen's 

ramification index and a 9.6% decrease in the dendritic max (Table 6.8). 

Semi-log Sholl analysis with linear regression (Fig. 6.10) revealed that multipolar 

neurons grown on Fmrl KO astrocytes had a significantly higher (p<0.05) Sholl's 

regression coefficient in comparison to the multipolar neurons grown on WT astrocytes at 

7 DIV (0.014±0.001 , R2=0.90 vs. 0.010±0.001 , R2=0.80)(Table 6.9). The values of the 

Sholl regression coefficients were not significantly different at 14 or 21 DIV. 

Therefore, both linear and semi-log Sholl analyses identified a significant difference in 

the branching patterns of multipolar neuron dendritic arbors when they were grown on 

FmrI KO astrocytes versus WT astrocytes at 7 DIV. By 14 DIV the difference in dendrite 

branching was not found to be significantly different by either method of analysis. 

However, at 21 DIV linear Sholl analysi s revealed a significant difference in ramification 

of the distant dendritic arbors, whereas this difference was not suggested by semi-log 

Sholl analysis. 

Ste/late Neurons: 

At 7 DIV, stellate neurons grown on Fmr1 KO astrocytes exhibited an increased extent of 

their dendritic arbor compared to those grown on WT astrocytes (180µm vs. llOµm) 

(Fig.6.lla and Table 6.10). This difference was absent at 14 DIV (Fig. 6.llb and Table 

6.10). However, at 21 DIV, stellate neurons grown on FmrI KO astrocytes displayed a 

decrease in the extent of their dendritic arbors (220µm vs. 300µm) (Fig. 6.11 c and Table 
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6.10). Linear Sholl analysis showed that at 7 DIV, stellate neurons grown on FmrI KO 

astrocytes exhibited a decrease in branching at distances less than 50µm from the cell 

body, and an increase in ramification at greater than 70µm (Fig. 6.lla). By 14 DIV this 

pattern of branching reversed. At 14 DIV and 21 DIV stellate neurons grown on FmrI KO 

astrocytes exhibited an increase in the branch density at distances of less than 50µm, and 

a decrease in branching at greater than 60µm (Fig. 6.11 b, c). By 21 DIV the decreased 

degree of branching beyond l 70µm was significantly different from stellate neurons 

grown on WT astrocytes (Fig. 6. llc). However, the Schoenen's ramification indices of 

stellate neurons were consistently lower when grown on Fmr1 KO astrocytes compared 

to stellate neurons grown on WT astrocytes (less 0.60, 0.52 and 0.67 for 7, 14 and 21 DJV 

respectively, Table 6.10). Growth of stellate neurons on FmrI KO astrocytes also 

decreased the dendritic max by 17.5%, 3.3% and 4.6%, at 7, 14 and 21 DIV respectively 

(Table 6.10). 

Semi-log Sholl analysis of stellate neurons (Fig. 6.12) revealed significant differences in 

their dendritic arborization patterns at both 7 and 21 DIV. At 7 DIV stellate neurons 

grown on Fmrl KO astrocytes had a Sholl's regression coefficient of 0.019±0.001 

(R2=0.88); significantly higher (p<0.0001) than the value of 0.03 1±0.001 (R2=0.96) for 

stellate neurons grown on WT astrocytes (Table 6.10). There was no significant 

difference observed at 14 DIV. However, at 21 DIV stellate neurons grown on Fmrl KO 

astrocytes had a significantly higher (p<0.001) Sholl 's regression coefficient than stellate 

neurons grown on WT astrocytes (0.017±0.000, R2=0.84 vs. 0.012±0.000, R2=0.83) 

(Table 6.11 ). 

Therefore, these analyses indicate that stellate neurons exhibited significantly different 

dendrite ramification when grown on Fmrl KO astrocytes at 21 DIV. At 7 DIV, semi-log 

Sholl analysis indicated a significant difference between the dendritic arbor branching 

patterns of stellate neurons grown on FmrI KO astrocytes compared to those grown on 

WT astrocytes; yet, this significant was not recapitulated by the linear Sholl analysis. At 
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14 DIV no significant difference was noted by either method of analysis. 

An overall summary of the analysis for each neuronal subtype is presented in Table 6.12. 

6.2.5 Discussion 

In this study we provide evidence in support of two major findings. First, we show that 

the abnormal dendritic arborization pattern induced by FmrI KO astrocytes is exhibited 

by all subpopulations of neurons found in primary hippocampal neuron cultures. Second, 

our results suggest that stellate neurons are the subtype of neurons that suffer from 

significant pervasive alterations in the branching patterns of their dendritic arbors until 21 

DIV. 

FmrI KO astrocytes induced significant alterations in dendritic arbors 

All classes of neurons that we distinguished (i.e., bipolar, bi tufted, pyramidal, stellate and 

multipolar), exhibited significant differences in their dendritic arbors when grown on 

Fmr1 KO astrocytes at 7 DIV, when analyzed by linear and semi-log Sholl methods. 

However, the bitufted and pyramidal neurons appeared to be most affected by the 

astrocytes early in development. All of the five classes exhibited an overall decrease in 

branching when grown on Fmr1 KO astrocytes compared to the growth on normal 

astrocytes. 

In earlier experiments we found that at 7 DIV, neurons exposed to Fmr1 KO astrocytes 

exhibited significantly increased branching; whereas, here we report a decrease in the 

extent of dendritic ramification. One important difference needs to be considered. In the 

previous studies we determined the extent of branching using Neuronmetrics™, which is 

a computerized system for determining the number of branches in the dendritic arbor of 

neurons (Narro et al., 2007). The difference between the previous results and the results 

here sheds light on a very important characteristic of the dendritic branching patterns. In 

Figure 6.13, two neurons with similar dendritic arbors are represented with overlays of 
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concentric virtual Sholl circles. The neuron on the right differs from the neuron on the 

left only by an increase in the number of branches. If evaluated by N euronmetrics TM, we 

would find an increased number of branches in the arbor of the neuron on the right. On 

the other band, when analyzed by the Sholl analysis, we would find no difference 

between the two neurons. Looking closely at the neuron on the right, the 'extra' branches 

(that would have been counted in Neuronrnetrics™) branch from the higher order 

dendrite between two concentric Sholl circles and either a) do not extend long enough to 

cross the next virtual Sholl circle (closed triangle) or b) extend along the curvature of the 

circle (open triangle) . Either type of branch does not reach the next virtual Sholl circle, 

and therefore would not be counted using Sholl 's analysis. 

If a neuron, or population of neurons, is found to have a decreased number of branches on 

Sholl analysis compared to a method such as Neurometrics™, it is .likely that the 

dendritic arbor has a number of short dendrites, or the dendrites do not extend radially 

outwards (similar to the example in Fig. 6.13b). Therefore, taking the previous findings 

together with the results of the present study it appears that hippocampal neurons grown 

on Fmr I KO astrocytes may extend a significant number of short dendritic branches 

(Jacobs and Doering, submitted; and Jacobs, Nathwani and Doering, submitted), while 

exhibiting a significant decrease in the highly branched patterns (the current study). 

With respect to astrocyte-mediated alterations in the development of dendrite arbors, the 

alterations we observed in the dendritic branch complexity are consistent with other 

neurodevelopmental studies (Kaufmann and Moser, 2000) and disorders of cognitive 

impaim1ent (Dierssen and Ramakers, 2006; Kaufmann and Moser, 2000). Furthermore, 

our results highlight the involvement of glial cells in neurological diseases (Allen and 

Barres, 2009; Ballas et al., 2009; Barres, 2008; Blackbum et al. , 2009; Salmina, 2009), 

and illustrate astrocytes as a contributing factor in the cellular mechanisms underlying the 

impairments in cognitive function (Nair et al. , 2008), specifically FXS. 
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Dendritic branching patterns may reflect developmental delays 

In conjunction with a significant decrease in the complexity of the dendritic arbors, we 

observed an abnormal number of short dendrites in hippocampal neurons cultured with 

Fmr 1 KO astrocytes. Dendritic arbor development is a dynamic process, during which 

new dendritic branches are continually extended and retracted, and only a subset of these 

attain full maturity (Libersat and Duch, 2004; McAllister, 2000; Scott and Luo, 2001 ). 

Early in dendrite development immature dendrite precursors, or filopodia, appear as long 

thin projections branching in an orientation nearly perpendicular to the origin dendrite 

(Libersat and Duch, 2004; McAllister, 2000; Scott and Luo, 2001). The appearance of 

the short dendrites seen on the hippocampal neurons grown with Fmrl KO astrocytes 

resembles this description. It is therefore possible that these short dendrites are immature 

fi lopodia. If this is true, the neurons grown in the presence of Fmr 1 KO astrocytes are 

delayed in an early developmental stage of extension and retraction of immature dendrite 

precursors. This delay in dendritic arbor development would cause deficits in the neural 

networks formed and could play a role in the underlying neurobiology ofFXS. 

Interestingly, the increase in the number of immature dendritic branches observed in the 

hippocampal neurons grown with Fmr 1 KO astrocytes in this study parallels the increase 

in immature dendritic spines that is documented in FXS. In addition to filopodia being 

the precursors for dendrite extension, it has been proposed that dendritic spines are also 

formed through a sequence of events following the extension of filopodia from the 

dendrites (Dailey and Smith, 1996; Okabe et al., 2001). Moreover, a correlation between 

the density of dendrite branching and the density of dendritic spines has been found in rat 

cortical neurons in vitro (Kriegstein and Dichter, 1983). Therefore, our finding could 

indicate that in addition to inducing significant alterations in the dendritic arbor 

branching patterns of hippocampal neurons, astrocytes may influence the dendritic spine 

densities of the same neurons in FXS. If true, this would be consistent with the current 

knowledge of the characteristic dendritic spine abnormalities in FXS (Comery et al. , 

1997; Irwin et al., 2000; Irwin et al. , 2002; Irwin et al., 2001). Future studies directly 
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investigating the role of astrocytes in dendritic spme development would provide 

important insight into the neurobiology of FXS. 

Second, we proposed that the 'extra' dendrites found in the previous studies could be a 

result of an altered orientation of the dendritic branches in a manner that prevents them 

crossing the next Sholl circle. As mentioned early, filopodia often project orthogonally 

from the parent dendrite. If these perpendicularly projecting early dendrite precursors 

were to continue their maturation along the same trajectory, this would result in a highly 

woven dendritic arbor. The normal radial organization of the branching of the dendrites is 

essential to ensure the most efficient coverage of the receptive field (Urbanska et al. , 

2008). Molecular signals that prevent the crossing of dendrites have been documented 

(Parrish et al. , 2007). For example, Down ' s syndrome related cell adhesion molecule 

(Dscam) has been indicated in dendrite self-avoidance in the mouse retina (Fuerst et al. , 

2008), and in Drosophila dendritic arborization neurons (Hughes et al. , 2007; Matthews 

et al. , 2007; Soba et al. , 2007). The absence of this molecule has been shown to result in 

highly disorganized dendritic arbors in Drosophila (Hughes et al. , 2007; Matthews et al. , 

2007; Soba et al. , 2007). In fact, a number of studies have shown altered organization of 

the dendritic arbors in diseases of cognitive impairment (reviewed inDierssen and 

Ramakers, 2006; Kaufmann and Moser, 2000). Based on the above explanation, the 

hippocampal neurons grown on astrocytes from an Fmr 1 KO animal exhibited altered 

dendritic arborizations with an increased number of orthogonally oriented dendrites. If 

this were true, it is possible that organizational cues are also altered in hippocampal 

neurons through astrocyte mediated mechanisms, and could contribute to the underlying 

neurobiology of FXS . 
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Hippocampal neurons with stellate morphologies are most affected 

The data presented here suggest that neurons with a stellate morphology were the only 

subtypes that continued to show significant dendritic alterations at 21 DIV when grown 

on the Fmr 1 KO astrocytes. These stellate neurons exhibited significantly increased 

branching proximal to the cell body, and significantly reduced dendritic arborization at 

distances beyond 50µm from the soma. Stellate neurons were the only subtype that was 

found to have astrocyte-induced al terations that were significant by both linear and semi­

log Sholl analyses. 

Spiny stellate neurons of the hippocampus are excitatory neurons (Spruston and McBain, 

2007). Although we were not able to identify the presence (or absence) of dendritic 

spines on the hippocampal neurons in culture, our stellate neurons appeared similar to the 

spiny stellate neurons seen in the bippocampus in vivo. In Kriegstein and Dichter's 

(1983) description of rat cortical neuron morphology, in vitro spiny multipolar cells have 

more complex dendritic arbors than aspiny multipolar cells . Additionally, stellate cells of 

the hippocampus possess five or more thick primary dendrites that project from the cell 

body (Spruston and McBain, 2007). In comparison, the cells classified as stellate in our 

cultures possessed five or more thick primary dendrites, and the dendritic arbors 

branched extensively. Therefore, based on this description and the morphological 

characteristics of the neurons in our culture, it is possible that our stellate neurons are the 

equivalent of the stellate neurons of the hippocampus, and are therefore excitatory in 

nature. 

Role of astrocytes in excitatory synapse development and cognition 

The proper functioning of neural networks requires a delicate balance between excitatory 

and inhibitory synaptic inputs. Alterations in the excitatory/inhibitory (E/I) ratio are 

found in a number of disease models of mental impairment including FXS (Eichler and 

Meier, 2008; Fatemi et al., 2008; Gibson et al., 2008; Kehrer et al. , 2008; Majdi et al., 
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2009; Wong et al. , 2006), and therefore have been implicated as a key neurobiological 

mechanism underlying cognitive impairment. Our results indicate that astrocytes may 

play a role in mediating this balance of excitatory and inhibitory circuitry by selectively 

altering the dendritic arborization patterns of excitatory neurons in vitro. Previous studies 

have documented astrocytes as mediators of the patterning of neuronal dendritic arbors in 

vitro (Ballas et al., 2009; Jacobs and Doering, 2009a; Jacobs et al. , 2009; Nishida and 

Okabe, 2007); however, the cell-type selective action of astrocyte-derived cues guiding 

dendrite arborization has not been studied excessively. In earlier work, Deni-Donini and 

Estenoz (1988) demonstrated that excitatory efferent neurons and inhibitory intemeurons 

respond differently to glia-derived signals. More recently, Lee and co-workers (2006) 

found that in response to the same environmental milieu in vivo, pyramidal and inhibitory 

intemeurons exhibited contrasting modes of growth. In their study, they showed that the 

pyramidal neurons remained relatively stable, whereas the inhibitory neurons exhibited 

numerous extensions and retractions of their dendritic arbors (Lee et al. , 2006). That 

same year, a study by Yamamato and colleagues (2006) revealed that a subset of 

Drosophila dendritic arborization ( da) neurons selectively respond to glia-derived 

signaling. Based on previous studies it is reasonable to conclude that all subtypes of 

neurons exhibit different growth and maturation responses to common signals; including 

astrocyte-derived signals with cell-type specific effects. The findings presented here 

suggest that the potential exists for astrocyte-mediated neuron-class specific pervasive 

alterations of dendritic arborizations as a contributing factor in the underlying 

neurobiology of FXS. 

In summary, we have shown for the first time that Fmr 1 KO astrocytes affect the 

dendritic arborization of all subtypes of hippocampal neurons. Furthermore, we have 

provided evidence that select populations of hippocampal neurons are more effected by 

this astrocyte-mediated developmental delay. Specifically, the stellate neurons grown on 

Fmr 1 KO astrocytes exhibit the most pervasive developmental delays. Given that 

hippocampal neurons with spiny stellate dendritic arbors are often excitatory in nature, 
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and the influence of astrocytes in dendritic patterning, the role of FMRP deficient 

astrocytes on neural development in FXS is significant. The results presented here shed 

light on the specific avenues through which astrocytes exert their effect in FXS, and may 

provide potential routes in view of astrocyte-directed therapeutics for FXS. 
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Table 6.1: Number of neurons in each morphological class per experimental condition. 

7 DIV 14 DIV 21 DIV 

WT Fmr1 KO WT Fmr1 KO WT Fmr1 KO 

Bipolar 24 25 27 31 43 45 

Bitufted 10 18 6 5 8 5 

Pyramidal 41 28 26 16 20 22 

Multi polar 69 66 76 86 65 53 

Stell ate 5 12 15 12 15 25 
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Table 6.2: Linear Sholl analysis values for bipolar neurons. 

Days in culture ?DIV 14 DIV 21 DIV 

Astrocytes WT I Fmr1 KO 
·------< ­ ·­

WT 
-­--' 

Fmr1 KO 
-

WT Fmr1 KO 
-

1 

) 

Schoenen's 

ramification indexa 

Critical Value (µm)b 

1.71 

40 
--t-­

I 

1.72 

20 + 
1.64 

70 

I
I 

t 
1.63 

60 

2.01 

60 

1.79 

75 

Dendritic Maxc 3.42 3.44 3.28 3.23 4.02 3.58 

a, dendritic max/number of primary dend1ites; b, radius (µm) at maximum number of 
dendritic crossings; c, maximum number of crossings at critical value. 
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Table 6.3: Semi-log Sholl analysis linear regression values for bipolar neurons. 

7 DIV 14 DIV 

Astrocytes WT Fmr1 KO WT 

k (-m) a 

0.012 

±0.000 I 

0.013 

±0.000 ** 

0.011 

±0.000 

Intercept b 

-2.737 

±0.032 

-2.678 

±0.032 

-2.795 

±0.029 

Rzc 0.83 0.84 0.83 

Fmr1 KO 

0.010 

±0.000 

-2 .810 

±0.027 

0.83 

21 DIV 

WT Fmr1 KO 

0.010 0.010 

±0.000 ±0.000 

-2.748 -2 .794 

±0.023 ±0.021 

0.82 0.83 

a, Shell's regression coefficient, k, is equal to the slope multiplied by negative one; b, the 
intercept of the regression line; c, the goodness of fit of the regression line; ASTS, 
astrocytes; *, significantly different from WT at p<0.05; **, significantly different from 
WT at P<0.01 ; ***, significantly different from WT at p<0.001. 
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Table 6.4: Linear Sholl analysis values for bitufted neurons. 

Days in culture 7 DIV 14 DIV 21 DIV 

Astrocytes-· --­~
WT Fmr1 KO WT Fmr1 KO WT Fmr1 KO 

I Schoenen's 

i ramification indexa 
---­--­
j Critical Value (µm)b 

2.40 

40 

2.33 

40 f 
2.83 

60 t 
3.90 

50 f 

3.81 

40 t 

3.70 

80 

Dendritic Maxc 4.80 4.66 5.67 7.80 7.63 7.40 

a, dendritic max/number of primary dendrites; b, radius (µm) at maximum number of 
dendritic crossings; c, maximum number of crossings at critical value. 
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Table 6.5: Semi-log Sholl analysis linear regression values for bitufted neurons. 

7 DIV 14 DIV 21 DIV 

I ~ Astrocytes t WT r1 KO 1 WT I Fmr1 KO WT Fmr1 KO 
I 

I - ·--,0~1~-- -0:01-11:0100.015 0.011 0.013 

1 k (-m) a I " 
1-l ±o.ooo _ _J ±o_.o_o_o_*** ±0.000 ±0.000 ±0.000 ±0.001 * 

I -2.596 I -2.465 -2.642 -1~05- -2.526 -2 .394 
Intercept b 1 

1 
±0.040 ±0.038 ±0.058 ±0.077±0.054 I ±0.066 

11 

0.90 0.85 0.88 0.83 0.80 0.79 

a, Sholl 's regression coefficient, k, is equal to the slope multiplied by negative one; b, the 
intercept of the regression line; c, the goodness of fit of the regression line; ASTS, 
astrocytes; *, significantly different from WT at p<0.05; **, significantly different from 
WT at P<0.01; ***,significantly different from WT at p<0.001. 
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Table 6.6: Linear Sholl analysis values for pyramidal neurons. 

Days in culture 7 DIV 14 DIV 21 DIV 

Astrocytes WT Fmr1 KO WT Fmr1 KO WT Fmr1 KO 

Schoenen's 

ramification indexa 

Critical Value (µm)b 

1.65 

40 
+-­

1.67 

30 

1.68 I 

. t- 40 -r­
1.56 

55 

1-~ 88 
40 , 

~ 
90 

~ 
I 
I 

Dendritic Maxc 4.95 5.00 5.04 4.69 5.65 5.82 

a, dendritic max/number of primary dendrites; b, radius (µm) at maximum number of 
dendritic crossings; c, maximum number of crossings at critical value. 
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Table 6.7: Semi-log Sholl analysis linear regression values for pyramidal neurons. 

7 DIV 14 DIV 

Astrocytes WT Fmr1 KO WT 

' k (-m) a 

0.014 

±0.000 

0.017 

±0.000 *** 
--- . 

. 
0.011 

±0.000 

I 

I Intercept b 

-2.509 

±0.026 

-2.343 

±0.036 

-2.654 

±0.030 

R 2c 0.84 0.83 0.83 

Fmr1 KO 

0.011 

±0.000 

-2 .705 

±0.038 

0.83 

21 DIV 

WT Fmr1 KO 

0.011 0.011 

±0.000 

-2 .620 

±0.000 
----­

-2 .640 

±0.035 ±0.032 

0.82 0.82 

a, Sholl 's regress ion coefficient, k, is equal to the slope multiplied by negative one; b, the 
intercept of the regression line; c, the goodness of fit of the regression line; *, 
significantly different from WT at p<0.05 ; * *, significantly different from WT at P<O.O 1; 
***,significantly different from WT at p<0.001. 

214 




Ph.D. Thesis - Shelley Jacobs McMaster University - Medical Sciences 

Table 6.8 : Linear Sholl analysis values for multipolar neurons. 

Days in culture 7 DIV 14 DIV 21 DIV 

Astrocytes WT 
I 
i Fmr1 KO WT Fmr1 KO WT Fmr1 KO 

I Schoenen's 

ramification indexa 

Critical Value (µm)b 

1.66 

40 

I 

t- 1.55 

I 30 
~16:3 t 1.57 

45 

' 

4
2.08 

50 

1.73 

40 ~ 
Dendritic Maxc 4.95 5.00 6.55 6.51 6.95 6.28 

a, dendritic max/number of primary dendrites; b, radius (µrn) at maximum number of 
dendritic crossings; c, maximum number of crossings at critical value. 
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Table 6.9: Semi-log Sholl analysis linear regression values for multipolar neurons. 

7 DIV 14 DIV 

Astrocytes WT Fmr1 KO WT 

0.010 0.014 0.010 
k (-m) a 

±0.001 ±0.001 * ±0.001 

-2 .840 -2 .531 -2.647 
Intercept b 

±0.164 ±0.136 ±0.100 

R 2c 0.80 0.90 0.92 

Fmr1 KO 

0.010 

±0.001 

-2.651 

±0.100 

0.92 

21 DIV 

WT Fmr1 KO 

0.010 0.010 

±0.001 ±0.001 

-2 .645 -2.662 

±0.092 ±0.100 

0.93 0.92 

a, Sholl's regression coefficient, k, is equal to the slope multiplied by negative one; b, the 
intercept of the regression line; c, the goodness of fit of the regression line; *, 
significantly different from WT at p<0.05; **,significantly different from WT at P<0.01 ; 
***, significantly different from WT at p<0.001. 
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Table 6.10: Linear Sholl analysis values for stellate neurons. 

Days in culture 7 DIV 14 DIV 21 DIV 

IAstrocytes WT 
I 
1 Fmr1 KO WT i Fmr1 KO WT , Fmr1 KO 

rSchoenen's 

ramification indexa 

Critical Value (µm)b 

2.17 _I 
30 -r­

1.57 

20 

I 2.55 -t:~o~- 1 

t 60 40 t 
308­

50 

I__ 2 ~1 ~ 
T 40 I 

Dendritic Maxc 10.00 8.25 12.93 12.50 13.13 12.52 

a, dendritic max/number of primary dendrites; b, radius (µm) at maximum number of 
dendritic crossings; c, maximum number of crossings at critical value. 
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Table 6.11 : Semi-log Sholl analysis linear regression values for stellate neurons. 

7 DIV 14 DIV 

Astrocytes 

k (-m) a 

WT 

0.031 

±0.001 

I Fmr1 KO 

1 ~9 
±0.001 *** 

WT 

0.012 

±0.000 

Intercept b 

-1.578 

±0.053 

-2.059 

±0.056 

-2.202 

±0.041 

R 2c 0.96 0.88 0.84 

Fmr1 KO 

0.013 

±0.000 

-2.205 

±0.051 

0.83 

21 DIV 

WT Fmr1 KO 

0.012 0.017 

±0.000 ±0.000 *** 

-2.230 -1.991 

±0.043 ±0.038 

0.83 0.84 

a, Sholl's regression coefficient, k, is equal to the slope multiplied by negative one; b, the 
intercept of the regression line; c, the goodness of fit of the regression line; *, 
significantly different from WT at p<0.05 ; **,significantly different from WT at P<0.01 ; 
***,significantly different from WT at p<0.001. 
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Table 6.12: Summary of Sholl analyses results 

All arrows represent change compared to WT. Linear Sholl, values represent distance 

(µm) from soma with significant differences, * p<0.05, ** p<0.01 , *** p<0.001; Rext, 

radius (µm) at extent of arbor, single arrow indicates a change of 1Oµm ; Rmax, the radius 

at which there was maximum number of crossings, each arrow represents 1 Oµm ; Dmax, 

the number of crossings at Rmax, one arrow is change of >0.1 , two arrows are change of 

>1.0; SRI, Schoenen's Ramification Index, single arrow is change of > 0.1 , double arrow 

is change of > l.O; k, Sholl's coefficient, * p<0.05, ** p<0.01 , *** p<0.001. 
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Figure 6.1: Neuron classification based on dendrite morphology. 


Examples of neurons in culture stained with MAP2, representing each of the subtypes of 


neurons identified in culture, a, bipolar neurons, b, bitufted neurons, c, pyramidal 


neurons, d, multipolar neurons, e, stellate neurons. Scale bars are 50µm. 
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a 

b 

c 

Figure 6.1 (a-c) 
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d 

e 

Figure 6.1 (d-e) 
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Figure 6.2: Sholl analysis schematic. 


Example of a representative neuron dendritic arbor skeleton generated by 


Neuronmetrics™, with a simplified overlay of virtual concentric Sholl circles. In these 


experiments the Sholl circles began at lOµm and continued every IOµm until 300µm. 
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Figure 6.2 
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Figure 6.3: Linear Sholl analysis of bipolar neurons. 

(a) 7 DIV, (b) 14 DIV and (c) 21 DIV. Solid circles are data from neurons grown on WT 

astrocytes, and open circles are from data of neurons grown on Fmr1 KO astrocytes. Data 

are mean ± s.e.m. from three independent experiments, a, n(WT)=24 and n(Fmr1 

K0)=25, b, n(WT)=27 and n(Fmrl K0)=31 , c, n(WT)=43 and n(Fmrl K0)=45. * 
significantly different from WT at p<0.05 , Mann Whitney U tests (two-tailed). 
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Figure 6.3 
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Figure 6.4: Semi-log Sholl analysis of bipolar neurons. 

(a) 7 DIV, (b) 14 DIV and (c) 21 DIV. Solid circles are data from neurons grown on WT 

astrocytes, and open circles are from data of neurons grown on Fmr1 KO astrocytes. Data 

are mean ± s.e.m. from three independent experiments, a, n(WT)=24 and n(Fmr1 

K0)=25, b, n(WT)=27 and n(Fmrl K0)=31, c, n(WT)=43 and n(Fmrl K0)=45. Linear 

regression lines are shown. Solid line is for data from neurons grown on WT astrocytes, 

and the dashed line is for data from neurons grown on Fmr1 KO astrocytes. 
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Figure 6.5: Linear Sholl analysis of bitufted neurons. 

(a) 7 DIV, (b) 14 DIV and (c) 21 DIV. Solid circles are data from neurons grown on WT 

astrocytes, and open circles are from data of neurons grown on Fmr1 KO astrocytes . Data 

are mean ± s.e.m from three independent experiments, a, n(WT)= l 0 and n(Fmr 1 KO 

)= 18, b, n(WT)=6 and n(Fmrl K0)=5, c, n(WT)=8 and n(Fmrl K0)=5. *,significantly 

different from WT at p<0.05, Mann Whitney U tests (two-tailed). 
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Figure 6.6: Semi-log Sholl analysis of bitufted neurons. 

(a) 7 DIV, (b) 14 DIV and (c) 21 DIV. Solid circles are data from neurons grown on WT 

astrocytes, and open circles are from data of neurons grown on Fmr1 KO astrocytes. Data 

are mean ± s.e.m from three independent experiments, a, n(WT)= 10 and n(Fmr1 KO 

)=18, b, n(WT)=6 and n(Fmrl K0)=5, c, n(WT)=8 and n(Fmrl K0)=5. Linear 

regression lines are shown. Solid line is for data from neurons grown on WT astrocytes, 

and the dashed line is for data from neurons grown on Fmr1 KO astrocytes. 
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Figure 6.7: Linear Sholl analysis of pyramidal neurons . 

(a) 7 DIV, (b) 14 DIV and (c) 21 DIV. Solid circles are data from neurons grown on WT 

astrocytes, and open circles are from data of neurons grown on Fmr I KO astrocytes . Data 

are mean ± s.e.m. from three independent experiments, a, n(WT)=24 and n(Fmr I 

K0)=28, b, n(WT)=26 and n(Fmrl K0)=16, c, n(WT)=20 and n(Fmrl K0)=22. *, 

significantly different from WT at p<0.05 ; **, significant at p<0.01 ; ***, significant at 

p<0.001 , Mann Whitney U tests (two-tailed). 
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Figure 6.8: Semi-log Sholl analysis of pyramidal neurons. 

(a) 7 DIV, (b) 14 DIV and (c) 21 DIV Solid circles are data from neurons grown on WT 

astrocytes, and open circles are from data of neurons grown on Fmr I KO astrocytes. Data 

are mean ± s.e.m. from three independent experiments, a, n(WT)=24 and n(Fmrl 

K0)=28 , b, n(WT)=26 and n(Fmrl KO)= l6, c, n(WT)=20 and n(Fmrl K0)=22. Linear 

regression lines are shown. Solid line is for data from neurons grown on WT astrocytes, 

and the dashed line is for data from neurons grown on Fmr1 KO astrocytes. 
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Figure 6.9: Linear Sboll analysis of multipolar neurons. 

(a) 7 DIV, (b) 14 DIV and (c) 21 DIV Solid circles are data from neurons grown on WT 

astrocytes, and open circles are from data of neurons grown on FmrI KO astrocytes. Data 

are mean ± s.e.m. , from three independent experiments, a, n(WT)=69 and n(FmrI 

K0)=66, b, n(WT)=76 and n(Fmrl K0)=86, c, n(WT)=65 and n(Fmrl K0)=53. *, 

significantly different from WT at p<0.05; **, significant at p<0.01 ; ***, significant at 

p<0.001 , Mann Whitney U tests (two-tailed). 
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Figure 6.10: Semi-log Sholl analysis of multipolar neurons. 

(a) 7 DIV, (b) 14 DIV and (c) 21 DIV. Solid circles are data from neurons grown on WT 

astrocytes, and open circles are from data of neurons grown on Fmr1 KO astrocytes. Data 

are mean ± s.e.m., from three independent experiments, a, n(WT)=69 and n(Fmr1 

K0)=66, b, n(WT)=76 and n(Fmrl K0)=86, c, n(WT)=65 and n(Fmrl K0)=53 . Linear 

regression lines are shown. Solid line is for data from neurons grown on WT astrocytes, 

and the dashed line is for data from neurons grown on Fmr1 KO astrocytes. 
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Figure 6.11: Linear Sholl analysis of stellate neurons. 

(a) 7 DIV, (b) 14 DIV and (c) 21 DIV. Solid circles are data from neurons grown on WT 

astrocytes, and open circles are from data of neurons grown on Fmr1 KO astrocytes. Data 

are mean ± s.e.m., from three independent experiments, a, n(WT)=5 and n(Fmr1 

K0)=12, b, n(WT)= l5 and n(Fmrl K0)= 12, c, n(WT)=15 and n(Fmrl K0)=25 . *, 

significantly different from WT at p<0.05 ; **, significant at p<0.01 , Mann Whitney U 

tests (two-tailed). 
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Figure 6.12: Semi-log Sholl analysis of stellate neurons. 

(a) 7 DIV, (b) 14 DIV and (c) 21 DIV. Solid circles are data from neurons grown on WT 

astrocytes, and open circles are from data of neurons grown on Fmr1 KO astrocytes . Data 

are mean ± s.e.m., from three independent experiments, a, n(WT)=5 and n(Fmrl 

K0)=12, b, n(WT)=15 and n(Fmrl K0)=12, c, n(WT)= l5 and n(Fmrl K0)=25 . Linear 

regression lines are shown. Solid line is for data from neurons grown on WT astrocytes, 

and the dashed line is for data from neurons grown on Fmr1 KO astrocytes. 
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Figure 6.13: Dendrite branching and Sholl analysis 

Schematic diagram depicting an important concept to remember when interpreting the 

results from Sholl analysis as an indicator of ramification of dendritic arbors. The neuron 

on the right has a dendritic arbor that is visibly more densely branched than the neuron on 

the left. However, due to the nature of the branches - shorter than the space between 

concentric circles (closed arrow-head), or branches that extend some distance but fall 

completely within on circle (open arrow-bead) - these branches will be overlooked when 

using Sholl analysis. The end result would be that the two neurons bad identical degrees 

of ramification. 

246 




Ph.D. Thesis - Shelley Jacobs McMaster University - Medical Sciences 

Figure 6.13 
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7. Conclusions & Future directions 

7.2 Conclusions 

The manuscripts presented in this dissertation were comprised of experiments that 

were designed to provide evidence for the central hypothesis of this thesis : 

Astrocytes contribute to the development of 


the abnormal neurobiology seen in Fragile X Syndrome. 


From this hypothesis, two specific hypotheses followed: 

I) Fragile X Astrocytes alter the maturation of dendritic arbors of neurons in 

Fragile X Syndrome. 

2) Fragile X Astrocytes contribute to the altered excitatory synapse 

development of neurons in Fragile X Syndrome. 

In order to address these hypotheses, the present experiments were based on a set 

of six Specific Aims (see Section 2.2). Each of the manuscripts in Chapters 4 through 6, 

contain experiments that were designed to address these Specific Aims. The major 

findings of each paper, and their contribution to the substantiation of the hypotheses are 

provided below. 

7.1.1 Chapter 4 . 

In this chapter, the experiments were designed to address the Specific Aims 1 

through 4. In the first set of experiments, WT hippocampal neurons were cultured with 

WT or FMRI null astrocytes for 7 DIV, and the dendritic morphology and excitatory 

synaptic protein expression were evaluated. The results indicate that FMRI KO 

astrocytes induce significant changes in the morphology of the dendritic arbors of WT 

neurons. The neurons grown on FMRI null astrocytes exhibit a decrease in the extension, 

and an increase in the branching, of their dendritic arbors, when compared to WT neurons 
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grown on WT astrocytes. WT neurons grown on FMRJ null astrocytes also exhibit 

significantly fewer pre- and post- synaptic proteins, than the WT neurons cultured on WT 

astrocytes. Therefore the results provide evidence that FMRJ KO astrocytes induce 

abnormal dendrite morphology and alterations of excitatory synaptic protein expression 

in WT neurons in culture (Specific aims 1 and 2). 

In the second set of experiments, FMRJ KO neurons were cultured with WT or 

FMRJ KO astrocytes for 7 DIV, and the dendrite morphology and excitatory synaptic 

protein expression were evaluated. The results suggest that WT astrocytes can prevent the 

development of an abnormal dendritic arbor morphology in FMRJ null neurons. The 

FMRJ KO neurons grown with WT astrocytes exhibit dendritic arbor morphologies that 

are significantly different from FMRJ null neurons grown on FMRJ null astrocytes . 

Furthermore, the characteristics of the FMRJ null neurons grown on WT astrocytes are 

similar to those of WT neurons grown on WT astrocytes. The findings also provide 

evidence that WT astrocytes prevent significant alterations in excitatory synaptic protein 

expression in FMRJ KO neurons . The FMRJ KO neurons grown on WT astrocytes 

exhibited significantly more pre-synaptic protein puncta, and an increased number of 

post-synaptic protein puncta than the FMRJ null neurons grown on FMRJ KO astrocytes. 

Moreover, the FMRJ null neurons grown on WT astrocytes displayed similar numbers of 

excitatory protein puncta as seen in the WT neurons cultured with WT astrocytes. These 

findings demonstrate that WT astrocytes can prevent the abnormal dendrite morphology 

and altered synaptic protein expression of FMRJ null neurons in culture (Specific Aims 3 

and 4). Together, these results provide support for the hypothesis that FMRJ KO 

astrocytes are involved in the development of the abnormal dendritic morphology and 

excitatory synaptic protein expression of neurons seen in FXS (Specific Hypotheses 1 

and 2), and therefore help substantiate the central hypothesis of this thesis: Astrocytes 

contribute to the development of the abnormal neurobiology seen in Fragile X Syndrome. 

7.1.2 Chapter 5. 

In this chapter the experiments were designed to address Specific Aims 5 and 6. 
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In these experiments WT neurons were cultured with WT or FMRI null astrocytes for 7, 

14 or 21 DIV, and the dendrite morphology and excitatory synaptic protein expression 

were evaluated. The results suggest that the FMRI null astrocytes impart a 

developmental delay on the maturation of the dendritic arbor and the excitatory synapses. 

At 7 DIV WT neurons grown on FMRI KO astrocytes exhibited significantly altered 

dendritic morphologies and excitatory synaptic protein expression, when compared to 

WT neurons grown on WT astrocytes. This was consistent with the results reported in 

Chapter 4. However, at 21 DIV the WT neurons grown on FMRI null astrocytes no 

longer displayed significant alterations in their dendrite morphologies or in their 

excitatory synapse expression, compared to WT neurons grown on WT astrocytes. At 21 

DIV, the WT neurons grown on FMRI null astrocytes exhibited dendrite morphologies 

and excitatory synaptic protein expression simi lar to that of WT neurons grown on WT 

astrocytes. These results provide evidence that the abnormalities in the dendritic arbors 

and excitatory synapse expression of WT neurons that are induced by the FMRI null 

astrocytes, are due to delays in development (Specific Aims 5 and 6). Furthermore, these 

findings help substantiate the theory that the abnormalities in the dendrites and in the 

excitatory synaptic protein expression of the neurons in FXS, are partially caused by 

astrocytes (Specific Hypothesis 1 and 2). Therefore these results further support the 

central hypothesis of this thesis : Astrocytes contribute to the development of the 

abnormal neurobiology seen in Fragile X Syndrome. 

7.1.3 Chapter 6. 

The experiments in Chapter 6 were designed to further address Specific Aim 5. In 

these experiments WT hippocampal neurons were grown with WT or FMRI KO 

astrocytes, and the morphology of the neuronal dendritic arbors were assessed by Linear 

and Semi-log Sholl analyses. Importantly, the population of cultured neurons was 

divided based on dendritic arbor morphology, and the analyses were performed on the 

five neuronal subtypes independently. The findings suggest that FMRI null astrocytes 

induce significant alterations in the morphology of WT hippocampal neurons at 7 DIV, 
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consistent with previous results. Furthermore, the results indicate that the effect of FMR.l 

null astrocytes specifically targets neurons with a spiny stellate morphology. The WT 

neurons designated as having stellate morphology displayed significant alterations in 

dendritic arbor morphology, when grown on FMR.l null astrocytes compared to those 

grown on WT astrocytes, and this significant change persisted until the 21 DIV time 

point. These results provide evidence that FMR.l null astrocytes induce alterations in the 

morphology of the dendritic arbors of WT neurons in culture (Specific Aim 5). Therefore, 

these finding help substantiate the hypothesis that astrocytes contribute to the altered 

dendrite morphology of neurons seen in FXS (Specific Hypothesis 1 ), and further support 

the central hypothesis of this thesis: Astrocytes contribute to the development of the 

abnormal neurobiology seen in Fragile X Syndrome. 

Therefore, the results presented in the manuscripts included in this dissertation 

provide convincing evidence for the central hypothesis of this thesis: Astrocytes 

contribute to the development of the abnormal neurobiology seen in Fragile X Syndrome. 

These experiments are the first to suggest a role for astrocytes in the development of the 

abnormal neuronal phenotype seen in FXS. As such, these findings present significant 

implications for future Fragile X research. They provide a new, and exciting, direction for 

studies investigating the underlying processes leading to the abnormal neuronal 

phenotype seen in FXS, with the potential for gaining a greater understanding of the 

abnormal neurobiological mechanisms causing FXS. Furthermore, and perhaps most 

importantly, the novel prospect for a role for astrocytes in the development of FXS will 

create many possibilities for new therapeutic targets and innovative treatment strategies 

for individuals with FXS. 

7.2 Future directions 

The author of this dissertation recognizes that these experiments are only the 

initial stepping stone towards validating the proposed hypothesis, and that a number of 

other studies are required to further substantiate the hypothesis. A few of the possible 
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studies are briefly described below. 

7.2.1 Investigations in the GFAP-FMRJ conditional knockout mouse 

In vitro methods provide an excellent means for investigating the mechanisms 

underlying disease. They allow the study of disease processes in an environment isolated 

from the complexity of that in vivo. Additionally, neurons in culture are more accessible 

for experiments that require the visualization of neurite and synaptic properties, due to a 

lessening of the intricate networks present in vivo. 

However, this isolation also bas its draw-backs. In the in vitro environment the 

cells are not subject to all aspects of the normal in situ environmental milieu. This can 

pose problems for the interpretation of in vitro results. Therefore, while the information 

obtained from in vitro studies is invaluable, investigations in an in vivo correlate are often 

desirable. 

The experiments presented in this dissertation were conducted on primary neurons 

isolated in vitro. Therefore, a logical next step would be to investigate whether a similar 

affect of astrocytes could be observed in vivo. 

In 2006, Mientjes and co-workers developed an FMRI conditional knockout 

(CKO) mouse, by flanking the promoter and first exon of the FMRJ gene with lox P sites. 

In contrast to the FMRI knockout mouse model used in these experiments the CKO 

permits the tissue specific targeted expression of FMRP. Mientjes and colleagues 

demonstrated how, through the breeding with a Purkinje-cell-specific cre-recombinase 

expresser, mice with FMRP expression in all cells except the Purkinje neurons could be 

generated (Mientjes, et al., 2006). 

In order to determine whether astrocytes have the same effects on the dendrite 

morphology and synaptic development in vivo, as seen in the present experiments in 

vitro, a mouse would need to be created in which the FMRI gene was absent m 

astrocytes. A GFAP-specific cre-recombinase expressing mouse is available through The 

Jackson Laboratories. Through breeding the FMRJ CKO and the GFAP-cre mice, 

offspring would be created that should have normal FMRP expression in all tissues, with 
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the exception of GFAP expressing cells (i.e. , astrocytes) . 

Once the FMRP expression patterns of the offspring were confirmed, a series of 

experiments could be performed to address the in vivo questions. For example, using the 

Golgi stain, the dendrite morphologies of neurons in these mice could be studied. 

Additionally, any alterations in synaptic protein expression could be assessed using 

western blotting of proteins from synaptoneurosome preparations. These two examples 

would provide an in vivo correlate for the results presented in this dissertation. Moreover, 

the GFAP-FMRl-CKO mice would provide a model in which more in depth 

investigations of the astrocyte mediated effects in the neuropathology of FXS. 

7.2 .2 Dendritic spine morphologies 

An example of one such study would be the investigation into the effects of 

astrocytes on dendritic spine morphology in FXS. The most prominent feahlfe of neurons 

in both humans and mice with Fragile X are the alterations in the dendritic spines 

(Comery, et al. , 1997; Galvez & Greenough, 2005; Grossman, et al., 2006; Irwin, et al., 

2000; Irwin, et al. , 2002; Irwin, et al., 2001; McKinney, et al. , 2005; Nimchinsky, et al., 

2001). 

In the experiments presented here, we assessed the astrocyte-mediated alterations 

m neuronal dendrite morphology, however the MAP2-based immunofluorescent 

technique used was not sensitive enough to visualize the dendritic spines. It has been 

suggested that the co-localization of pre- and post-synaptic proteins identifies a mature 

synapse (Ullian, et al., 2001), and that the number of mature synapses exists m an 

approximately 1: 1 ratio with the number of dendritic spines (Harris, et al., 1992; 

Nimchinsky, et al., 2004). Therefore, from the results presented in this thesis, an 

approximation of the alterations in the number of dendritic spines can be deduced: since 

the number of excitatory synapses increased the number of mature dendritic spines was 

probably also increased when neurons were grown with FMRI null astrocytes . However, 

this supposition needs to be confirmed with methods intended to directly assess astrocyte­

mediated alterations on dendritic spines. For example, using carbocynaine fluorescent 
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lipophilic dyes such as DiI or DiO to label the dendritic spmes of fixed neurons 

(Godement, Vanselow, Thanos, & Bonhoeffer, 1987), or the Golgi staining method in the 

above-suggested in vivo GFAP-FMRJ-CKO mouse model, could provide information 

about the numbers of dendritic spines. Furthermore, these methods would also enable 

evaluations of the morphologies of the dendritic spines when neurons were in the 

presence (whether in vitro or in vivo) of astrocytes lacking FMRP. 

7 .2.3 Astrocyte FMRP 

From the experiments presented in this dissertation it is not possible to draw a 

conclusion regarding the molecular mechanisms of the effects FMRJ astrocytes. We 

found that astrocytes isolated from an FMRJ null mouse exert inhibitory effects on 

dendrite and synapse maturation. However, this could be due to one of two mechanisms. 

First, it is possible that the astrocyte-mediated alterations are due to an indirect effect of 

the loss ofFMRP. In other words, the lack of FMRP in the neurons (and in the animal as 

a whole) creates a ' diseased ' environment that fosters the development of abnom1al 

astrocytes that are unable to support normal neuron growth. Neurons are known to signal 

to astrocytes (Allen & Barres, 2009), and therefore it is possible that FMRJ null neurons 

are unable to effectively signal to astrocytes to promote the astrocytes ' normal maturation 

and functioning. 

Second, and perhaps more intriguing, is the possibility that it is a direct effect of 

the loss of FMRP: the functioning of the astrocytes is altered by a lack of their own 

FMRP. Our lab recently demonstrated that FMRP is expressed in cells of the glial 

lineage early in development (Pacey & Doering, 2007). The primary cultures of 

astrocytes used in the experiments for this thesis were also found to express FMRP 

(personal observation). Therefore it is possible that, similar to the role of FMRP in 

neurons, FMRP may act as a translational regulator in astrocytes. In fact, there are a 

number of known FMRP targets that are also found in astrocytes such as the structural 

proteins, actin (Groschel-Stewart, Unsicker, & Leonhardt, 1977) (Liao, et al., 2008), 

vimentin (Fedoroff, White, Neal, Subrahmanyan, & Kalnins, 1983; Liao, et al., 2008), 
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and MAPlB (Lu, et al., 2004; Ulloa, Ibarrola, Avila, & Diez-Guerra, 1994). Dynamic 

structural changes in astrocytic processes surround synapses have been shown to affect 

the morphology of dendritic spines (Haber, Zhou, & Murai, 2006) . Subunits of the 

glutamate transporter (GLTl) are also found in astrocytes, and are a known target of 

FMRP (Guillet, et al., 2002; Kugler & Schleyer, 2004; Liao, et al., 2008). Astrocytes are 

responsible for the rapid removal of glutamate from the extracellular space, a process that 

is essential for the normal functioning and survival of neurons (Anderson & Swanson, 

2000). Additionally, glutamate uptake and release via the reversal of glutamate 

transporters, is important for regulating the activity of glutamatergic synapses (Anderson 

& Swanson, 2000). Therefore a lack of astrocyte FMRP could cause alterations in the 

expression of these proteins, and thereby potentially impede these vital astrocyte 

functions. Furthermore, the complete array of FMRP targets is not yet known, and 

therefore it is possible that there are a number of other proteins that are regulated by 

astrocyte-FMRP. A lack of astrocyte FMRP would thereby have a direct effect on 

translation of astrocyte proteins, which could therefore affect the functioning of the 

astrocyte. In turn, this lack of astrocyte FMRP would result in abnormal astrocytes that 

cannot support normal neuron growth and development. 

The differentiation between these two mechanisms is important for the 

development of more tailored therapies for FXS. In order to determine if it is astrocyte 

FMRP that is causing the observed effects, the following in vitro experiments could be 

performed. Using a similar co-culture procedure, WT neurons could be grown with both 

WT and FMRJ KO astrocytes with the following modifications. WT astrocytes would be 

treated with FMRI siRNA, and then co-cultured with WT neurons. The morphology of 

WT neurons grown in this condition would be compared to WT neurons grown with 

untreated WT astrocytes. Similarly, FMRI KO astrocytes could be transfected with 

FMRP. WT neurons could be grown on both the transfected and non-transfected FMRI 

KO astrocytes, and their morphologies and synaptic protein expression profiles could 

then be compared. These experiments would help determine if it is the astrocyte FMRP 

specifically that is a contributing factor to the underlying abnormal neurobiology of FXS. 
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7.2.4 mGluR-dependent protein translation in astrocytes 

The role of group 1 mGluRs in FXS has focused solely on neurons; however, 

cultured hippocampal astrocytes have also been shown to express mGluRl and mGluR5 

(Aronica, et al. , 2003; Cai, Schools, & Kimelberg, 2000; Schools & Kimelberg, 1999; 

Silva, Theriault, Mills, Pennefather, & Feeney, 1999; Vermeiren, et al. , 2006). In 

preliminary experiments we also found that mGluRl and mGluR5 were expressed in our 

primary astrocyte population (personal observation). The role of mGluRs in astrocytes is 

not well understood, but these receptors have been proposed to play a role in astrocyte 

proliferation and the modulation of synaptic transmission by regulating glutamate levels 

at the synapse (Ye & Sontheimer, 1999). mGluR agonists also stimulate the transcription 

of neurotrophins such as BDNF and NGF, and growth factors such as basic fibroblast 

growth factor (bFGF), in primary astrocyte cultures suggesting that mGluR signaling may 

influence neuron growth and development including the formation of fully functional 

synapses (Pechan, Chowdhury, Gerdes, & Seifert, 1993). Interestingly, astrocytic 

mGluR5 expression is highest during early postnatal development in the rat (Cai, et al. , 

2000), which correlates with peak periods of synapse fom1ation. Furthermore, this 

corresponds to the period in which our laboratory observed the expression of FMRP in 

astrocytes in the mouse brain (Pacey & Doering, 2007). Our preliminary studies also 

revealed that FMRP was expressed in primary astrocyte cultures (personal observation). 

Notably, FMRP was co-expressed with group I mGluRs in our astrocyte population in 

vitro (personal observation). Together, this suggests that both FMRP and mGluRs could 

be expressed in cells of the astrocyte lineage at a developmental time point in which they 

could play an integral role in neuronal growth and synapse development. 

Given that cells of the astrocyte lineage also express group 1 mGluRs, is it 

possible that FMRP and mGluR5 interact in astrocytes in a manner similar to that 

proposed in neurons? In other words, is it possible that a loss of FMRP, as seen in FXS 

could result in the altered regulation of mGluR signaling in astrocytes, as theorized to 

occur m neurons . The resulting dysregulation of protein interactions could render the 
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astrocytes less capable of effectively promoting the appropriate development of synapses 

and dendrites, and could contribute to the alterations in neuronal development seen in 

FXS. The interactions between astrocytic mGluR and FMRP on neurons have not been 

studied in relation to dendrite maturation, and could provide an important target for 

therapies for FXS. 

The following experiments could be used to determine whether any changes in 

neuron survival and/or development in FXS are mediated through changes in FMRP 

and/or mGluR5 activity in the astrocyte. The question can be addressed through two 

independent approaches to examine the affects of astrocyte FMRP and mGluR expression 

and signaling on neuronal maturation in vitro. The first is a pharmacological approach 

using agonists and antagonists of mGluRs. To gain insight into mGluR signaling, the 

mGluR selective agonist, DHPG (Stoop, Conquet, & Pralong, 2003) or the mGluR5 

specific antagonist, MPEP (Chapman, Nanan, Williams, & Meldrum, 2000), could be 

added to the culture media of similar co-cultures as presented in this thesis. These 

experiments will explore the role group 1 mGluR activation with or without astrocyte 

FMRP on the phenotype of the neurons in the co-cultures. It is important to realize that 

the receptors on both neurons and astrocytes will be stimulated with the addition of 

mGluR agonists or antagonists in these cultures. However, this is not unlike the in vivo 

environment, and therefore the results can demonstrate the effect of the presence/absence 

of astrocyte FMRP on neuronal morphology under these conditions. 

The second is a double mouse mutant paradigm. The FMRJ knockout mouse 

could be crossed with mice expressing one functional copy (reduced expression) of the 

mGluR5 gene (The Jackson Laboratory) to develop a double mutant mouse model that 

exhibits reduced expression of mGluR5 (heterozygote mice) and does not express FMRP. 

Co-cultures of astrocytes and neurons would then established as described in Chapter 3, 

from the two lines of mice to create the following possibilities. 
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Then, the dendrite and dendritic spine morphology, and synaptic protein expression can 

be evaluated (as presented in Chapters 4-6 and Section 7.2.2). 

As mentioned above, in the in vitro experiments all receptors on both astrocytes 

and neurons will be affected. On the other hand, for the genetic model, combinations of 

astrocytes expressing or not expressing FMRP, combined with normal or reduced 

expression of mGluR5, would permit the investigation into a role for mGluR5 in 

astrocytes, independent of any action of mGluR5 in neurons (which would all express 

mGluR5 in this model) . Given the cognitive deficits observed in mGluR5 knockout mice, 

a more biologically relevant result would be expected using mice that under-express 

mGluR5 (heterozygotes) than those that completely lack expression (full knockout). 

However, if a large enough difference is not seen with mGluR5 heterozygous mice, 

mGluR5 knockout mice could be crossed with FMRI knockout mice and the same 

experiments repeated. 

In summary, the experiments described in this dissertation are the foundation for 

the theory that is the central hypothesis of this thesis: Astrocytes contribute to the 

development of the abnormal neurobiology seen in Fragile X Syndrome. However, as 

described above, a number of other studies need to be completed to further substantiate 

this proposal. None-the-less, the experiments presented in this thesis are the first to 

provide evidence for a role of astrocytes in the development of the abnormal 

neurobiology seen in FXS. As such they provide exciting new avenues for FXS research 

and many novel possibilities for investigations into innovative therapeutic targets for the 

treatment of FXS 
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Appendix I: General Methods 

I.I ICC (IF) on primary neurons in co-culture 

Acetone fixation 


(MAP2, synapsin, synaptophysin, PSD-95) 


DAYl: 

Materials: 

Ice cold Acetone - acetone in flammables cabinet, aliquot into beaker and cool 20min 

PBS filtered for Immuno 

0.1% Triton-X100 in PBS (Immuno station) 

1 % BSA in PBS (make fresh) 

Primary Antibody: MAP2, Neuromics, 1 :20000 

Methods: 

1. Cool Acetone in -20C for 20min 

2. Rinse wells with PBS (filtered for immuno) 

3. Apply 0.5ml ice cold Acetone per well, and place at -20C for 10 minutes 

4. Wash 3X 5 min PBS (0.5ml per well) 

5. 0.1 % Triton-X 100 in PBS, 5 min RT (0.5ml per well) 

6. 1 % BSA block: 0.5ml of 1 % BSA in PBS per well, RT for 30min 

(optional 1:20 or 1:5 Normal goat serum, NGS, in 1% BSA) 
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7. Apply Primary Antibody (MAP2, 1 :20000, Neuromics - P35 on antibody file) 

I usually make it up as follows: 


a) 0.5ul Ab in lOOOul 1 %BSA (with or without 1 :20 NGS) 


b) Dilute 10 fold with 1 % BSA for amount needed 


(ie. , 250ul per well) 


NOTE: for double labeling, both primary antibodies can be applied at same time (if using 

the above antibodies) . However, antibodies need to be made at double the concentration 

(e.g., MAP2 at 1: 10000), and half as much applied per well (e.g. , 125ul) 

Leave overnight, 4C 

DAY2: 

Materials: 

PBS filtered for immuno 


Secondary Antibody: anti-chicken FITC, Jackson (S25) 


Methods: 

8. Wash 3X5 min PBS (O.Smls per well) 

9. Secondary Ab, anti-chicken (S25), 1: 100, 3hrs, RT 

(250ul per well) 

NOTE: for double labeling, both secondaries can be applied at the same tnme (similar to 

primary Abs) - see above. 

10. Wash 2X 5 min PBS (0.5mls per well) 
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11. Wash 2 X 5 min dH20 

12. Mount with Fluorescent mounting medium, Vectashield mounting medium with 

DAPI (top shelf fridge - black box) 

Store in fridge 

298 




Ph .D. Thesis - Shelley Jacobs McMaster University - Medical Sciences 

I.II Neuronmetrics™. 

Image J vl.36b 

Java v.1.5 .0 03 

Neurometrics™ (with replacement files: Feature J.jar, imagescience.jar) 

NOTE: A manual is provided with Neuronmetrics ™files. Read, and install the program 

as instructed. 

IMPORTANT: Be certain that the version of Image J is the one listed (yo will need to 

obtain this from the archive on the Image J website). 

IMPORTANT: Be certain that the version of Java is the one listed. And if there is more 

that one version of Java on the computer, makes sure that the fi les for the required Java 

version are loaded into the Neuronmetrics™ folder, or that the correct file path is chosen 

when Image J is loading. 

1) Take pictures of isolated neurons using Axio Vision software. 

2) Export fi les as black & white JPEGs 


a JPEG (default) 


b No compression (change from default 5%, to 0%) 


c Select channel of MAP2 only 


d De-select 'project folder' 


e Select grayscale 


3) Process images for use in Neuronmetrics™ (optimize brightness/contrast) 

4) Open in windows media viewer or equivalent and alter brightness and contrast to 

ensure all fine processes are visible and to decrease background. 

5) 'Batch convert ' all images in folder to TIFF 

a In Image J, use Batch Converter plug-in (available at: 

http://rsbweb.nih .gov/ij/plugins/batch-converter.html) 
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b 	 Make certain to name destination folder ending in a number (this is necessary for 

appropriate processing in Neuronmetrics™, see manual) 


6) In Image J, begin Neuronmetrics™ 


7) Set-up 


• 	 Choose folder 

• 	 Use "non-uniform" neuron signal 

• 	 Leave other defaults under "advanced" (The settings should work, but you 

can change them if necessary as per Neurometrics™ manual) 

• 	 Scale: 1.95 for 20X images, and 3.92 for 40X images (see step 6, below) 

• 	 Select "optional features" : noise ROis, length correction, polarity index, 

territory 

• Select "output images" (don't really need faces) 

8) Scale (if you need to check the scale, and set it yourself, follow the manual) 

9) Neuron & Cell body (with noise correction) * note: if you receive an error message 

here that says "runs in batch mode'', go to file, and select 'close', and then try again 

(for some reason the program is registering that you have a window open, so 

continue to close ' windows' until it runs. This should only take once or twice) . 

a 	 Follow directions prompted in Image J 

• 	 Trace around neuron of interest (try to trace as closely to neuron as possible as 

this will increase the robustness of the skeleton generated). Press space-bar to 

save 

• 	 Indicate cell body. Press space bar to save, 

• 	 Trace within all spaces between dendrites (noise). Press space bar after each to 

save. 

10) Run Cell body ROI manually. This is found under NM Tools. 

a Trace around the neuron cell body. Press space bar to save. 

11) Skeletonize and Improve (this is an automated step). 

12) Length Correction. 

a 	 Trace along lengths of dendrite where the dendrites fasiculate (Neuronmetrics™ 
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will often read multiple parallel dendrites as one) and enter the number of times 

that length should be counted. 

13) Longest neurite (in our case longest 'dendrite') 

a Click 'indicate neurite ' 

b Click on cell dendrites where you estimate is longest dendrite. 

c Trim the dendrite until it has no branches. (click view skeleton in between, and 

undo indicate neurite, and repeat until all possible selections are made.) 

14) Measure skeleton (this is an automated step). 

15) Check skeleton overlays to ensure accuracy. And repeat if necessary. 

16) Copy and paste all data from data files into excel. 

IMPORTANT READING: 

(Narro, et al. , 2007) 

Neuronmetrics™ User Manual (available when downloading Neuronmetrics™), 
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I.II Sholl Analysis 

Sholl plug-in obtained from Ghosh lab (http://www­


biology.ucsd.edu/labs/ghosh/software/) - need both shollanalysis.class and 


shollanalysis.java 


Image J (http://rsbweb.nih.gov/ij/) 


Digital skeletons of neurons (can be generated using Neuronmetrics™, as described 


previously - use ' final skeleton' files) 


1) Open Image J. 

2) Set scale: 

a Open any neuron skeleton fi le 

b "analyze", "set scale" 

c Enter: 1.95 for images at 20X, 3.92 for images at 40X 

d Select 'global ' 

3) Close file 

4) Open skeleton file of neuron to be analyzed 

5) Smooth image - select 'smooth ' from 'process' drop down menu 

6) Repeat smooth three times 

7) Adjust canvas size so that the longest dendrite of the neuron skeleton fits within the 

boundaries of the window. 

a Select 'canvas size ' from 'Image ', 'Adjust' drop down menu 

b Check longest dendrite again, to make certain it fits 

Record the length of the longest dendrite (this will serve as a guide for which 

values of the Sholl analysis to obtain) 

8) Using crosshair pointer click on center of cell body (or where cell body would be) 

9) Select Sholl Analysis from "plugins" drop down menu. 

a "starting radius" 1 Oµm 

b "radius step size" 1Oµm 
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"ending radius" 300µm 

d Leave all other parameters as default 

10) List values 

11) Copy and paste values up to the further radius that would contain the last crossing of 

the longest dendrite into excel sheet. 

a 	 Ex. If you measured the longest dendrite to be 213µm, record Sholl values up to 

and including 210µm (you would not include the measurements at 220µm or 

beyond, because the skeleton did not exist at those distances**) 

12) Close all windows 

13) Repeat Steps 4-12 for each neuron to be analyzed 

IMPORTANT. 

* by selecting global, the scale will stay the same for each neuron image opened, until the 

scale is changed. Remember to change the scale when switching from processing images 

at 20X versus those at 40X. 

** for some reason (I can not figure it out) the Sholl analysis plug-in counts the number 

of times the Sholl circles cross the edge of the window as branches (or, at least it seems to 

be counting that - again I can not figure it out) . If you make certain to extend the canvas 

size so that the longest dendrite is shorter than the shortest distance to the edge of the 

window (Step 7), and then record only those values up to the maximum of the longest 

dendrite (Step 11), you will avoid any problems. 
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I.IV Puncta Analysis 

Image J v 1.2 (http://rsb.info.nih.gov/ij/download/win32/) 

Particle analyzer plug-in (puncta analyzer.zip, on CD) 

RBG files of neurons 

I.IV.I For Puncta analysis on whole cells 

(this is not what the program was written for, but it can be used in this manner - it will 

not process co-locali zation because there is only a single channel) 

You will need separate red and green channel images of the neuron stained for MAP2 and 

a synaptic marker. Ex. MAP2 (red), synaptic protein (green) 

1) Open Image J 

2) Open MAP2 file for neuron to be analyzed 

3) Using free hand trace tool, trace around the neuron 

4) Open the fi le for the corresponding synaptic protein 

5) Select 'restore selection' from the 'edit' drop down menu 

a this will select the corresponding region of the neuron's dendritic arbor, on the 

image of the synaptic proteins. In this way you will only be counting the number 

of puncta around the cell, not in the window as a whole. 

6) Select 'Puncta Analyzer' from 'Plugins' drop down menu 

a leave ' condition ' blank 

b select channel that puncta are in (red or green), and select appropriate "subtract 

background" (read left to right, across each row: first one is for red channel, 

second is for green channel etc). 

c leave "save results" empty (you will manually be copying results into spread 

sheet) 
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7) rolling ball radius - leave at default, but deselect "white background" (you want 

black) 

8) You will be prompted to 'threshold ' the image 

a Change the top sider until only the puncta remain visible in the "channel image 

window" (you can compare back to the original to see) 

9) Analyze Particles 

a Minimum size: set to 5 pixels 

b Maximum size: set to 20 pixels 

c Leave all other defaults 

10) Copy and paste the total number of puncta (ignoring the colour channel in which 

there was no puncta, and ignoring the co-localization data)*, ** 

11) Close all windows. 

12) Repeat for each neuron (Steps 2-11) 

IMPORTANT: 

* this plug-in also provides detai led data about the location, size, intensity of the puncta 

in a list. I believe this data was for all puncta in the window, and therefore I did not use 

this data, and cannot comment on how it should be used. 

**the plug-in also provides information on the average intensity and size of the puncta 

within the selected region. I did not use either of these measurements for the following 

reasons: I did not process all cultures on the same day with ICC, and did not take all the 

pictures on the same day, therefore I was not confident that this would not confound the 

results; I had already restricted the size of the puncta in the processing, and therefore did 

not feel that the size measurements were as valid. 
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I.IV.II For analysis of 50~tm sections 

RBG images of neurons stained for pre- and post-synaptic proteins. In thi analysis you 

will need the merged image. Ex. Single image with pre-synaptic (red) and post-synaptic 

(green) 

1) Open Image J for Puncta (vl.2) 

2) Open file of dendrites to be analyzed 

3) Using ' polygon drawing' tool, draw a rectangle enclosing a 50µm section of a 

dendrite 

4) Select "Particle Analyzer" plug-in 

5) See "Puncta Analysis for Whole Cells" (6-9). 

6) You will be prompted to ' threshold ' each channel independently. Move the top 

slider until only the puncta in that channel are visible (use the original image as a 

guide). 


7) Copy and paste the data*. 


8) Repeat for all segments within the window** 


9) Close the file 


10) Repeat Steps 2-10 for each file to be analyzed. 

IMPORTANT: 

* the plug-in will return, data for puncta in each channel (i.e., red and green), as well as 

co-localized puncta. 

** make certain you are not choosing overlapping dendrite segments. Once the plug-in 

has run for a region, it creates a 'hole' where co-localized puncta are found. If it is really 

necessary to measure two dendrites with overlapping aspects, close and re-open the 

image. 
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APPENDIX II: 


PERMISSIONS 
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Appendix II Permissions 
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