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ABSTRACT 

 

Fragile X Syndrome (FXS) is the most common form of inherited mental 

retardation, affecting approximately 1/4000 males and 1/6000 females worldwide. FXS is 

caused by loss of FMR1 gene expression, resulting in the lack of the protein product, 

Fragile X protein (FMRP). FMRP is an RNA-binding protein thought to regulate synaptic 

plasticity by controlling the localization and translation of specific mRNAs in neurons.  

To determine whether FMRP is also required in early brain development we 

examined the distribution of cell cycle markers in Drosophila FMR1 (dFmr1) mutant 

brains compared to wild-type brains. Our results indicate that the loss of dFmr1 leads to a 

significant increase in the number of mitotic neuroblasts and BrdU incorporation in the 

brain, consistent with the notion that FMRP controls proliferation in neural stem cells. To 

determine the role of FMRP in neuroblast division and differentiation, we used Mosaic 

Analysis with a Repressible Marker (MARCM) approaches in the developing larval brain 

and found that single dFmr1 neuroblasts generate significantly more neurons than 

controls.  

Developmental studies suggest that FMRP also inhibits neuroblast exit from 

quiescence, or reactivation, in early larval brains, as indicated by misexpression of the G1 

to S phase transition marker Cyclin E. We have also identified a novel role for FMRP in 

the glia surrounding the neuroblasts, indicating that FMRP in these cells contributes to 

the regulation of neuroblast reactivation via signaling from the supporting glial cells.  

Our results demonstrate that FMRP is required during brain development to 
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control the exit from quiescence and proliferative capacity of neuroblasts as well as 

neuron production, which may provide insights into Fragile X Syndrome and other 

Autism-Spectrum disorders.  
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CHAPTER 1: INTRODUCTION 

 

Explanation of dissertation format 

 

 This dissertation will be presented in two chapters, with published original work 

attached as appendix A. Chapter one is an introduction to the topic, including defining the 

problem and a review of the relevant literature. Sections of chapter one have been 

published as a review article, not attached here. Chapter two will provide a summary of 

the original work completed and published to date (attached as appendix A), as well as a 

summary of unpublished, and currently ongoing work. 

 

Explanation of the problem 

 

The neurological system is one of the least understood systems in the body, thus 

making neurological diseases very difficult to treat. My research focuses on Fragile X 

syndrome (FXS), the most common form of inherited mental retardation, as it affects 1 in 

every 4000 males and 1 in every 6000 females across all ethnicities. Importantly, 25% of 

Fragile X patients are also autistic, making the Fragile X mutation the leading known 

cause of autism as well. This dual diagnosis suggests that these disorders may share 

similar cellular defects and identification of a common cellular mechanism that is 

disrupted in both Fragile X and autism would be a major breakthrough in the 

understanding of many autism-spectrum disorders. The fact that FXS is caused by the 
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loss of function for a single gene, FMR1, makes FXS an excellent model to attempt to 

understand these complex disorders. FMR1 encodes the RNA-binding protein FMRP. 

Current models for FMRP function include the control of localized translation of 

specific mRNAs and regulation of synaptic plasticity in neurons. The role of FMRP in 

the neural stem cells that produce the neurons, however, has recently been uncovered and 

is not well understood. Both autism and Fragile X patients have phenotypes that are 

consistent with potential stem cell defects early in development. The goal of my 

research is to identify novel roles of FMRP in the regulation of neural stem cell 

activity. Interestingly, stem cells have also been proposed to be a critical driving factor 

for tumor formation, therefore the results from my work could provide unique insights 

into human cancers as well. My research has a far-reaching impact, as identification of 

previously undocumented pathways in neural stem cell regulation could revolutionize the 

field of stem cell biology, leading to more directed therapies and potential cures across a 

broad spectrum of disorders.  

 

Literature Review 

 

Fragile X syndrome 

 Fragile X syndrome (FXS) is the most common form of inherited mental 

retardation, first documented in 1943 as a familial form of X chromosome-linked 

cognitive impairment (5). FXS affects 1 in 4000 males and 1 in 6000 females (6), and 

similar to other X-linked disorders, is more severe in males (7). There are 2 variants of 
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the disease, coined “full” and “pre” mutations, corresponding to individuals affected with 

the disease and those who are merely harboring it in their genome, respectively. While 

females are less likely to be affected by the full mutation due to the presence of a second 

normal X chromosome, this also allows them to be carriers of the full mutation on one X 

chromosome at numbers similar to affected males, 1 in 4000. Likewise, females are much 

more likely to carry the premutation (1 in 120) than males (1 in 800) (8). Physical 

abnormalities associated with the disease include a prominent forehead and ears, long, 

narrow face, and macroochidism in FXS males, suggesting additional defects in 

connective tissue and cellular proliferation, respectively (6, 9). Neurological defects 

range from lowered IQ (<70) to behavioral traits associated with autism, including 

irritability, social withdrawal and hyperactivity (10, 11). The impacts associated with 

Fragile X syndrome places hardships on not only families, but also the economy, with an 

estimated $13 million a year in medication alone, and a total annual health care cost of 

$226 million (8). 

 

FMR1 

Cytological studies using lymphocytes isolated from FXS patients identified a 

physical constriction on the X chromosome at the q27.3 position (12), which was referred 

to as a “fragile site”, hence the name of the disorder (13-15). Research on FXS has 

increased exponentially since the 1991 discovery that the disease was due to the loss of 

function for a single gene, namely Fragile X Mental Retardation 1 (FMR1) (16, 17). The 

disease manifests when FMR1 expression is lost due to transcriptional silencing via 
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hypermethylation of the 5’ UTR region (16, 18). In addition, FXS has been diagnosed in 

a few cases where chromosomal deletions or missense/nonsense mutations were 

identified within the coding region of FMR1 (19-21). The 5’ UTR of the FMR1 locus 

comprises an unstable stretch of CGG trinucleotide repeats whose normal length ranges 

between 6 and 50 with an average of 30 in healthy individuals (17, 22, 23).  

Through mechanisms that have yet to be elucidated, the 5’UTR repeat region can 

expand to 50 or more CGG repeats: when it ranges between 50 and 200, the allele is 

referred to as a “premutation” and can lead to conditions such as premature ovarian 

failure in females and adult onset tremor ataxia in males (24-26). Interestingly, although 

the gene appears to be transcribed correctly in the case of the premutation, the amount of 

FMR1 mRNA is approximately 10-fold higher than normal (27). It has been 

hypothesized that the increase in mRNA expression is to compensate for ribosomal 

slipping at the larger number of mRNA CGG repeats (28), which cause inefficient 

translation of the protein. Nuclear sequestration of the mRNA and/or escape of 

cotranscriptional capping as alternative explanations for this increased amount of FMR1 

mRNA have been tested, but refuted (29).  

The full mutation ensues upon expansion to over 200 CGG repeats, usually 

accompanied by methylation, gene silencing and manifestation of mental impairment (see 

Figure 1.1 and 18, 30).  
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Figure 1.1. CGG repeat expansion of the FMR1 gene 

 

 

 

 

 

 

Trinucleotide CGG repeats found in the 5’ UTR of the FMR1 gene. The number 

of repeats present determine the status of FMR1 expression; 6-50 repeats 

correlates with normal gene expression, 50-200 repeats leads to “premutation”, 

with increased FMR1 RNA production, and >200 repeats leads to the full 

mutation and silencing of the gene due to hypermethylation of the promoter 

region. 
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Fragile X Mental Retardation Protein - FMRP 

 The protein product of the FMR1 gene, Fragile X Mental Retardation Protein 

(FMRP) is expressed ubiquitously (except in striated muscles), and is particularly 

enriched in neurons (31-33). There is high amino acid homology between mammalian 

FMRP and with its Drosophila counterpart, dFMRP, and is comprised of several 

functional domains: An Agenet domain, two RNA-binding K-Homology (KH) domains, 

an RNA binding RGG box as well as Nuclear Localization (NLS) and Nuclear Export 

sequences (NES) (see Figure 1.2 and 34).  

The numerous RNA-binding domains of FMRP allow it to associate with 

polyribosomes and function in RNA metabolism by regulating transport and local 

translation of specific mRNAs, including futsch, profilin, Rac1 and PSD-95 mRNAs, all 

of which are involved in various aspects of synaptic development and function (4, 35-45).  

FMRP has been shown to bind to RNAs in vitro via the KH domains, which can 

associate with “kissing complex”-forming structures, as well as the RGG box near the C 

terminus, which binds RNAs forming G-quartets (46, 47) and the nuclear import and 

export sequences suggest that FMRP can move easily between the nucleus and 

cytoplasm, shuttling mRNAs with it (48, 49).  
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Figure 1.2: Schematic of Fragile X Metal Retardation Protein Domains 

 

 

 

FMRP is comprised of 8 functional domains (in order from N-Terminus to C-

terminus): An Agenet domain, Nuclear Localization Signal (NLS) domain, a 

dimer domain, two RNA-binding K-Homology (KH) domains, a 60S binding 

domain, containing the Nuclear Export signal domain (NES), and a RNA 

binding RGG box. 

 

 

 

 

 

 

 

 

 

 

 

Binding studies estimate that FMRP can associate with approximately 4% of total 

human fetal brain mRNAs, including its own (50), indicating an important role for FMRP 

in brain development and function. In addition, FMRP has been shown to interact directly 

with many protein partners as well, many of which are implicated as RNA granule 

components, or the machinery needed to transport them (Table 1.1) Loss-of-function 

mutations in Drosophila FMR1 (dFmr1) show a number of phenotypes that are 

remarkably similar to the human syndrome, including learning and memory deficiencies, 

as well as behavioral abnormalities (51). Thus, Drosophila has proven to be an excellent 

model for the study of human FMRP and Fragile X Syndrome. 
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Table 1.1. Identified proteins that interact with FMRP 

Protein Cellular 
localization 

Similar genes in 
other organisms Isolation method 

FXR1P Nucleus and 
cytoplasm 

Human, mouse, rat, X. 
laevis, zebrafish Yeast two-hybrid system (52) 

FXR2P Nucleus and 
cytoplasm 

Human, mouse, rat, X. 
laevis, zebrafish Yeast two-hybrid system (52) 

NUFIP1 Nucleus Human, mouse, rat, D. 
melanogaster Yeast two-hybrid system (53) 

CYFIP1 Cytoplasm 
Human, mouse, rat, X. 

laevis, zebrafish, D. 
melanogaster, C. elegans 

Yeast two-hybrid system (54) 

CYFIP2 Cytoplasm Human, mouse, rat, X. 
laevis 

High sequence homology with 
CYFIP1 (54) 

82-FIP Nucleus and 
cytoplasm Human, mouse, X. laevis Yeast two-hybrid system (55) 

Nucleolin Nucleus 
Human, mouse, rat, G. 

gallus, X. laevis, D. 
melanogaster, C. elegans 

Co-immunoprecipitation (56) 

YB1/p50 Nucleus 
Human, mouse, rat, X. 

laevis, zebrafish, D. 
melanogaster, C. elegans 

Co-immunoprecipitation (57) 

Staufen Cytoplasm 
Human, mouse, rat, X. 

laevis, zebrafish, D. 
melanogaster, C. elegans 

Co-immunoprecipitation (58), 
TAP-technology (59, 60) 

PURα Cytoplasm Human, mouse, rat, D. 
melanogaster, C. elegans Co-immunoprecipitation (58) 

PURβ Cytoplasm 
Human, mouse, X. laevis, 

zebrafish, D. 
melanogaster 

Co-immunoprecipitation (61) 

Myosin VA Cytoplasm 
Human, mouse, rat, D. 

melanogaster, C. elegans, 
X. laevis 

Co-immunoprecipitation (58) 

RanBPM Nucleus and 
cytoplasm 

Human, mouse, rat, X. 
laevis, D. melanogaster Yeast two-hybrid system (62) 

eIF2C2/AGO1 Nucleus and 
cytoplasm 

Human, mouse, rat, D. 
melanogaster 

Co-immunoprecipitation (63, 
64) 

Dicer Nucleus and 
cytoplasm 

Human, mouse, rat, X. 
laevis, zebrafish, D. 

melanogaster 
Co-immunoprecipitation (65) 

PABP1 Cytoplasm 
Human, mouse, rat, X. 

laevis, zebrafish, D. 
melanogaster, C. elegans 

TAP-technology (59, 60), Co-
immunoprecipitation (61) 

Kinesin heavy 
chain Cytoplasm 

Human, mouse, rat, X. 
laevis, D. melanogaster, 

C. elegans 

TAP-technology (58, 60, Co-
immunoprecipitation [Kanai, 

2004 #2693) 
Dynein 

intermediate 
chain 

Cytoplasm Human, mouse, rat, D. 
melanogaster TAP-technology (59, 60) 

Lethal Giant Cytoplasm Human, mouse, rat, D. Co-immunoprecipitation (66) 
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Larvae (Lgl) melanogaster 

Me31B Cytoplasm 
Human, X. laevis, C. 
elegans, S. pombe S.  

cerevisiae 
Co-immunoprecipitation (67) 

 

FMRP regulates transport, stability and translation of target mRNAs 

Based on microarray and bioinformatics data, there are over 400 potential target 

mRNAs of FMRP (45, 50), although only a few have been verified biochemically (see 

Table 1.2). Notably, FMRP has been shown to bind its own mRNA, suggesting a 

potential negative feedback mechanism for regulating its own translation (68). 

Fluorescence recovery after photobleaching (FRAP) experiments using hippocampal 

neurons in culture showed that FMRP can bind and transport target mRNAs, dependant 

on microtubules and the associated motors to move its cargo (69). This same study 

indicated that FMRP was localized in granules that included ribosomes, ribosomal RNA, 

and target RNAs such as MAP1B. Meanwhile another group also identified MAP1B as a 

target of FMRP, validating this interaction (70). Further studies using similar techniques 

in cultured Drosophila neurons showed that the total distance traveled by RNA granules 

is dependent on not only the presence or absence of FMRP, but also the dosage, 

indicating a selective range of FMRP expression that is ideal from proper mRNA 

transport (40).  

FMRP has also been shown to regulate mRNA stability. Radioactive in situ 

hybridization for the Post Synaptic Density-95 protein (PSD-95) indicated that the loss of 

FMRP resulted in decreased levels of PSD-95 mRNA. Additionally, the FMRP was 

shown to directly bind the PSD-95 mRNA in the 3’UTR. Although this protein appeared 
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to localize correctly without FMRP, the stability of the message RNA was clearly 

decreased with the loss of FMRP (38).  

Over the years, several groups have reported FMRP in association with 

RiboNuclear Protein particles (RNPs) as well as actively translating polysomes (67, 71, 

72). Association with translating polyribosomes suggests that FMRP may act as a 

positive regulator of translation although its presence in RNPs and the fact that Futsch 

and Profilin proteins are overexpressed in dFmr1 mutants is consistent with the idea that 

FMRP acts as a negative regulator of translation (36, 73). Since evidence exists for both 

positive and negative roles in translation, it is likely that the activity of FMRP is 

dependent on developmental context and the protein partners associated with it at any 

given time. The precise action of FMRP in any one situation may be dictated by the 

phosphorylation state of a well conserved serine residue which has been shown to alter its 

association with different protein complexes during synaptic activity, thus altering the 

translational control of FMRP’s target mRNAs (74). 
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    Table 1.2. Validated mRNA targets of FMRP 
 

Target mRNA Role of FMRP Method(s) of validation 
Microtubule-

associated protein 1B 
(MAP1B) 

Transport, inhibit 
translation 

Co-immunoprecipitation, RT-
PCR, Western Blot (44, 69, 70) 

BC-1 (small, non-
translatable RNA) 

Inhibit translation 
via binding to BC-

1 

Co-immunoprecipitation, RT-
PCR, Western Blot (75) 

Post synaptic density 
protein (PSD-95) Enhance stability Co-immunoprecipitation, RT-

PCR, Western Blot (76) 

Cyclin D1 Inhibit translation Co-immunoprecipitation, RT-
PCR, Western Blot (44) 

Cyclin-dependent 
Kinase-4 (CDK-4) Inhibit translation Co-immunoprecipitation, RT-

PCR, Western Blot (44) 
Glycogen synthase 

Kinase-beta (GSKβ) Inhibit translation Renilla Luciferase, RT-PCR (44) 

FMR1 Inhibit translation Co-immunoprecipitation, RT-
PCR, Western Blot (50) (56, 68) 

Elongation Factor 1A 
(EF-1A) Inhibit translation Co-immunoprecipitation, RT-

PCR, Western Blot (44, 77) 

Profilin Inhibit translation Co-immunoprecipitation, RT-
PCR, Western Blot (36) 
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Figure 1.3. FMRP regulates mRNA localization and translation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FMRP shuttles between the nucleus and cytoplasm, transporting mRNAs with it. 
Site-specific, localized translation occurs with the release of the mRNA from 
FMRP. (Image from 4).  

 

  

 

 

 

 

 

FMRP regulates metabotropic glutamate receptor (mGluR) signaling 

The strength and frequency of chemical-mediated signaling at the synapse 

between two neurons is dynamic and is dubbed “synaptic plasticity” due to its ability to 

change. FMRP has been implicated in synaptic plasticity on the basis of neuronal 

dendritic spine abnormalities and exaggerated long term depression (LTD) displayed by 

FMR1 mutant mice (41, 78, 79). Both in vivo and in vitro FMR1 deficient neurons 

display long, thin, immature dendritic spines compared to wildtype, a phenotype, which 

appears to be developmentally regulated (80-83). In addition, FMRP is found associated 

with polyribosomes within dendritic spines of wild-type neurons (84). These findings led 
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to the “mGluR” theory of FMRP, whereby synaptic signaling by metabotropic glutamate 

receptor 5 (mGluR5) leads to the localized translation of FMR1 mRNA. Newly 

synthesized FMRP acts as a translational repressor of specific target mRNAs, which in 

turn leads to the downregulation of mGluR5 activity through a negative feedback loop 

(78). FMRP is therefore thought to be required for protein synthesis-dependent synaptic 

plasticity and also to regulate neuronal architecture throughout development, and 

ultimately, neural function of the brain.  

 

FMRP and the MicroRNA pathway 

MicroRNAs (miRNAs) are short, single stranded RNAs (averaging 22 nucleotides 

in length) that are noncoding themselves, but have sequence homology to either the 

3’UTR, 5’ UTR or open reading frame (ORF) of target mRNAs (85, 86). When miRNAs 

are bound to the target mRNA, the RNAi machinery is recruited to the miRNA/mRNA 

complex and suppresses the translation of the bound mRNA. More recent studies have 

also shown that miRNAs can produce degradation of the mRNA as well (reviewed in 85). 

Mammalian FMRP has been shown to interact in vivo with the RNAi machinery 

components including Dicer and Argonaute 1 (63), while biochemical studies in 

Drosophila show FMRP interacting with the RISC (RNA-induced silencing complex) 

components, specifically Argonaute 2 (64, 65). Additional genetic interaction 

experiments showed that Argonaute 1 is crucial for FMRP’s function in proper neural 

development and plasticity. It is possible that in situations where translational control is 

critical, both classical mechanisms of translation inhibition as well as RNAi are 
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employed simultaneously to ensure fidelity of gene expression, and these experiments 

demonstrate the important link between FMRP and the miRNA pathway (63).  

 

FMRP and cell cycle progression 

For over a decade, cell cycle proteins such as cyclins and cyclin dependent 

kinases (cdks) have been known to regulate cell cycle kinetics, but relatively recently, a 

model has emerged that suggests the speed of the cell cycle can influence whether or not 

the cell will renew itself or differentiate and exit the cell cycle. One example that 

supports this model demonstrates that the cell cycle inhibitor olomoucine can be used to 

induce a longer cell cycle, and consequently causes increased differentiation in vertebrate 

neural progenitors (87). So perhaps the levels and locations of the cell fate determinants 

are directly related to cell cycle regulation and the speed at which it is executed. In 

agreement with this, it has been shown that one of the basal fate determinants, Prospero, 

which causes the cell to exit the cell cycle and undergo terminal differentiation (88), 

negatively regulates factors such as cyclin A, cyclin E, and string--all genes that promote 

the cell cycle (89). Other studies have identified CDK4 and cyclin D1 as candidate 

mRNA targets of FMRP and noted the altered expression of CDK4 at FMRP deficient 

synapses (44, 45, 90), suggesting that FMRP may play a role in regulation of the cell 

cycle. 
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Neural Stem Cells 

 During development of a cellular organism, the tissues that make up the fully 

mature organism must initially come from a pool of genetically, and behaviorally, 

identical stem cells.  To fit the definition of a stem cell, the cell must be able to re-

generate itself. Additionally, these cells are totipotent, or have the ability to become any 

type of cell necessary to complete the adult organism. As these cells divide, they start to 

undergo changes in their gene expression profiles, resulting in structural and functional 

differentiation among them. This allows the cells to start becoming more and more 

specific in their roles, producing exclusively muscle or bone, for example, but not both. 

In addition to becoming more specific, these stem cells generally will undergo 

“progressive restriction in competence”, or lose some capacity for differentiation as they 

renew themselves (91).  

Progenitor cells are offspring of the stem cells, and although the definition of 

progenitor cells is somewhat debated in the literature, it is agreed that they are usually 

multipotent, with limited mitotic ability and limited further variability. These progenitor 

cells generally fail to reproduce themselves and maintain their own population, but 

instead divide in a symmetric fashion, resulting in two post-mitotic, differentiated cells. 

The formation and function of neural circuits relies in part on a highly orchestrated 

process referred to as neurogenesis. During this process the brain is populated by stem 

cells and progenitor cells, which are responsible for generating the pool of neurons and 

glia that support the functions of the nervous system. (92, 93).   
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Symmetric versus Asymmetric division of stem cells 

Regulation of symmetric vs. asymmetric divisions is extremely important in many 

developmental processes, and is therefore tightly controlled to maintain cellular balance 

in the system. The central nervous system in D. melanogaster is an excellent system for 

studying the differences in symmetric and asymmetric division, as the powerful genetic 

tools available in Drosophila have led to the identification of several genes required for 

neural stem cell renewal and differentiation, including brain tumor (brat), prospero 

(pros) and miranda (mir) (reviewed in 1). The stem cells in Drosophila embryonic CNS 

are called neuroblasts (NBs), with approximately 100 NBs in each lobe of the brain (94). 

Three major types of neuroblast lineages have been identified in the central brain region 

of Drosophila and include mushroom body, Type I and Type II NBs. Type II NBs have 

been determined to produce additional cells called intermediate progenitor cells, which 

retain some stem cell capabilities of self-renewal and ultimately generate even larger 

pools of neurons (94, 95). 

Several factors control whether a cell will divide symmetrically or asymmetrically 

and include cell polarity, mitotic spindle orientation and geometry, and interestingly, cell 

cycle regulators. Cell polarity refers to the organization of the cell on an apical-basal axis, 

creating a distinct difference between the upper and lower sections of the cell.  Key 

components to setting up a polarized cell include localization of specific cell fate 

determinants to either the apical or basal side of the cell during mitosis, and the 

orientation of the mitotic spindle. The mechanisms behind regulating asymmetric 
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divisions in the cell is tightly controlled by two major complexes, the Par complex and 

the G∝i/Pins/Loco complex (96-98).  

The Par complex is made up of Bazooka (Baz), Par3, Par6 and atypical PKC 

(aPKC) (99, 100). This complex is positioned apically, resulting from the delamination 

process, and binds the NB specific protein Inscuetable. The other complex, comprised of 

Partner of Insceutable (Pins), Locomotion defective (Loco) and the G∝i subunit of the 

heterotrimeric G protein are also recruited to the apical pole of the cell (101-103). When 

all of these proteins are located to the apical side, aPKC can phosphorylate the uniformly 

present cortex protein Lethal (2) Giant Larvae (Lgl), inactivating it on the apical side. Lgl 

on the basal side, however, remains unphosphorylated and therefore active, recruiting so-

called basal fate determinants, which will instruct the recipient cell about its future. These 

basally located determinants include the scaffold protein Miranda, its cargo Prospero, as 

well as pros mRNA, Brat, Numb and Partner of Numb (Pon) (Figure 1.4). Lgl mutants 

fail to recruit these determinants correctly and display distinct overproliferation 

phenotypes, similar to mammalian tumors in the loss of cell shape and polarity (104). 

Interestingly, Lgl has been shown to interact with FMRP, regulating the transport and 

sorting of FMRP and its target mRNAs via the PAR complex (66), suggesting that FMRP 

may also plays a role in cell polarity.  
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Figure 1.4. Asymmetric division in neural stem cells 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cellular proteins and components that function in asymmetric division 
in Drosophila neural stem cells. See text for details. (Image credit: 1) 
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Stem cell size 

Cell size is an important feature of division, and asymmetric division in particular. 

Stem cells, or neuroblasts in this case, characteristically have a large size (10-12 

microns), relative to its progeny, with a small nucleus to cytoplasm ratio (105). When the 

highly mitotic neuroblast needs to renew itself as well as produce a more specific 

progenitor cell, the size and distribution of the mitotic spindle becomes significant in size 

control.  The apical centrosome is larger, and positioned towards the interior of the cell, 

with large astral microtubules tethering it to the cortex. Conversely, the basal centrosome 

localizes directly on the cortex, and is much smaller. (Figure 1.4) This is called “Basal 

displacement of the mitotic spindle” (106), and results in the ensuing NB remaining 3 

fold larger than the daughter GMC (107). The mechanism behind mitotic spindle 

geometry is due to the redundant control via the G∝i/Pins/Loco complex and the Par 

complex (reviewed by (108). Single mutants of the G∝i/Pins/Loco complex still divide 

asymmetrically, but a double mutant that adds a mutant player from the Par complex in 

addition will result in two equally sized daughter cells (109). 

 

Neural Stem Cell Exit from Quiescence 

During brain development, neural stem cells in both Drosophila and mammals 

undergo a phase called quiescence, in which the stem cells exit the cell cycle and remain 

dormant until called upon to re-enter the cell cycle and begin dividing again (110-112). 

Drosophila larval brain NBs are an excellent model for studying the mechanisms 

regulating quiescence. Except for a few NBs (four mushroom body and one lateral NB) 



 31 

that proliferate continuously throughout life, NBs in the fly central nervous system exit 

the cell cycle and become quiescent at the end of embryogenesis (see Figure 1.5, 

reviewed in 113, 114-116).  

As evidenced by BrdU incorporation experiments, soon after larval hatching, NBs 

in the central nervous system begin to gradually exit quiescence and re-enter the cell 

cycle (117, 118). Previous studies have shown that neuroblast exit from quiescence is 

controlled in part by the glycoprotein Anachronism (Ana), which is secreted by the 

surrounding glial cells and Trol, the Drosophila homolog of mammalian Perlecan (117, 

119). Both Branchless and Hedgehog signaling pathways have also been implicated in 

neuroblasts’ exit from quiescence although the molecular mechanism remains elusive 

(120). Two recent studies have implicated insulin/PI3K/Akt activity in a nutrition-

dependent manner (92, 121) .  

My own work has recently shown that FMRP is also required for the regulation of 

quiescent neural stem cells, showing that null mutant neuroblasts reactivate 

approximately 6 hrs earlier than wild-type controls (see Figure 1.5 and 2). Exit from 

quiescence remains largely elusive, with only a handful of genes being linked to this 

critical aspect of stem cell biology, and this result implicates a new and exciting role for 

FMRP.  
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Figure 1.5. FMRP regulates reactivation of quiescent neuroblasts 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a, b) Mushroom body (MB), Lateral (L) and Central Brain (CB) NBs during 
early larval brain development in Drosophila. MB and L neuroblasts 
proliferate throughout embryogenesis and larval life (as indicated by 
yellow/blue bar). Wildtype CB neuroblasts become quiescent at the end of 
embryogenesis, then re-enter the cell cycle in early larval development 
(approximately 10 hours after larval hatching, timing indicated by green 
gradient) (a). dFmr1 CB neuroblasts (b) exit quiescence approximately 6 
hours earlier than wildtype NBs (a). Shaded red box corresponds to the 
critical time window in which FMRP function is required to suppress re-
entry into cell cycle. (3) 
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Glial cells and the stem cell niche 

In the nervous system, support cells called glia surround the neurons and neural 

precursors, performing a wide range of functions such as regulation of axon guidance, 

synapse formation, and plasticity (122-124). Neural stem cells are also surrounded by, 

and are in close contact with their microenviroment, which includes extracellular matrix, 

neuroepithelium and the supporting glial cells. This stem cell niche is crucial, and the glia 

provide not only structural support, but also regulate neurogenesis (reviewed in 125). 

Ectopic Notch signaling has been shown to suppress neural stem cell differentiation and 

migration in early mammalian brain development, which is consistent with the notion 

that Notch signaling from the stem cell niche is likely to regulate stem cell maintenance 

and self-renewal (126). 

Several signals expressed by the glia have been shown to regulate stem cell 

quiescence, such as Anachronism and Trol (dPerlecan), mentioned above (117, 119), 

demonstrating the role of glia and the stem cell niche in coordinating stem cell activity. 

Investigations into the role of the glial cells have shown that they are involved in a series 

of neurological disorders (127) and in vitro studies have shown that neurons grown in 

serum-free media die without the presence of an astrocyte feeder layer (128), which 

exemplify the intimate requirement of glia for the support and nutrition of neurons. 

A requirement for FMRP in the glia has recently been shown using combinatorial 

co-cultures of wildtype or FMRP deficient hippocampal mouse neurons and astrocytes. In 

these experiments, the presence of FMR1 deficient astrocytes led to impaired dendrite 

morphology and altered the clustering of synaptic proteins in wildtype neurons (129). 
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Further evidence for FMRP’s requirement in glia was provided by findings that the 

addition of wildtype astrocytes to neurons derived from a FMR1 KO mouse restored as 

much as 70% of the abnormal dendritic morphology previously documented in FMRP 

deficient neurons (129). Glia clearly play an important role in neuronal function and 

survival and will likely become more important in the study of neurological diseases as 

our knowledge of them increases. 

Neural stem and progenitor cells must be aware of their local environment and the 

overall state of the organism to correctly determine when (and when not) to proliferate 

and generate more neurons or glial support cells. Stem cells dividing too soon, too much 

or too little during neurogenesis could result in inappropriate number of neurons and/or 

glia, which in turn may lead to aberrant synaptic connections accompanied by the 

cognitive and behavioral deficits like those seen in Fragile X patients (reviewed in 130). 

Recent studies using several in vivo and in vitro models for Fragile X syndrome have 

provided compelling evidence that FMRP plays a crucial role in regulating the timing and 

proliferative capacity of neural stem and progenitor cells to generate the proper number 

of neurons and glial support cells. 

 

FMRP in Mouse and Human Neural Stem Cells: in vitro  

FMRP’s role at the synapse has been well studied and several elegant studies have 

shown that FMRP regulates the transport and local translation of specific synaptic 

mRNAs in response to neural stimulation (reviewed in 41). FMRP has also been shown 

to have a developmental component by controlling the pruning of immature dendrites in 
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developing neurons (81, 82, 131, 132). Nearly 20 years of Fragile X research have 

significantly advanced our understanding of FMRP function, mRNA regulation and its 

impact on glutamatergic signaling at synapses, however little to no attention was paid to 

any other functions of FMRP outside its synaptic role.  

 The first study to investigate the role of FMRP prior to synaptogenesis utilized 

neural progenitor cells (NPCs) grown in vitro (133). These cells were isolated from the 

cortex adjacent to the lateral ventricles of the brain, a region known to express high levels 

of FMRP and harbor multipotent neural precursor (133). It is unclear whether self-

renewing stem cells also reside within this region and generate neural precursor cells 

locally or whether they reside in more distal regions from where the daughter precursor 

cells may migrate to the cortex prior to proliferation and differentiation. Neural 

precursors isolated from these regions of the brain form free-floating cultures, or 

neurospheres, in the presence of mitogens (134). NPCs then migrate from the 

neurospheres and differentiate into neurons and glia (see Figure 1.6 and 135, 136), 

resembling the in vivo process (137).  
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Figure 1.6. Loss of FMRP in adult Neural Progenitor Cells (aNPCs) leads to 
an altered ratio between neurons and glial cells 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a, b) Adult neural progenitor cells (aNPC) isolated from the dentate gyrus (DG) 
of adult (8-10 week) mice differentiate into neurons and glia in a Wnt-dependent 
manner. Loss of FMRP in aNPCs results in fewer neurons and excess glial cells 
(b) compared to wildtype (a). [Callan, 2011 #2697] 
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Using this culture model, Castren and coworkers compared the proliferation, 

differentiation, morphology and function of control NPCs and their lineages to those 

derived from FMR1 knock out (KO) mice or post mortem human fetuses deficient for 

FMR1 (133). In this culture system, FMR1 deficient mouse NPCs isolated from 

embryonic or postnatal day 6 brains, generated 3-fold more neurons and approximately 

15% fewer glial cells compared to wild-type. The differentiation phenotypes of NPCs 

derived from Fragile X human embryos were more severe, with a 5-fold increase in 

neuron numbers and a 70% reduction of glial cells (see Table 1.3). The decrease in glial 

numbers was accompanied by an increase in apoptotic death, suggesting that FMRP may 

be required for survival of glia in the developing brain.  

 A more recent study utilizing mouse adult neural progenitor cells (aNPC) isolated 

from the hippocampus also discovered an increase in proliferative capacity due to the loss 

of FMRP (44). While this result agrees with the Castren study (133), further experiments 

to determine the fate of the daughter cells produced by the FMR1 aNPCs discovered a 

60% reduction in the number of neurons accompanied by a 75% increase in the number 

of glial cells (astrocytes) compared to lineages generated by wild-type aNPCs (see Table 

1.4 for comparison). Although these two studies report opposite alterations in the ratio 

between neurons and glia, one possible explanation lies with the fact that the study by 

Castren and coworkers used embryonic and postnatal day 6 derived neural stem cells 

(NSCs), while the experiments reported by Luo and coworkers involved adult NPCs 

derived from 8-10 wk old mouse brains (44, 133). These results suggest that FMRP’s 

function in the nervous system may be closely linked to developmental timing, an issue 
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that will be further addressed below when discussing the Drosophila FXS model. In 

addition, these reports are consistent with the presence of cell fate abnormalities that 

could lead to circuitry defects in FMR1 mutant brains.  

 Interestingly, the neurons produced by FMR1 mutant NPCs in culture displayed 

both fewer and shorter neuronal processes (133). Although these results are in contrast to 

previous reports of dendritic spine abnormalities in both human and mouse FMR1-

deficient neurons (80, 82, 83, 131), they also suggest potential defects in neuronal 

function. Indeed, Ca2+ imaging experiments determined that the loss of FMRP 

dramatically affects signaling within NPC-derived cells lacking FMRP function (133). 

Interestingly, Ca2+oscillations were most affected in subsets of neurons sensitive to 

glutamate receptor antagonists. These results indicate not only morphological 

abnormalities in cultured NPCs, but also suggest that FMRP is required for proper 

function in glutamatergic neurons. Since Ca2+ signaling has been shown to impact gene 

expression (138, 139), these results suggest that FMRP may control neuronal morphology 

(and function) outside of its established role at the synapse.  

Another study of human NPCs (hNPCs) find that loss of FMR1 did not lead to 

increased proliferation or alterations in neuronal differentiation compared to controls 

Bhattacharyya, 2008 #2028]. Instead, using microarray analyses of normal and FMR1 

derived hNPCs, Bhattacharyya and coworkers found that approximately 30 genes were 

differentially expressed due to the loss of FMRP. The misexpressed genes fall into 

several categories including receptors (AMFR, ErBB3), small GTPases (Sar1a, DI-
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RAS3/ARHI) and transcription factors (FOXF2, CtBP1) (see Table 1.3 for summary, 

140).  

It is interesting but perhaps not surprising that the Castren et al. and 

Bhattacharyya et al. studies did not produce similar overproliferation phenotypes, as both 

studies relied on Fragile X mutant NPCs derived from single embryos, and differences in 

the genetic background or developmental stage (14 versus 18 gestational weeks) may 

easily account for the discrepancies regarding the role of FMRP in embryonic NPCs. 

Variation in genetic background has indeed shown to be important in Fragile X mouse 

model studies, affecting the behavioral output of the animals (141). Although these 

findings predict alterations in various brain signaling pathways, the precise cellular 

and/or developmental defects that may result from these changes in hNPC gene 

expression remain to be determined.  
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Table 1.3. Aberrant proliferation, differentiation, gene expression and morphology 
in FMR1 Neural Progenitor Cells in vitro 

 
Legend: N/A = not assayed, N/C = No Change (3) 

 

Over- 
proliferation 

due to loss 
of FMRP? 

Lineage 
fate 

change 

Change in 
neuron 

morphology 

Change in 
gene 

expression 
(mRNA) 

Reference(s) 

Embryonic 
Mouse 
NPC 

Yes ↑Neurons  
↓ Glia  

Shorter neurite 
length, 
Smaller mean 
cell-body 
volume 

N/A Castren et al. 

Yes ↑ Neurons  
↓ Glia 

Shorter neurite 
length,  
Smaller mean 
cell-body 
volume 
 

N/A Castren et al. 

Embryonic 
Human 

NPC 
(hNPC) 

No N/C No 

↑ FOXF2, 
ERBB3, 
DIRAS3 
↓ FMR1, 
AMFR/gp78, 
SAR1A, 
CTBP1 

Bhattacharyya 
et al. 

Adult 
Mouse 
NPC 

(aNPC) 

Yes ↓ Neurons  
↑ Glia 

Reduced 
dendritic 
complexity, 
Shorter 
dendritic 
length 

N/A Luo et al. 
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Table 1.4. Aberrant proliferation, differentiation in neural stem and progenitor cells 
in vivo (3) 

 Age 
Overproliferation 

due to loss of 
FMRP 

Stem/ 
Progenitor 

cell type 
affected 

Lineage fate 
change Reference 

Embryonic 
 (E13, 
E17) 

Subventricular 
Zone (SVZ) 

Intermediate 
progenitor 
cell (IPC) 

↑Glutamatergic 
neurons  

Tervonen 
et al. 

Postnatal 
 (P5)  

Neocortical layer 
V 

Cortical 
Neural 
Progenitor 
Cells (NPC) 

↑ Cortical, 
subcerebral  
projection 
neurons 

Tervonen 
et al. 

Mouse 

Adult  
(10 wk) 

Dentate Gyrus 
(DG) 
 

Neural Stem 
and 
Progenitor 
Cells 

↓ Neurons  
↑ Glia  Luo et al. 

Drosophila Larval  Central Brain 
(CB) 

Stem Cell 
(Neuroblast) ↑ Neurons  Callan et 

al. 
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FMRP in Mouse and Drosophila Neural Stem Cells: in vivo 

FMR1 KO mice show similar phenotypes to human FXS patients including 

difficulty in learning and memory (142-146) In addition, FMR1 mutant brains display an 

increase in long, thin, immature dendritic spines (82, 83, 131) mirroring human 

neuroanatomical abnormalities (82, 147) and consistent with defects in synaptic function. 

Neuronal circuit formation and synaptic plasticity appear misregulated in FMR1 KO mice 

as well (148). Indeed, Huber and coworkers discovered an increase in a protein synthesis 

dependent form of synaptic plasticity known as long term depression (LTD) that is 

mediated by mGluR signaling. Defects in the FMR1 KO mouse mGluR pathway have 

been linked to cognitive impairment, developmental delay and loss of motor coordination 

that mimic the deficits seen in Fragile X patients (149-151). Overall, the FMR1 KO 

mouse has provided an excellent tool to elucidate FMRP’s role at synapses and to 

decipher molecular mechanisms underlying FXS. 

 Recent studies using the mouse FMR1 KO model have begun to probe the 

possibility that FMRP may also play a role in neural stem cell proliferation in vivo (44, 

133, 152). Initial clues came from BrdU incorporation studies that showed an increased 

number of BrdU positive cells in the subventricular zone (SVZ) of FMR1 KO mice 

compared to controls (133). Since the neural stem cells in the SVZ are known to generate 

new neurons periodically over the course of the animals’ life (153-155) these results 

suggested that loss of FMRP causes misregulation of this process.  

These initial findings were substantiated by a subsequent study (152) in which 

FMRP function was either removed (FMR1 KO mouse) or altered by overexpressing the 
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I304N allele, previously shown to result in a loss of function phenotype, possibly through 

a dominant negative mechanism (34, 156). The study by Tervonen and coworkers 

reported an increased number of NPCs in the cortical layers adjacent to the lateral 

ventricles of embryonic mice brains three days after injection of the I304N FMRP mutant 

into the ventricles (152). 

Additional findings included an increased population of Tbr2 positive 

glutamatergic neuron precursors in the ventricular zone (VZ) and subventricular zone 

(SVZ) of E17 murine brains, generated by intermediate progenitor cells (see Figure 1.7 

and 152). Tbr2 positive IPCs have a lower proliferative capacity than NPCs, dividing 

only one or two times to produce glutamatergic neurons (152, 157). Although the 

molecular mechanism remains to be elucidated, an intriguing scenario involves the 

FMRP-dependent translational control of Tbr2, which is overexpressed in FMR1 KO 

brains and has been previously identified as a candidate target of FMRP (45). No 

alterations in radial glial markers (ie, brain lipid binding protein (BLBP) and astrocyte-

specific glutamate transporter (GLAST)) could be identified at embryonic stage 16 in 

vivo (152).  
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Figure 1.7. The embryonic and early post-natal FMR1 KO mouse cortex 
exhibits an increased density of glutamatergic neurons 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a,b) Tbr2 and BrdU positive glutamatergic neurons distribution in E17 mouse 
brains. Note increased density of glutamatergic neurons in the SVZ and VZ of 
FMR1 KO brains (b) compared to wildtype (a). (c, d) Distribution of Er81 
positive neurons in layer V of the postnatal (P5) mouse cortex. Loss 
of FMRP leads to an increased neuronal density in layer V at the expense of the 
layer VI, which appears thinner in FMR1 KO (d) compared to wildtype (c). (3) 
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Later in development, early postnatal (P5, P7) FMR1 KO brains showed an 

increased cell density in layer V of the adult neocortex at the expense of layer VI, which 

suggests a misregulation of neuronal positioning and neuronal migration within the 

cortex (see Figure 1.7 and 152). Using shRNA electroporation approaches, a very recent 

study by Saffary and Xie provides evidence that loss of FMRP causes a shift in the 

relative ratio of stem cell-like radial glial cells (RGCs) to the intermediate progenitor 

cells (IPCs) in the neocortex of E17.5 embryonic mice (158). Although it remains to be 

seen whether the populations of neurons and glia are also altered under these 

experimental conditions, the study by Saffary and Xie shows that FMRP utilizes an actin 

dependent mechanism to control the number of RGCs and IPCs in the developing 

neocortex.  

While the previously mentioned studies on FMRP’s role in neurogenesis were 

performed using embryonic or early postnatal day brains (133, 152, 158), Luo and 

coworkers set out to test the role of FMRP in adult neural progenitors, particularly within 

the dentate gyrus (44). This structure of the adult brain is linked to the formation of new 

memories and is known to undergo continual neurogenesis (159, 160). Labeling 

experiments showed that soon after BrdU injection there was a pronounced increase in 

the number of actively proliferating cells within the dentate gyrus of FMR1 KO brains 

(44). Since these BrdU positive cells also expressed both neural stem and progenitor cell 

markers (albeit not glial markers), these results indicate that FMRP is required for 

neurogenesis in the adult mouse brain. Additional experiments found that the number of 

BrdU positive cells that survived 4 weeks after injection was significantly lower in FMR1 
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KO brains, consistent with a scenario whereby the overproliferating mutant progenitors 

may be eliminated by cell death. Interestingly, in these adult FMR1 KO mice, there was a 

~10% decrease in BrdU positive neurons and a ~75% increase in BrdU positive 

astrocytes. This result is in contrast to embryonic and early postnatal studies that show 

increased neuron production and suggest age-specific defects in FMR1 KO brain 

development (152). Overall, these data demonstrate that FMRP plays a role in the 

survival of neurons as well as regulating the decision to differentiate into neurons or 

astrocytes in the adult mouse brain. 

Clonal analyses in the Drosophila model revealed that FMRP is required cell 

autonomously in neural stem cells to control proliferation in the developing brain (2). 

Drosophila stem cells, or neuroblasts (NB), are derived from an undifferentiated tissue 

called the neuroepithelium, which undergoes symmetric divisions to increase initial cell 

numbers. Neuroblasts delaminate from the neuroepithelium, and these NBs then utilize 

asymmetric divisions to self-replenish as well as produce progenitor cells called ganglion 

mother cells (GMCs). The GMCs will then divide once more in a symmetrical fashion to 

become neuronal or glial cells (see Figure 1.8 and 161, 162, 163).  
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Figure 1.8. Loss of dFmr1 results in increased neural stem cell proliferation and 
increased neuron population in Drosophila  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a, b) Larval brain neural stem cells (neuroblasts, NBs) divide asymmetrically to 
generate intermediate progenitors (ganglion mother cells), which divide 
symmetrically to generate two neurons. The MARCM (Mosaic Analysis with a 
Repressible Cell Marker) technique affords the tracing of individual neuroblast 
lineages. Using this approach, (Callan et al., 2010) showed that dFmr1 NBs 
overproliferate to produce excess neuronal populations (b) compared to wildtype 
(a). (3) 
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 The loss of FMRP results in stem cell overproliferation accompanied by an 

increase in differentiated neurons that persist in the adult brain (Figure 1.8). The increase 

in neurons resembles the findings from mouse embryonic and early postnatal 

development (152) but is in contrast to the findings from adult NPCs (44). Perhaps the 

larval brain neuroblast model employed by Callan and coworkers is developmentally 

more similar to the embryonic and early postnatal stem cells in the mouse brain (2). 

Despite some discrepancies that could be accounted for by inherent differences among 

model systems and considering that they were performed at different developmental 

stages, the majority of these studies report an increase in stem cell proliferation and 

defects in differentiation due to loss of FMRP, in vivo.  

 

mRNA Targets in Neural Stem Cells  

While several mRNA targets of FMRP have been discovered using whole mouse 

brains (45, 90) the recent study by Luo and coworkers reports the identification of mRNA 

targets specific to FMRP in aNPCs (44). Cultured aNPCs from both wildtype and FMR1 

KO mice were subjected to RNA immunoprecipitations followed by microarray 

hybridizations and real-time PCR. Candidate mRNAs associated with FMRP in 

progenitor cells include microtubule-associated protein 1B (MAP1B), elongation factor 1 

alpha (EF1α), cyclin-dependent kinase 4 (CDK4), cyclin D1 and Glycogen synthase 

kinase 3 beta (GSK3β) mRNAs among others. Interestingly, MAP1B and EF1α have 

been identified previously as translational targets of FMRP in neurons (35, 70, 77). 

CDK4 and cyclin D1 were also previously identified as candidate mRNA targets 
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associated with FMRP and CDK4 showed altered expression at FMRP deficient synapses 

(90). Using a CDK4 chemical inhibitor, Luo and coworkers partially rescued the 

overproliferation defects of FMR1 KO aNPCs, suggesting that CDK4 mediates at least in 

part FMRP’s function in regulating aNPC cell cycle (44). Interestingly, mRNA profiling 

accompanied by GO term analyses in the Drosophila Fragile X model identified a 

number of significant changes in the expression of genes involved in “neural 

development” and “neuronal differentiation” (164). These results suggest that FMRP is 

likely to utilize multiple molecular mechanisms ranging from transcription to stability, 

transport and translation throughout the development of the nervous system. 

 

Human Brain Imaging - Anatomical and Functional Abnormalities in FXS 

Early studies on postmortem Fragile X brains indicated that loss of FMRP does 

not affect the overall structure of the brain (147, 165). More recently, technical advances 

in brain imaging have led to multiple studies finding that the size of specific brain 

structures is indeed affected in Fragile X patients. The caudate nuclei are bilateral 

structures found near the center of the brain in the basal ganglia, which are linked to 

memory, learning (reviewed in 166) and even the repetitive movements characteristic of 

FXS patients (167). In studies across a wide range of ages, FXS patients were shown to 

have consistently enlarged caudate nuclei (168-172). In addition, recent studies have 

identified a negative correlation between caudate size and IQ (173, 174), thus providing a 

functional link to abnormalities in this specific brain region. A study by Gothelf and 

coworkers, went on to show a positive correlation between caudate size and aberrant 
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behavior (as measured by the Autism Behavior Checklist, including irritability, social 

withdrawal, and hyperactivity), thus further linking the FMRP-mediated overgrowth of 

the caudate nuclei to behavioral abnormalities (173). 

Other structures affected by the loss of FMR1 include the cerebellar vermis, 

hippocampus, amygdala and fusiform gyrus (reviewed in 175). The cerebellar vermis is 

required for learning, executive function, visual-spatial processing and language (176), 

and in contrast to the caudate nuclei, is consistently reduced in size in FXS patients (168, 

173, 177-179). In addition to being positively correlated with the loss of FMRP, the 

decrease in cerebellar vermis size is a reliable predictor for lowered IQ (173, 177). These 

abnormalities in the brains of Fragile X patients are consistent with results observed in 

several of the FXS models described above and with recently identified brain tissue size 

abnormalities in the FMR1 KO mouse (180), indicating that animal models are presenting 

previously unnoticed, phenotypically similar abnormalities to human patients. 
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CHAPTER 2: PRESENT STUDY 

 

This chapter will provide a summary on the methods, results and conclusions 

from the published article, FRAGILE X PROTEIN CONTROLS NEURAL STEM CELL 

PROLIFERATION IN THE DROSOPHILA BRAIN, attached here as Appendix A. In 

addition, unpublished and current work, along with future goals and remaining questions 

will be discussed. 

 

Published Work Summary 

In addition to its established role in differentiated neuronal cells, FMRP has been 

recently implicated in proliferation and differentiation in neural progenitors, albeit with 

somewhat conflicting results (44, 133, 140, 152). Our hypothesis is that FMRP 

regulates stem cell proliferation and differentiation early in brain development. To 

determine the role of FMRP during early neurogenesis in vivo, we used loss of function 

and clonal approaches in the Drosophila larval brain. We showed that whole dFmr1 

mutant brains from late third instar larvae exhibit altered cell cycle profiles, with more 

cells found in S and G2/M at the expense of G1. These cell cycle defects indicate that 

FMRP is necessary for correct cell cycle progression in neural stem cells.   

In late third instar larval brains, the difference in PH3 positive neuroblasts 

between dFmr1 brains and control brains became statistically significant, which could be 

accounted for by seemingly opposite scenarios whereby the mutant neuroblasts either 

divide faster, or are progressing through mitosis at a slower pace. Whole brain analyses 
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do not distinguish between overproliferation and delay, both of which are possible 

explanations for the dFmr1 phenotype identified above. To overcome this problem, 

MARCM (Mosaic Analysis with a Repressible Cell Marker) clones were used to label 

single neuroblasts and their resulting progeny (181). Using a combination of the Gal4-

UAS bipartite system and FLPase-FRT recombination system from yeast (182), cell-

specific defects are more readily identifiable in the GFP-labeled homozygous mutant 

cells generated in an otherwise heterozygous background. The fly crosses utilize the c155 

(neuron specific) driver to express UASmCD8-GFP in cells that have undergone mitotic 

recombination becoming homozygous mutant for dFmr1. In addition to using two protein 

null alleles of dFmr1 (dFmr150M, dFmr13TJ ) (35, 183), control clones are also made to 

ensure that there is no consequence of creating the clone itself that could be 

misinterpreted as a phenotype.  

The MARCM technique has been successfully used previously to uncover the role 

of several genes required for neuroblast proliferation and differentiation including brat, 

lgl, prospero and polo kinase (184-187). The MARCM technique not only allows for 

targeted loss of FMRP in mitotic neuroblasts, but also provides the resolution needed to 

trace and count single cells in the neuroblast lineage, thus determining if the defect is 

overproliferation or delay.  

Our clonal analyses indicate that dFmr1 mutant neuroblasts produce on average 

15-16 more neurons than wildytpe by the end of third instar. This correlates with the 

mutant neuroblast completing approximately eight more divisions than its wild-type 

counterparts during larval development (every 2 neurons are the result of a single 
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neuroblast division).  By the end of the larval stage however, the proliferative activity of 

dFmr1 neuroblasts is comparable to that of their wild-type counterparts, which supports 

the notion that these additional cell cycles are restricted to the early stages of brain 

development. Taken together, our results show that FMRP is required cell-autonomously 

for neurogenesis in vivo and are consistent with recent reports indicating that neural stem 

cell proliferation is increased (44) and that the density of intermediate progenitors and 

pyramidal cells is increased in the early postnatal cortex of FMR1 KO mice (152). 

Quantification of the Elav positive cells within clones suggests that dFmr1 

neuroblasts generate an estimated 16 % more neurons. If this phenotype is correct for the 

majority of neuroblasts in the brain, it would suggest that there would be an increase from 

15,000 to 17,400 neurons in the Drosophila brain. Recently, technical advances in brain 

imaging have led to multiple studies finding that the size of specific brain structures is 

indeed affected in Fragile X patients, including the caudate nuclei, cerebellar vermis, 

hippocampus, amygdala and fusiform gyrus (reviewed in 175). While it is unclear if the 

increase in neurons leads to functional defect directly, inter-neuronal connections and 

circuit formation are likely to be very sensitive to alterations in neural numbers. In 

addition to the data that implicates synaptic plasticity defects in FMR1 KO mice, an 

increase in the number of defective neurons could very easily result in scattered, 

unfocused thought patterns and behavior. The potential for wiring defects would suggest 

that loss of FMRP affects brain development earlier than previously thought and may 

account for the autistic component of FXS.  

Our data reveal a novel and surprising role for FMRP during brain development. 
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In the young first instars, there are comparable numbers of Miranda/Cyclin E expressing 

neuroblasts in the mutant compared to wild-type but only 6 hours later (6-12 hrs ALH), 

there is a shift, with more dFmr1 mutant cells expressing Miranda/Cyclin E compared to 

wild-type. The coexpression of the neuroblast marker Miranda and the G1/S transition 

marker Cyclin E, indicates that these additional cells correspond to neuroblasts exiting 

the G0 quiescence phase and entering the cell cycle (114). Based on these results we 

propose that FMRP controls the timing of neuroblast exit from quiescence. To our 

knowledge this is the first evidence that FMRP controls the exit from quiescence of 

neural progenitors in the developing brain. Such developmental defects could lead to 

significant problems in neural connections that are dependent on precise timing for 

proper function.  

It remains to be seen whether Cyclin E is a direct target of FMRP, although it 

would be consistent with our previous findings that loss of dFmr1 leads to Cyclin E 

misexpression in the fly ovary (188). Other recent studies have identified cell cycle 

regulators such as such as Cyclin D and CDK4 (44) as direct targets of FMRP in adult 

neurogenesis, making Cyclin E an interesting candidate. It is quite possible, however, that 

FMRP acts through other factors such as E2F, Rb or the SCF/cullin complex, already 

identified in CycE regulation (189). The identification of Glycogen synthase kinase 3 

beta (GSK3β) as an mRNA target indicates a possible role for FMRP in regulating the 

output of the Wnt pathway in adult neural progenitor cells (44). Indeed, FMR1 KO neural 

progenitor cells exhibit higher levels of GSK3β, which results in an increased 

degradation of β-catenin, among other things. This in turn represses the expression of 
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Wnt pathway genes such as Neurog1, a gene that controls the choice between neuronal 

and astrocyte differentiation. GSK3β activity can also have alternative functions, such as 

regulation of cytoskeleton dynamics, and it would be interesting to see if loss of FMRP 

results in defects in this function of GSK3β as well. Taken together, these results 

implicate FMRP in both proliferation and differentiation of neural stem cells. 

Another interesting parallel to our oogenesis study (188) is that loss of FMRP 

leads to both an increase and a delay in proliferation. In the larval brain, we detected an 

increase in proliferation during early larval stages, followed by a slowdown towards the 

end of the larval life. This suggests the presence of compensatory mechanisms that 

alleviate the consequences due to loss of FMRP in the brain and provide an explanation 

for the lack of an obvious effect on brain size in dFmr1 mutants. It will be interesting to 

identify these compensatory mechanisms in the future, and may shed some light on the 

feedback loops that regulate neurogenesis. 

 The finding that FMRP regulates the timing of neuroblast reentry into the cell 

cycle is particularly interesting, as this critical aspect of brain development remains 

poorly understood. Previous studies have shown that neuroblast exit from quiescence is 

controlled in part by the glycoprotein Anachronism (Ana), which is secreted by the 

surrounding glial cells (117). Ana’s role in neuroblast proliferation suggests that stem-

cell proliferation in the brain is controlled by its microenvironment. The current, ongoing 

work is focused on determining whether FMRP functions in the glia, cooperates with 

these genes, and/or utilizes distinct mechanisms to regulate neural stem cell quiescence 

during brain development. 
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Current, unpublished work 

 

Interaction of FMRP and Anachronism 

To determine the function of FMRP during  early in larval life, we first sought to 

determine if FMRP interacted genetically with glial-secreted Anachronism, which was 

previously implicated in neuroblast reactivation after quiescence. We looked for a 

dominant interaction by reducing the expression of each gene by half, and utilized two 

independent alleles of dFmr1 (dFmr13 and dFmr150M, see 35, 183) to make 

transheterozygote Ana1/+;dFmr13/+ and Ana1/+;dFmr150M/+ mutants. At 6-12 hours after 

larval hatching, the Ana1/+;dFmr13/+ transheterozygotes showed a significant increase in 

the number of reactivated neuroblasts (based on Cyclin E positive staining) compared to 

the Ana1/+ controls (p=0.0001), however, there was not a significant change compared to 

dFmr13/+ controls (p=0.13). This result may be skewed by an unusually large number of 

Cyclin E positive neuroblasts in the dFmr13/+ control group, however at 12-18 hours 

after larval hatching, there was also no significant increase in the number of Cyclin E 

positive cells in the Ana1/+;dFmr13/+ transheterozygotes compared to both the Ana1/+ 

(p=0.4) and dFmr13/+ (p=0.16) controls (see figure 2.1). The genetic interaction between 

dFmr13 and Anachronism in the regulation of neuroblast reactivation remains unclear 

based on this data. 
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Figure 2.1. Anachronism/dFmr1 interaction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Transheterozygote Ana/+ and dFmr1/+ interactions are not significantly different 
than dFmr1/+ controls at 6-12 or 12-18 hrs after larval hatching with the dFmr13 
allele. The dFmr150M allele shows significant increase in Cyclin E positive cells 
compare to controls at both 6-12 and 12-18 hour after larval hatching. 
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In contrast, at both 6-12 and 12-18 hours after larval hatching we saw a 

significant increase in the Ana1/+;dFmr150M/+ transheterozygotes compared to either 

single heterozygote control, Ana1/+(6-12; p=0.001, 12-18; p=0.035) or dFmr150M/+(6-12; 

p<0.001, 12-18 p=0.002). The increase in reactivated neuroblasts in the 

transheterozygotes appears to suggest a genetic interaction, however the numbers are a 

summation of the control values, rather than a synergistic interaction (see Figure 2.1). 

Based on this data with the dFmr150M allele, there is an indication that that these genes, 

although working to regulate the same process, function in parallel pathways and do not 

interact genetically. It is interesting that each allele produces different results, when each 

is reported to be a null mutation. This result underlies the importance of working with 

multiple alleles of the gene of interest if possible, to reduce any false positive or negative 

results. Nevertheless, perhaps only a 50% reduction of each gene is not sufficient to 

uncover any potential genetic interaction, and it may be necessary to perform these 

experiments in a dFmr1 homozygous background to fully explore a possible interaction 

with Anachronism.  

 

Expression of FMRP during early neurogenesis 

To further explore the early exit from quiescence phenotype, we examined the 

localization pattern of FMRP in neuroblast and glial cell lineages using tissue-specific 

Gal4 drivers to label the cells of interest with GFP. Using the neuronal lineage driver 

Elav (190), we determined that FMRP is indeed expressed by neuroblasts in brains as 

early as 6-12 hrs after larval hatching (ALH) (see Figure 2.2). This suggests that FMRP’s 
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role in neurogenesis begins at a much earlier developmental stage than previously 

identified roles in differentitation of neural stem cells and neuronal glutamate signaling 

(78).  

Previous studies examining the presence of FMRP in the glial lineage early in 

brain development have shown contrasting results. Castren and coworkers reported that 

FMRP was present in mammalian neurons but not glia after neural progenitor cell 

differentiation in vitro, while work from the Doering group showed that FMRP was 

present in vitro as well as in vivo, in prenatal and early postnatal murine glial cells and 

precursors (133, 191, 192). Using the glial-specific driver Repo (193), we determined that 

in Drosophila, FMRP is expressed ubiquitously at this time, and is not downregulated in 

glial cells at 6-12 hours ALH, thus suggesting a role for FMRP in glial cell-dependent 

regulation of neurogenesis (see figure 2.2). It is quite possible that the expression of 

FMRP is altered in vitro, as the most recent studies in vivo show FMRP expression in 

both Drosophila and mammalian systems during early neurogenesis. This understanding 

of FMRP expression is essential in determining the timing and tissue-specificity of 

FMRP’s roles in brain development. 
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Figure 2.2. FMRP expression in Neuroblast and Glial lineage at 6-12 hours ALH 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The expression of GFP.nls with either the neuroblast lineage driver Elav or the glial 
lineage driver, Repo allows for determination of FMRP expression in tissue-specific 
cells early in neurogenesis. Red arrows indicate examples of cells that are both GFP and 
FMRP positive.  

  

 

 

  

Tissue-specific knockdown of FMRP in stem cells and glia 

To further explore the role of FMRP in early neurogenesis, we next wanted to 

dissect the tissue specific activity of FMRP in neuroblasts versus glia. In whole mutant 

larvae, the loss of FMRP promotes early exit from quiescence, however it is unclear if 

FMRP is required autonomously in the neuroblast only to regulate this process, or if it is 

required in glia cells to facilitate communication to the neuroblast. We therefore utilized 
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the Gal4-UAS system to selectively knock down the expression of FMRP in neuroblast 

lineages and glial tissue. 

 By counting Cyclin E positive cells, our results indicate that the loss of FMRP by 

RNAi knockdown with the pan-neuronal Elav Gal4 driver (190) causes an early 

reactivation of neuroblasts (18 +/- 0.8 for Elav/Fmr-RNAi compared to 12 +/- 0.7 for 

Elav/+ controls, t-test <0.001) at 6-12 hrs after larval hatching (see figure 2.3). This is the 

same time window in which we see reactivation of neuroblasts in null mutants brains, 

suggesting that FMRP has a neuroblast-specific role in the regulation of exit from 

quiescence. This result corroborates clonal analysis results published previously (2), 

indicating a cell autonomous role of FMRP in the neuroblasts, both in regulating 

proliferation as well as regulation of reactivation after quiescence. By 12-18 hours after 

larval hatching, there was no significant change between the Elav/Fmr-RNAi (24.6 +/- 

1.1) and the Elav/+ control (23.7 +/- 1.2, p=0.6), suggesting that this role of FMRP in the 

neuroblast is very tightly regulated and specifically required during the 6-12 hour after 

larval hatching developmental window. 

 



Figure 2.3. Neuroblast lineage specific knockdown of FMRP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Knockdown of FMRP with RNAi in the neuroblast specific cell lineage results 
in a significant increase in the number of Cyclin E positive cells at 6-12 hrs 
after larval hatching. At 12-18 hours after larval hatching, there is no 
significant increase compared to controls. 
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Knockdown of glial-specific FMRP using the Repo-Gal4 driver (193) did not 

increase the reactivation of neuroblasts at 6-12 hours after larval hatching (Repo/Fmr-

RNAi =8.8 +/- 0.5, Repo/+ =10 +/- 0.7, p=0.34) indicating that FMRP is not required at 

this time point in glia to regulate exit from quiescence. Interestingly, however, by 12-18 

hours after larval hatching, there was a significant increase in the number of Cyclin E 

positive cells with the loss of FMRP in glia (see Figure 2.4, Repo/Fmr-RNAi =14.9 +/- 

0.7, Repo/+ =20.7 +/- 0.8, p <0.001). This finding identifies cell-type specific and 

temporal regulation of FMRP expression, which in turn regulates the reactivation of 

quiescent neuroblasts. This finding also provides novel insight into the communication 

between the neural stem cell and its supporting glial cells. This result not only suggests a 

novel role for FMRP in glia to regulate neuroblast reactivation, but also provides insight 

into the mechanism of this regulation. FMRP may be initially required in the neuroblast 

to repress exit from quiescence, but required in the glia in order to maintain repression of 

that signal.  
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Figure 2.4. Glial lineage specific knockdown of FMRP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Knockdown of FMRP with RNAi in the glial cell lineage results in no 
significant increase in the number of Cyclin E positive cells at 6-12 hrs 
after larval hatching. At 12-18 hours after larval hatching, there is a 
significant increase compared to controls. 
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Future directions: the insulin pathway 

The mechanism of FMRP’s role in quiescence regulation remains unclear, yet 

interestingly, two groups have recently shown that Drosophila neuroblast reactivation is 

regulated by the secretion of Insulin-like Peptides (dILPs) from glia. These secreted 

dILPs in turn activate the PI3K/Akt/mTOR pathway in the neuroblast, ultimately 

reactivating the neuroblast (121, 194). Because we have shown independent requirements 

for FMRP in both the glia and neuroblast, FMRP may affect glial-dependent insulin 

signaling. We, therefore, would like to perform genetic interaction experiments similar to 

those completed with Anachronism, in which we modulate the levels of FMRP and 

individual pathway components simultaneously, looking for enhancement or suppression 

of the early reactivation phenotype, and we would like to explore the possibility that 

FMRP regulates the activity of these factors.  

 

Insulin pathway components 

The insulin/PI3K/Akt pathway is well conserved between Drosophila and 

mammals, and previous research has shown that glia secrete dILPs in response to amino 

acid (nutrition) stimulus (121, 194), which activate the Insulin-like receptor (InR). This 

signal activates PI3 Kinase, which phosphorylates the membrane-bound PIP2 to PIP3. 

PIP3 and PDK1 activate Akt via phosphorylation, which then activates the mTOR 

pathway (among others), leading to cell survival and growth (see figure 2.5 and 195) 

while PTEN inhibits the conversion from PIP2 to PIP3, and ultimately restricts cell 

survival and growth. The dp110 subunit of PI3K has been shown to be a target of FMRP 



 66 

(196), suggesting a role for FMRP in the regulation of this pathway. Interestingly, one of 

the downstream kinases activated via PI3K/Akt signaling, s6 kinase (s6K), in addition to 

promoting cell growth and proliferation via upregulation of many components of the 

translational machinery, has been shown to phosphorylate FMRP (197). The 

phosphorylation of FMRP has been shown to result in increased expression of at least one 

of its target mRNAs, the synapse-associated SAPAP3, suggesting loss of FMRP’s 

translational regulation due to the protein’s phosphorylation status (see Figure 2.5-A and 

197).  

These results link FMRP to the insulin pathway, and more specifically, place 

FMRP in an inhibitory role of this cell growth and proliferation signaling. Very 

interestingly, recent studies have implicated restricted calorie diets with the moderation 

of several neurological disorders, as well as overall increased lifespan (reviewed in 198, 

199). The idea of potential nutritional-intervention therapies in the treatment of and even 

prevention of neurological disorders is truly incredible, and deserves dedicated inquiry 

into these possibilities. 

 

Predictive model for FMRP activity in stem cells and glia 

To determine the potential role of FMRP in the insulin/PI3K/Akt pathway, I 

propose a model in which FMRP is expressed in both the glia and the neuroblast but 

targets unique mRNAs for translational repression in each tissue. In a normal brain, 

FMRP inhibits the translation or secretion of dILPs, and in the neuroblast, FMRP inhibits 

translation of the dp110 subunit of PI3K, effectively downregulating PI3K/Akt signaling 
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(Figure 2.5 A). We have shown that FMRP null mutants display an increase in early 

reactivation of the neuroblasts, potentially by upregualtion of PI3K/Akt signaling. 

According to the model, the loss of FMRP in both tissue types would have a synergistic 

affect, resulting in an increase in neuroblast reactivation (Figure 2.5 B). With this basic 

model, we can then begin using individual mutants in combination with FMRP 

knockdown to reveal if and where FMRP interacts with the insulin pathway in the 

regulation of neuroblast reactivation. 

To validate our hypothesis that FMRP is indeed playing a role in the 

Insulin/PI3K/Akt pathway, we could first simply knockdown the expression of FMRP in 

glia and examine Akt activation in the neuroblast. Alterations in the activity of Akt in the 

neuroblast would suggest that FMRP in glia is required for regulation of neuroblast 

reactivation via the insulin pathway. It would also provide evidence for a mechanism in 

which FMRP plays a regulatory role in the proper expression and/or secretion of the 

PI3K/Akt pathway ligands from the glia. The results from this test would support a role 

of FMRP in several cell types, assisting the communication between the stem cell and its 

niche during development. 

After determining the result of the simple test mentioned above, we would then 

proceed to more complicated, cell type-specific genetic interaction experiments outlined 

below. 
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Figure 2.5. Model for FMRP in the Insulin signaling pathway 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) Diagram of Insulin/PI3K/Akt signaling pathway and potential 
interaction of FMRP. (B) Proposed pathway activity in FMRP null 
mutant. 
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Experiments to test model of FMRP activity in glia 

Examination of dILP mutants, PI3K-RNAi knockdown, and conditional dynamin 

mutants (vesicle transport and secretion), would elucidate the role of FMRP in glial-

dependent neuroblast reactivation. The dILP mutant should restrict the production of 

dILPs, thus repressing reactivation of the neuroblasts. Based on the role of FMRP in 

repressing the translation of its target mRNAs, a potential model for the activity of FMRP 

in glia is that it translationally represses dILPs. An increase in dILP expression with the 

loss of FMRP in the glia would strongly suggest that it is a target for FMRP regulation 

(Figure 2.6-A), and could be assayed by immunofluorescence. To test this possibility 

genetically, the model would predict that knockdown of FMRP in a dILP 2,3,5,6 

background would result in the rescue of the early exit from quiescence phenotype 

(Figure 2.6-B). Alternatively, one could test the role of FMRP in the secretory pathway in 

the glia by using the conditional dynamin mutants in combination with FMRP 

knockdown. If FMRP inhibits trafficking of secretory vesicles, loss of the molecular 

motor dynamin (which moves secretory vesicles along microtubules) may also rescue the 

phenotype. Identification of genetic interactions with either of these components within 

glia would suggest and exciting and novel role for FMRP in glial-dependent 

neurogenesis, and open new doors for potential therapeutics. While the majority of focus 

has been on stem cells for the past decade, it is possible, and probable, that the glia may 

be playing a role in neurogenesis that is just as significant and perhaps more important 

than the actual stem cells themselves. 
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Figure 2.6. Model for FMRP in the Insulin signaling pathway: Glia 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) Proposed activity of Insulin/PI3K/Akt signaling pathway with glia-
specific (repo) loss of FMRP. (B) Proposed rescue of neuroblast early 
reactivation with combination of glia-specific FMR1-RNAi and 50% 
reduction of dILP expression. 

 

 



 71 

Experiments to test model of FMRP activity in neuroblasts 

We have previously demonstrated a requirement for FMRP during reactivation in 

the neuroblast. Based on this and suggestions that PI3K is a target of FMRP translational 

regulation (196), it is possible that FMRP regulates the PI3K/Akt pathway in neuroblast 

reactivation as well. An insulin-receptor dominant negative (InRDN) and a Pi3K-RNAi 

mutant would elucidate the role of FMRP’s function in the neuroblast. If the model is 

correct, expression of the InRDN mutant in combination with FMR-RNAi should rescue 

the early reactivation phenotype. There will be a decrease in the signaling from the 

receptor, which will decrease the activation of PI3K, whose activity should be increased 

above normal levels with the loss of inhibition by FMRP (Figure 2.7-B). Likewise, the 

RNAi-mediated reduction of both FMRP and PI3K specifically in the neuroblast should 

produce antagonistic affects, also rescuing the early reactivation phenotype.  
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Figure 2.7. Model for FMRP in the Insulin signaling pathway: Neuroblast 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) Proposed activity of Insulin/PI3K/Akt signaling pathway with neuroblast-
specific loss of FMRP. (B) Proposed rescue of neuroblast early reactivation 
with dominant negative reduction of insulin receptor (InRDN) activity in 
combination with FMR1-RNAi. 
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Conclusion 

 The Drosophila larval brain neuroblasts have emerged as a premiere model for 

neural stem cells that has been successfully used to elucidate the molecular mechanisms 

underlying stem cell renewal and differentiation in the brain (108). Despite some 

differences, it is clear that Drosophila neuroblasts follow general mammalian stem cell 

principles and utilize conserved pathways. Given the powerful genetic tools available in 

the fly, including the ability to study individual neuroblast lineages, the clues obtained 

from the fly are likely to provide useful insights into mammalian brain development and 

the mechanisms for FMRP-mediated RNA regulation in neural stem cells. 

A recent wave of data consistently implicates the glial cells regulation of 

neurological diseases, indicating they are more than merely support cells. Instead, it 

appears that these cells are actively communicating with the neural stem cells and 

neurons to direct proliferation, migration, and signaling. Based on the results presented 

here, we have determined an autonomous role for FMRP in both neuroblasts and glial 

cells, however they function in combination for proper regulation of neurogenesis (see 

figure 2.8). If the predicted models and interactions outlined above turn out to be true, it 

will be a significant step forward in our understanding of FMRP’s role in not only 

neuroblast reactivation during Drosophila larval brain development, but also the role of 

FMRP in stem cells of Fragile X syndrome patients as well. These implications represent 

advancements in our understanding of the regulation of neurogenesis, in the battle to 

treat, and hopefully cure, many debilitating neurological disorders including Fragile X 

Syndrome and Autism. 
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Figure 2.8. Model for FMRP activity in neuroblast reactivation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Recent work by Callan and coworkers has identified a role for FMRP in both glia 
and neuroblasts in the regulation of exit from neuroblast quiescence (Callan et al., 
unpublished results and 2). Genetic and biochemical will identify potential 
interactions between FMRP and other components implicated in neuroblast 
reactivation, such as FGF/FGFR, Anachronism (Ana), dPerlecan (Trol) and the 
Insulin pathway via dILPs secreted from the glia to activate PI3K/Akt signaling for 
cell growth and proliferation. (2) 
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