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Abstract 

 
Fragile X Syndrome (FXS) is neurodevelopmental disorder caused by a trinucleotide CGG repeat 

expansion that leads to the methylation and transcriptional silencing of the Fragile X mental retardation 1 

(fmr1) gene. This results in the loss of Fragile X mental retardation protein (FMRP), an mRNA-binding 

protein that functions in neuronal mRNA metabolism, namely in the translation of neuronal mRNAs 

involved in synaptic structure and function. FXS is the most common form of inherited intellectual 

disability and the largest single genetic cause of autism, affecting 1 in 4000 males and 1 in 8000 females.  

FMRP plays a crucial role in neural circuit patterning/formation and the regulation of key signalling 

pathways. FXS is a syndrome is characterized by misregulation of protein synthesis and dysfunction 

within multiple signalling pathways. Here we implicate two signalling pathways underlying Fragile X 

Syndrome neuropathology, the cAMP signalling pathway and the Wnt signalling pathway, in cognitive 

defects.  

In chapter 2 and 3, we show that FMRP is required for Drosophila stress odour (dSO) avoidance 

behaviour; dSO is an odour emitted when flies are subjected to electrical or mechanical stress, elicits an 

innate avoidance behavioural response by Drosophila. Our results suggest that FMRP is required 

developmentally, specifically in the mushroom body for higher-order processing, in the establishment of 

neuronal networks and in the regulation of the cAMP signalling cascade that mediates Drosophila stress 

odour (dSO) sensory processing and avoidance behaviour in Drosophila. Furthermore we show that 

cyclic adenosine monophosphate (cAMP) is required for avoidance and identify the cAMP cascade as a 

key signalling pathway underlying avoidance behaviour dysfunction in FXS. Through pharmacological 

intervention targeting the misregulated cAMP pathway we show that avoidance behaviour can be rescued 

in FXS flies, demonstrating the ability to ameliorate a developmental abnormality. 

In chapter 4 we show that over-expression of armadillo/β-catenin results in learning and long-term 

memory defects and likely contributes to FXS pathology. Furthermore we demonstrate that FXS flies 

exhibit a learning reversal and long-term memory reversal defect, which may be a result of abnormal 

armadillo/β-catenin expression resulting in synaptic function and remodeling defects.  
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CHAPTER 1-Introduction to Fragile X Syndrome (FXS) 
 

1.1 Fragile X Syndrome (FXS) 
 
Fragile X Syndrome (FXS) is the most common form of inherited intellectual disability, with an incidence 

of 1:4000 males and 1:8000 females (1).  FXS is caused by the loss of the Fragile X Mental Retardation 

protein (FMRP) due to the presence of CGG trinucleotide repeat expansion in the 5’-untranslated 

promoter region of the FMR1 gene, resulting in methylation and transcriptional silencing of the gene (2, 

3). The CGG repeat is highly polymorphic, with unaffected individuals possessing 6-60 repeats with 30 

being the most common (2).  Individuals harbouring 60-200 repeats are considered to have the 

premutation allele. The full mutation results when the repeat number is greater than 200, and leads to the 

hypermethylation and silencing of FMR1 (4). Full mutations are completely penetrant in men, and 50% 

penetrant in women (5). Premutation alleles are unstable when transmitted to offspring, which can give 

rise to repeat expansions outside of the permutation range and may give rise to the full mutation in 

women (5). Premutation carriers may have Fragile X-associated tremor/ataxia syndrome (FXTAS) a late-

onset neurodegenerative disease that is characterized by progressive cerebellar gait ataxia, intention 

tremor, and cognitive decline (6).  Premutations can also result in Fragile X-related primary ovarian 

insufficiency (FXOPI) in which carriers experience the onset of menopause at or before the age of 40 (7, 

8).  

1.2 Fragile X Mental Retardation Protein (FMRP) 

Fragile X Mental Retardation Protein (FMRP) is an RNA-binding protein involved in mRNA regulation. 

FMRP interactions with RNA are mediated through four RNA-binding motifs; two ribonucleoprotein K 

homology (hnRNP-K) domains (KH domains; KH1 and KH2), an arginine/glycine-rich RNA-binding motif 

(RGG box), and an RNA-binding domain located in the N-terminal domain region of the protein (NDF) (9-

13). FMRP recognizes secondary RNA structures on target mRNAs, ‘kissing complexes’ and G-

quadruplexes, which mediate binding to KH domains and the RGG box respectively (12, 14).  

A isoleucine to asparagine substitution at residue 304 in the KH2 domain of FMRP disrupts interactions 

with secondary RNA structures and associations with polyribosomes, resulting in a severe form of FXS 
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(13, 15, 16). Loss of FMRP’s RNA-binding capability and association with polyribosomes suggests that 

loss of translational regulation by FMRP results in FXS.  

 

FMRP expression is ubiquitous throughout the CNS, where it forms part of messenger ribonucleoprotein 

(mRNP) complexes than can associate with polyribosomes in an RNA-dependent manner (9, 16). 

Phosphorylation of FMRP may modulate translational state of FMPR-associated polyribosomes as 

unphosphorylated FMRP is associated with actively translating polyribosomes and phosphorylated FMRP 

is associated with stalled polyribosomes (17). FMRP regulates translation by inhibiting the initiation and 

elongation phases of translation and through the RNA interference (RNAi) pathway. During translation 

FMRP inhibits the recruitment of translation initiation machinery or cause ribosome stalling effectively 

inhibiting initiation and elongation of translation respectively (18, 19).  FMRP binds to the 3’ UTR of target 

mRNAs where it mediates binding of complementary microRNA (miRNA) and associates with the RNA-

induced silencing complex (RISC) where translation is blocked through the degradation of the miRNA-

RISC bound mRNA (20).  

FMRP binds to 5% of brain mRNAs including its own mRNA (13, 21, 22). Many mRNA targets of FMRP 

are involved in neuronal development, structure, and function. FMRP contains a nuclear localization 

signal and a nuclear export signal and is thought to bind target mRNA in the nucleus to form a RNP 

complex that is transported to the cytoplasm, and transports target mRNAs to dendritic sites for 

translation in response to activation of group 1 metabotropic glutamate receptors (mGluR) (23-25).  

 

1.3 Molecular Manifestations of Fragile X Syndrome (FXS)  

FXS has emerged as a disorder of cognitive impairment resulting excess protein synthesis leading to 

immature dendritic spine architecture and synaptic dysfunction (26).  FMRP is required for the proper 

development and wiring of neural circuits (27). FMRP functions in neurogenesis, axonal development, 

synaptogenesis, and activity-dependent modifications, including axon pruning and synaptic plasticity (28). 

FMRP regulates a number of mRNAs throughout the neuron, and controls their localization and 

translation in dendrites. As many FMRP target mRNAs encode proteins crucial for neuronal structure and 

function, the loss of regulation of FMRP target mRNAs results in the impairment of neuronal structure and 
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function leading to the formation of long, thin, and immature synaptic spines and defects in synaptic 

plasticity (29). In FXS the loss of FMRP results in the misregulation of target mRNAs and altered protein 

expression (22).  

 

In addition, to abnormalities in neuronal circuits, loss of FMRP has been associated with the 

dysregulation of key signalling pathways, including mGluR, cyclic adenosine monophosphate (cAMP), 

mammalian/mechanistic target of rapamycin (mTOR), phosphatidylinositol-4,5-bisphosphate 3-kinase 

(PI3K), and protein kinase B (Akt). FMRP regulates translational pathways activated by mGluR signalling 

(30). Loss of translational repression by FMRP results in aberrant mGluR signalling (31). In absence of 

FMRP, translation of FMPR target mRNAs is constitutively elevated and unresponsive to mGluR 

signalling; global protein synthesis is elevated by approximately 20% (32). mGluR couples to the mTOR 

pathway to regulate translation.  In absence of FMRP, mTOR is elevated (33). PI3K is also a target of 

FMRP and downstream target of mGluR signalling, and is up-regulated resulting in elevated PI3K 

signalling to the mTOR pathway (33). A downstream target of PI3K and mTOR is Akt, which is also 

elevated in absence of FMRP. This misregulation of the mTOR/PI3K/Akt signalling cascade contributes to 

the pathogenesis of FXS (34). FMRP can act as both a translational repressor and activator (35). Loss of 

FMRP results in an elevation or decline of proteins whose function is required for normal neuronal 

functioning. 

 

1.4 Clinical Manifestations of Fragile X Syndrome (FXS) 

FXS is a neurodevelopmental disorder caused by the silencing of the FMR1 gene located on the long-arm 

of the X chromosome; Xq27.3 (36). FXS affects all ethnicities and socio-economic levels, with a 

prevalence of 1 in 4000 males and 1 in 8000 females (36).  

 

Clinical physical and behavioural manifestations can vary widely. Individuals with FXS exhibit varying 

degrees of developmental delay, intellectual disability, and behavioural and emotional difficulties. Males 

are usually more severely affected than females as FXS is an X-linked disorder (37).   
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Among the typical dysmorphic features associated with FXS are a long and narrow face, with a prominent 

jaw and ears, a broad forehead, and high palate (38). This feature usually appears in boys after 10 years 

of age. Affected males also have macroorchidism (39). Lax joints, flat feet, and hypotonia are also 

common (40). Females with FXS display similar physical features as males, but to a lesser degree (37).  

 

Behavioural problems include speech and language difficulties, motor delays, hyperactivity, attention 

deficits, tactile defensiveness, and intellectual and learning disabilities (41). Intellectual disability (ID) 

describes impairments in brain function that causes intellectual limitations and functional defects in 

adaptive behaviours required for daily living with onset before 18 years. ID is characterized by an 

intelligence quotient (IQ) of less than 70; where an IQ of 50-70 represents mild ID, 35-50 represents 

moderate ID, and less than 35 represents severe ID. Individuals with FXS exhibit ID with an IQ of 20-60 

(42).  

Autistic-like behaviours such as hand-biting, hand-flapping, and poor eye contact are also common (40). 

Anxiety, mood disorders, and aggressive behaviour can also occur (39). Approximately one-third of males 

diagnosed with FXS are also diagnosed with autism, two-thirds meet the criteria for an autism spectrum 

disorder, and one-quarter suffer from epilepsy (43-45). Severity of ID in females with the full mutation is 

dependent on the proportion of activated normal FMR1 alleles and expression of FMRP (46). Females 

with the full mutation may exhibit social anxiety and avoidance, mood liability, and depression, although 

behavioural and emotional characteristics are highly variable (39, 47).   

 

Results from a survey of adults with FXS show that in adulthood, 44% of women with FXS demonstrated 

a high level of independence where one-third of women lived independently, or with a spouse/romantic 

partner, and required no assistance with daily living activities (48). Women also achieved a moderate 

level of education, receiving a high school diploma or better, and were successfully employed full or part-

time. In contrast only 9% of men achieved a high level of independence, with the majority of men 

requiring a considerable amount of assistance with daily activates (48). The majority of men did not 

achieve a moderate level of education, most did not have a high school diploma, and only one-fifth had 

full-time jobs (48). Furthermore men had formed fewer friendships and less than half participated in 
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leisure activities. Women reported forming a large number of friendships and participated in multiple 

leisure activities (48).   

 

FXS can be clinically diagnosed in children as young as 3 years old, but due to variability in clinical 

presentation, diagnosis of FXS requires both a differential diagnosis and genetic testing (49-51). 

Molecular diagnosis utilizes the combination of PCR and Southern Blot analysis to detect mutations; 

testing displays 99% sensitivity (50).  

 

Interventions for FXS are symptom oriented, aimed at ameliorating symptoms to improve quality of life. 

Current treatments for FXS involve a combination of supportive therapies such as occupational therapy, 

speech therapy,  individualized educational plans, and pharmacological intervention to address attention 

deficits, anxiety, or aggressive behaviors, as well as treatment of associated medical issues (52).  

Pharmacological interventions typically include stimulants, selective serotonin reuptake inhibitors (SSRIs), 

alpha-antagonists, and antipsychotics to treat hyperactivity and attention deficits, mood disorders, 

anxiety, obsessive-compulsive behaviours, and aggressive behaviours (53). Efficacy and side effects of 

pharmacological interventions vary greatly, and may not always be effective. Clinical assessment 

indicates that use of psychopharmacological treatment appears to be ameliorate behavioural symptoms 

in 50-70% of FXS patients, however only 40% of people felt use of psychopharmacological treatment 

significantly helped. Furthermore 20% of people reported that psychopharmacological treatment was not 

helpful (53).  There remains a need for better treatments and intervention strategies.  

 

1.5 Drosophila Neurobiology  

Despite the substantial evolutionary divergence between humans and flies, Drosophila has proven to be 

an invaluable model for elucidating the molecular mechanisms underlying neurological disorders (54). 

Drosophila and humans share similarities in key physiological processes including gene expression, 

synaptogenesis, neurotransmission, and subcellular trafficking (54).  

The Drosophila genome exhibits a high degree of conservation of genes and signalling pathways. 75% of 

known human disease genes have related sequences in Drosophila, with 73% of identified ID genes 
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being conserved in Drosophila (55-57).  The Drosophila genome also has minimal genetic redundancy 

compared to mammalian models (58). Moreover the Drosophila nervous system exhibits a moderate level 

of complexity with approximately 100,000 neurons, compared to the approximately 100 billion in humans, 

that form circuits for distinctive functions and operate on the same fundamental principles as the brains of 

mammals (59). These circuits mediate complex behaviours that show both phenotypic and molecular 

similarities with humans including circadian rhythm, addiction, sleep, social interactions, and learning and 

memory (57, 60-64).  

 

A variety of genetic tools are readily available to study mechanisms underlying ID. Through the use of the 

Gal4-UAS expression system, the molecular and behavioural phenotypes resulting from genetic 

manipulations can be characterized (65). The Gal4-UAS expression system utilizes a yeast derived 

transcriptional activator, Gal4, that binds to the UAS enhancer element to drive expression of the gene of 

interest immediately downstream of the UAS enhancer element (65, 66).  Gene function can be 

manipulated through misexpression, loss of function, or gain of function, and the temporal and spatial 

requirements of a gene can be determined. Furthermore modifiers, enhancers or suppressors, of disease 

genes can also be identified through genetic screens. The use of Drosophila as a model also provides a 

quick and inexpensive means for high throughput screening for drug screening, due to generation of 

relatively large quantities of genetically identical progeny (66, 67).  

 

FXS in the most common inherited ID in humans. Drosophila FMRP exhibits close homology with human 

FMRP in that it displays conserved structure with 56% conserved amino acid identity, RNA-binding 

properties, tissues and subcellular expression patterns, and conserved functional role as a translation 

repressor (68, 69). The Drosophila FXS model also has a more prominent phenotype than FXS mouse 

models, where both behavioral and neuronal phenotypes are subtle (70). In FXS mouse models cognitive 

and learning defects are mild, and defects in learning are not always observed and appear to be highly 

dependent on genetic background (71, 72). In contrast, FXS fly models display robust defects in learning 

and memory, as well as characteristic structural defects in neurons observed in humans, but not mouse 

models (1, 70). Other key pathological features of FXS have been successfully demonstrated in flies 
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including, abnormalities in synaptic structure and function, defects in courtship behaviour, social 

interaction impairments, as well as circadian rhythm defects (63, 64, 73-76).  

 

Use of Drosophila for investigation into pathological mechanisms underlying FXS provides distinct 

advantages. Drosophila are relatively inexpensive to rear, have a short life span, produce large numbers 

of identical progeny, display both genetic and behavioural homology, and have a range of tools available 

for the spatial-temporal regulation of gene expression.  The use of the FXS fly model has provided novel 

mechanistic insight into the disease (70).  

 

1.6 Thesis Aims 

FMRP functions in the establishment and maintenance of neuronal networks underlying complex 

cognitive functions, the loss of which results in dysfunction within neural circuits that modulate cognitive 

functions. This thesis examines how the loss of FMRP results in defects in avoidance behaviour as well 

as defects in learning reversal and long-term memory reversal.  

 

In chapter 2 we determine how loss of FMRP affects avoidance behaviour. FMRP functions in nearly all 

aspects of neural circuitry crucial for information processing.  First we utilized FXS mutants to 

characterize avoidance behaviour in absence of FMRP.  We then used tissue specific drivers to 

knockdown or overexpress FMRP to determine the spatial and temporal requirements of FMRP in 

mediating avoidance behaviour.  

 

In chapter 3 we examined the role of cAMP in mediating avoidance behaviour. In absence of FMRP, the 

cAMP pathway is mis-regulated and has been implicated in FXS pathology (77-79).  We utilized cAMP 

mutants to demonstrate that disruption of cAMP homeostasis results in defects in avoidance behaviour. 

Moreover we wanted to determine if there was a genetic interaction between cAMP and FMRP in 

mediating avoidance behaviour.  Our results show that avoidance behaviour defects caused by loss of 

FMRP can be ameliorated through pharmacological intervention targeting the dysregulated cAMP 

signalling pathway.   
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In chapter 4 we examine the effect of the overexpression of Armadillo/β-catenin in learning and long-term 

memory using the classical Pavlovian olfactory conditioning paradigm. We also utilize a modified classical 

Pavlovian olfactory conditioning paradigm to assay for learning reversal and long-term memory reversal 

defects in FXS flies and discuss how the overexpression of Armadillo/β-catenin may be implicated in 

learning reversal and long-term memory reversal defects observed in FXS flies.  
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CHAPTER 2-Fragile X Mental Retardation Protein (FMRP) is Required for Drosophila 
Stress Odourant (dSO) Avoidance Behaviour is Drosophila  
 

2.1 Introduction 
Drosophila rely on chemosensory cues to mediate key regulatory and adaptive behaviours. 

Chemosensory cues can be processed in the olfactory system, which processes volatile odours, or the 

gustatory system, which processes odours through direct contact (80). Drosophila stress odour (dSO), an 

odourant emitted when flies are subjected to electrical or mechanical stress, elicits an innate avoidance 

behavioural response by Drosophila (81). Drosophila stress odorant (dSO) processing occurs through the 

olfactory system, as demonstrated by the surgical removal of antennae resulting in abolished avoidance 

response (81). Conveyance of olfactory information through the olfactory system occurs in a hierarchal 

manner (Figure 2-1). Antennae are innervated by dendrites of olfactory sensory neurons (ORNs) (82-84).  

ORNs transmit sensory input to the antennal lobe, primary olfactory sensory centre. In the antennal lobe 

ORNs converge onto glomeruli according to the expression of odourant receptors (85). Each glomerulus 

also consists of projection neurons, the dendrites of which form excitatory synaptic connections with 

ORNs, and local neurons, which form a network to connect glomeruli laterally (86, 87). Local neurons 

cannot participate in electrical signal transduction as they lack axons, however they can regulate signal 

transduction through the release of the neurotransmitter γ-aminobutyric acid (GABA) (88, 89). Release of 

GABA results in the hyperpolarization of projection neurons and local neurons and decreased firing rates 

(88, 90, 91).  Within a glomerulus an odour-evoked depolarization of ORNs and projection neurons 

inhibits neurotransmission in other glomeruli mediated by GABA release of local neurons (90, 92).  

Projection neurons send axonal projections to the mushroom body (MB) where they form synapses with 

MB Kenyon cells (93, 94). Synaptic connections formed between MB Kenyon cells and cholinergic 

boutons of antennal lobe are organized into microglomeruli (95). Within each microglomeruli, Kenyon 

cells form multiple connections with antennal lobe projection neuron axons and GABAergic dendrites from 

a single anterior paired lateral (APL) neuron that collects output from all Kenyon cell axons (95-97).  
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2.1.1 Role of Fragile X Mental Retardation Protein (FMRP) in Neural Development 

Development of neuronal connectivity underlying sensory processing within olfactory systems requires an 

intricate series of precisely coordinated events during development. FMRP is mainly localized to the 

cytoplasm and can be found throughout the entire neuron including in the cell body, dendrites, and in low 

levels in the nucleus (1, 16, 25, 98). FMRP is required during neurogenesis, axon pathfinding, 

synaptogenesis, activity-dependent synaptic pruning, and use-dependent circuit remodeling for the 

establishment of neural circuitry.  

 

Neurogenesis 

Neurogenesis is the process by which neural stem cells produce progenitor cells that give rise to all the 

neurons in the CNS (99). FMRP regulates neural stem cell differentiation, proliferation, and maintenance 

(100, 101). During development, stem cells enter a phase of quiescence marked by inactivity in which 

cells exit the cell cycle, and do not reenter until prompted.  FMRP may modulate stem cell exit from 

quiescence by initiating signalling PI3K/Akt signalling (100, 102). Furthermore FMRP is required to 

establish the correct number of neurons and glia within the CNS (103).  

 

mRNA Transport, Stability, and Translation  

FMRP has three RNA-binding motifs—two hnRNP K homology (KH) domains and a glycine-arginine-rich 

domain (RGG box) that allows it to function in the metabolism of mRNA (9, 104). The KH domains 

recognize and bind to “kissing-complex” motifs in target RNA (105). The RGG box recognizes and binds 

to G-quartet loops on target RNA (106). FMRP plays a crucial role in neural circuit formation by 

functioning in key mechanisms involved in mRNA export, localization, and transport (107).   

 

FMRP forms part of a large messenger ribonucleoprotein (mRNPs) complexes. mRNPs contain mRNA 

and non-coding RNA . The composition of mRNPs bound to mRNA dictate processing and localization. 

FMRP functions in mRNA transport by binding to specific mRNPs complexes, which are then 

subsequently transported along microtubules to translational sites via kinesin and dynein (108-111). 

During transport mRNA translation is repressed in mRNP complexes (112). Once localized to appropriate 

synaptic sites, it has been suggested FMRP releases mRNA from the complex into polyribosomes for 
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translation (113, 114). Loss of FMRP results in reduced mRNP complex motility, directionality, and 

altered localization of target mRNAs (115). FMRP likely functions in mRNA transport in a dose-dependent 

manner as loss of FMRP results in decreased recovery of mRNP complexes from cytoplasmic pools, 

while overexpression results in increased recovery of mRNP complexes (115). FMRP exhibits affinity for 

specific mRNA involved in neuronal development and synaptic function (116).  

In the nucleus, FMRP associates with nuclear export proteins, nuclear mRNA, and pre-mRNA (117). 

FMRP contains nuclear localization and nuclear export signals suggesting that FMRP may function in the 

transport of mRNA out of the nucleus (23, 118).  

FMRP regulates the stability of mRNA by promoting or preventing degradation (119, 120). Regulation of 

mRNA within neurons occurs in RNA granules that function in transport, storage, translation, and 

degradation of mRNA. Processing bodies (PB) and stress granules (SG) are located in the cytoplasm 

where mRNAs are stored for re-entry into translation or degraded respectively (121, 122). FMRP is 

localized within RNPs, PBs, and SG and shares several characteristics of other mRNA modulators of 

mRNA stability, including the recruitment of FMRP to target mRNA through AU-rich elements (123-126). 

Although the exact mechanism through which FMRP promotes mRNA stability requires elucidation, it is 

clear that mRNA profiles are altered in FMRP-deficient cells (22). Loss of FMRP results in decreased 

localization of mRNAs at dendritic and synaptic site for subsequent translation. Defects in mRNA 

localization has been linked to several neurological disorders including Fragile X Syndrome (127). 

 

FMRP is a negative regulator of translation in neurons (69, 128). FMRP is found in RNPs and associated 

with polyribosomes, where the RGG-box and KH domains mediate the binding to G-quartet loops  and 

the “kissing-complex” on target mRNAs (9, 12, 14, 22, 129). Translation can be inhibited at the level of 

initiation by FMRP and by microRNA (miRNA) (5, 20). FMRP associates with miRNA that base pairs with 

mRNA targets in RNA-induced silencing complexes (RISC) leading to the destabilization and translational 

repression of mRNA (5, 20, 130). The RNAi/miRNA pathway has been suggested to be the main 

mechanism through which FMRP controls translation.  

FMRP can also inhibit the initiation of translation by recruiting CYFIP1 (cytoplasmic FMRP-interacting 

protein) to target mRNAs in cap-dependent translation (19). Initiation of cap-dependent translation 
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requires the formation of the eIF4A-eIF4G-eIF4E (eIF4F) complex and it’s subsequent binding to target 

mRNA and recruitment of translation initiation machinery (19). The FMRP-CYFIP1 complex binds to 

eIF4E to block the formation of the eIF4F complex and prevent translation initiation (19).  

FMRP has also been proposed to regulate translation during the elongation phase by stalling ribosomes. 

FMRP contains a conserved serine residue, which when phosphorylated alters the functionality of the 

protein as phosphorylated FMRP is associated with stalled ribosomes (17, 18, 131). Interestingly, only the 

unphosphorylated form of FMRP is found to associated with components of the miRNA/RNAi pathway 

(132).  

The phosphorylation of FMRP is regulated by mechanistic/mammalian target of rapamycin (mTOR) 

pathway, which also regulates cap-dependent translation (133). Phosphorylation of 4E-BP1 (eukaryotic 

translation initiation factor 4E-binding protein 1) by mTOR results in the disassociation of 4E-BP1 from the 

eIF4F complex, allowing initiation of translation (134).  

In the absence of FMRP the translation of FMRP target mRNAs are no longer repressed resulting in 

excess protein synthesis.  

 
Neuronal Morphology  

The majority of FMRP is associated with polyribosomes and localized to dendrites, axons, and axonal 

growth cones, suggesting that FMRP regulates the translation of key proteins involved in synaptic 

structure (118, 131, 135-137).  FMRP functions in mRNP complexes to transport mRNA from neuronal 

soma to dendrites and axons, where mRNA is released from the complex and can be translated (24, 108, 

113).   

 

The establishment of neuronal networks relies on axonal pathfinding. At the end of each growing axon is 

a growth cone, which is a specialized structure that interprets extracellular guidance cues. Correct 

targeting of axons relies on spatially and temporally correct expression and interpretation of guidance 

molecules. FMRP is found in axons and growth cones localized with axon guidance factors (24, 136, 138, 

139). FMRP is thought to function in axon guidance by regulating local protein synthesis of axon guidance 

factors within growth cones (74, 136, 139). Netrins, semaphorins, slits, and ephrins are guidance 

molecules that provide chemotrophic cues that direct growth cone motility through cytoskeleton 
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remodeling (140-143). Guidance cues mediate growth-cone trajectories by altering growth cone 

cytoskeletal dynamics through the assembly, disassembly, and stability of cytoskeletal components, 

including microtubule and actin, as well as the attachment of the growth cone to the substratum (144). 

Axon guidance molecules also function in other aspects of neuronal network establishment including 

axon and dendrite branching, neuronal migration, synaptogenesis, and neuronal and axonal degeneration 

and regeneration (144).  

Axon growth rate can be regulated by a number of growth factors, cytokines, and morphogens, and rely 

on secondary messenger systems for modulation, namely as cAMP and cGMP signalling (145-147).  The 

mTOR, PI3K, and Akt signalling pathways have all been implicated in mediating guidance cue signalling 

through their interaction in FMRP (148, 149).  

 

FMRP negatively regulates axonal branching and dendritic elaboration (150).  FMRP is also required 

during activity-dependent axon pruning, in which inadequate synaptic connections are removed through 

local lysosomal degeneration by glial cells and microtubule structure is disrupted in order to optimize 

neuronal networks and behavioural output (151-153). Sensory input enhances FMRP expression and 

function in synapses and drives changes in synaptic connections both during development of post-

eclosion (154, 155). FMRP is strongly expressed in glia during development, following which time 

expression declines, suggesting that FMRP is required in glia for proper synaptic structure and maturation 

(156). Deficits in activity-dependent axon pruning have been associated with neurological disorders 

including ASD and FXS (151, 157).  

FMRP regulates multiple aspects of neuronal architecture including dendritic elaboration, axonal 

branching, and synaptogenesis (150).  Loss of FMRP results in enlarged and irregular synaptic boutons, 

and abnormal synaptic vesicle accumulation and altered neurotransmission due to pre- and post-synaptic 

defects (150, 158).  

 

 

Regulation of Cytoskeleton  

Neuronal morphology is linked to the cytoskeleton. FMRP functions in dendritic spine morphology by 

interacting with mRNAs involved in cytoskeleton regulation. The translation of key proteins regulating 
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cytoskeleton are repressed by FMRP, including MAP1b, Rac1, and Profilin (76, 159-162). MAP1b is 

negatively regulated by FMRP and is required for dendritic, axonal, and synaptic formation (163, 164). 

MAP1b is the first microtubule-associated protein to be expressed during neurogenesis and functions in 

growth cone motility and neurtie extension (136, 162, 165, 166). Profilin is required for the reorganization 

of cytoskeleton components involved in synaptic structure (167). Profilin is maintained at high levels 

throughout development and falls rapidly post-eclosion (151). In the absence of FMRP, Profilin up-

regulated and levels are consistently high throughout development and persists following eclosion (151). 

Rac1 also functions in cytoskeleton remodeling and maturation and maintenance of synapses (168, 169). 

The overexpression of each protein mimics the synaptic abnormalities observed in FXS, indicating the 

importance of FMRP as a translational regulator in the normal developmental of synaptic structure (76, 

159, 160).   

 

Signalling Pathways  

Metabotropic glutamate receptors (mGluR) Signalling 

mGluR receptors are family G-protein-coupled receptors that regulate synaptic transmission and neuronal 

excitability through glutamatergic neurotransmission (31, 170).  FMRP is regulated by neurotransmission 

from mGluR1 and mGluR5 receptors, together known as group 1 mGluRs (31, 171).  Activation of group 

1 mGluRs receptors initiates a signalling cascade that leads to the recruitment of transcription factors, 

translation factors, and FMRP and associated mRNA to synaptic sites, where FMRP regulates translation 

of target mRNAs (17, 25, 31). mGluR signalling has been implicated in synaptogenesis and protein 

synthesis-dependent plasticity (33).  

 

Mammalian/Mechanistic Target of Rapamycin (mTOR) Signaling 

mTOR is a protein kinase involved in the regulation of cell growth, proliferation, autophagy, and 

translation (172). Key components of the mTOR signalling pathway are present at synapses and control 

local protein synthesis through the initiation of cap-dependent translation (Figure 2-2) (173).  mTOR is 

regulated by group 1 mGluRs (174, 175). mTOR signalling functions in neuronal growth, synaptic 

plasticity, and regulation of downstream signalling including PI3K, Akt, and cAMP (176, 177).  
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Cyclic Adenosine Monophosphate (cAMP) Signalling 

cAMP is a secondary messenger molecule that functions in growth cone steering, synapse formation, 

neurotransmission, synaptic plasticity, and neuronal excitability (178). Processing of sensory information 

requires the initiation of secondary messenger signalling cascades, including cyclic-nucleotide cascades 

like cAMP (179, 180). Regulation of cAMP occurs through adenylate cyclase (AC) and 

phosophodiesterase (PDE), which are involved in the synthesis or degradation of cAMP respectively 

(181, 182). FMRP regulates AC production, which is required for cAMP synthesis and activation of 

downstream effectors (22).  cAMP has a number of downstream effectors that also function in neuron 

growth, regulation, and signalling, including protein kinase A (PKA) and the transcription factor cAMP 

response element-binding protein (CREB) (183). CREB has been proposed to regulate FMRP, possibly 

through activation of group 1 mGluRs (184, 185).  

 

2.1.2 Neuropathology of Fragile X Syndrome  
 
FMRP is part of a ribonucleoprotein (mRNP) complex that is associated with RNA granules throughout 

the CNS, where FMRP functions in the transport, stability, and translation of target mRNAs involved in the 

establishment and maintenance of neuronal networks and regulation of key signalling pathways. 

Dysregulation of FMRP-dependent translation has been proposed to be the mechanism of pathology 

underlying abnormal neuronal development and function, ultimately altering network activity and function.  

 

FMRP-deficient neurons exhibit changes in gene expression where 198 genes are down-regulated, many 

of which function in neuronal differentiation and development, axon pathfinding, and axonogenesis (186).  

In addition many miRNAs are also down-regulated in absence of FMRP (186).  

 

The majority of polyribosomes are localized at the base of dendritic spines, where they function in the 

local translation of proteins that regulate synapse morphology through interactions with other proteins or 

signalling cascades (187). Fmr1 and FMRP are found in both neural soma and dendritic processes (25). 

Activation of mGluR signalling stimulates the production of FMRP and the recruitment of FMRP-

containing RNA granules to synaptic sites for translation (188). FMRP functions in repressing neuronal 



 

 16 

growth by negatively regulation dendritic spine growth and elaboration (76, 150). A pathophysiological 

hallmark of FXS is the presence of immature dendritic spines, which display abnormally long, thin, and 

tortuous morphology, which has been associated with cognitive impairment and dysfunction within 

neuronal networks in FXS (189, 190).  Immature neuronal morphology is thought to be a result of defects 

in axon pruning. There are two periods of FMRP-dependent axon pruning, axonogenesis and activity-

dependent pruning (151). FMRP expression is highest during these two periods (151). In absence of 

FMRP, axon pruning does not occur resulting in increased axonal growth and over-branching (150). 

Structural changes results in alterations in synaptic functions (158, 191).  

FMRP and its mRNA have been found in synaptoneurosomes, synapses containing the pre- and 

postsynaptic termini containing synaptic vesicles and translational machinery respectively, where it is 

thought to function in synaptogenesis and de novo protein synthesis required for synaptic plasticity (29). 

In absence of FMRP, there is a global increase in protein synthesis corresponding to loss of translational 

control of FMRP targets, and an increase in neuronal circuit excitability (192).   

 

FMRP is required both pre- and post-synaptically (158). Loss of FMRP results in altered composition of 

receptors, ion channels, and neurotransmitters at synapses (193). Absence of FMRP results in molecular 

changes and disruptions in network activity of several signalling pathways, whose altered function have 

been implicated in the pathogenesis of FXS including PI3K, mTOR, mGluR, InS, Akt, and cAMP (31, 33, 

34, 78, 79, 194).  

 

2.1.3 Drosophila Stress Odourant (dSO) Avoidance Behaviour  
 
Drosophila stress odour (dSO), an odourant emitted when flies are subjected to electrical or mechanical 

stress, elicits an innate avoidance behavioural response by Drosophila (81). A main component of dSO is 

CO2(g) (81). Flies exhibit innate avoidance behaviour to CO2(g) in a dose-dependent manner, suggesting 

that other repellent compounds comprise dSO (81, 195). 
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2.2 Materials and Methods 

2.2.1 Drosophila Fly Stocks 

Fly stocks were maintained at 22°C on standard cornmeal yeast media from Cold Spring Harbor 

Laboratory.  Wild-type stocks were backcrossed to w1118isoCJ1 for 6 generations.  dfmr1B55 flies were 

obtained from Dr. Kendal Broadie (Vanderbilt University).  To eliminate background effects all fly stocks 

used were outcrossed to the wild-type strain w1118isoCJ1. Gal80tsElav-Gal4, dfmr13 flies, and dfmr13 flies 

containing a wild-type rescue transgene (dfmr13WTR) were obtained from Dr. Tom Jongens (University of 

Pennsylvania). Elav-Gal4, OK107-Gal4, C747-Gal4, MB247-Gal4, Feb170-Gal4, and Gal80tsC747-Gal4 

flies were obtained from Dr. Tim Tully. Repo-Gal4 flies were obtained from Dr. Sarah Hughes (University 

of Alberta). Dunce (6020) and Rutabaga (9404) flies were obtained from Bloomington Stock Centre. UAS-

dfmr1 flies were obtained from Dr. Kendal Broadie (Vanderbilt University). Transgenic dfmrRNAi lines 

were generated as previously described (196).  

Note that in Drosophila dfrm1 is not X-linked and is located on the third chromosome. The dfmr13 fly 

genome contains a larger deletion in the dfmr1 gene than the genome of dfmr1B55 flies (197).  

 

2.2.2 The Gal4-UAS Binary Expression System 

In order to manipulate gene expression, we utilized the Gal4-UAS binary expression system. The Gal4-

UAS system utilizes two modules to manipulate gene expression, a driver and a drivee. The driver, or 

Gal4 transgene uses a promoter to direct gene expression (65). The drivee, or UAS-transgene contains 

the upstream activating sequence from a yeast gal promoter, which can be used to target genes of 

interest (65). The Gal4 driver binds to the UAS-transgene to promote expression of the gene of interest 

under the control of the Gal4 transcription factor (65).  

When required to control both spatial and temporal expression of genes, we utilized the temperature 

sensitive transcriptional repressor, Gal80ts. Gal80ts restricts Gal4 expression by binding to carboxyl 

terminal of Gal4 (198). At 18°C Gal80ts represses Gal4 activity and expression of UAS-transgene (199). 

At temperatures above 30°C Gal80ts cannot repress transcription of Gal4 and the UAS-transgene of 

interest is expressed (199).  

 



 

 18 

2.2.3 Genetic Crosses 

To determine the spatial requirement of FMRP in mediating dSO avoidance, we used RNAi against 

FMRP in order to knockdown/reduce expression of the FMRP protein. Using the Gal4-UAS system we 

generated crosses were by mating Elav-Gal4, OK107-Gal4, Feb170-Gal4, and MB247 virgin females to 

UAS-dfmr1RNAi1-7 males. The progeny of the generated crosses were utilized for avoidance testing.  

 

Pan-neuronal knockdown of FMRP 

Elav-Gal4 virgin females x UAS-dfmr1RNAi1-7 males 

WT virgin females x WT males  

 

Mushroom body knockdown of FMRP 

MB247 virgin females x UAS-dfmr1RNAi1-7 males 

OK107-Gal4 virgin females x UAS-dfmr1RNAi1-7 males 

C747-Gal4 virgin females x UAS-dfmr1RNAi1-7 males 

WT virgin females x WT males  

 

Central complex knockdown of FMRP 

Feb170-Gal4 virgin females x UAS-dfmr1RNAi1-7 males 

WT virgin females x WT males  

 

Glia knockdown of FMRP 

Repo-Gal4 virgin females x UAS-dfmr1RNAi1-7 males 

WT virgin females x WT males  

 

To evaluate the possibility of genetic background effects, double FMRP mutant flies were generated by 

mating dfmr1B55 females with dfmr13 males.  

dfmr1B55 x dfmr13  

dfmr1B55 virgin females x WT males 

dfmr1B55 virgin females x dfmr13 males  

WT virgin females x dfmr13 males  

WT virgin females x WT males  

 

FMRP knockdowns to evaluate the temporal requirement of FMRP were generated by mating 

Gal80tsElav-Gal4, and Gal80tsC747-Gal4 virgin females with UAS-dfmr1RNAi1-7 males.  
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Temporal knockdown of FMRP pan-neuronally 

Gal80tsElav-Gal4 virgin females x UAS-dfmr1RNAi1-7 males 

WT virgin females x WT males  

 

Temporal knockdown of FMRP in the mushroom body 

Gal80tsC747-Gal4 virgin females x UAS-dfmr1RNAi1-7 males 

WT virgin females x WT males  

 

FMRP was overexpressed, and spatially and temporally restricted in flies by mating Elav-Gal4, OK107-

Gal4, and Gal80tsElav-Gal4 females to UAS-dfmr1 males.   

Pan-neuronal overexpression of FMRP 

Elav-Gal4 virgin females x UAS-dfmr1 males 

WT virgin females x WT males  

 

Mushroom body overexpression of FMRP 

OK107-Gal4 virgin females x UAS-dfmr1 males 

WT virgin females x WT males  

 

Temporal overexpression of FMRP pan-neuronally 

Gal80tsElav-Gal4 virgin females x UAS-dfmr1 males 

WT virgin females x WT males  

 

Genetic crosses utilizing Gal80ts temperature sensitive drivers were raised at 18°C and incubated at 30°C 

for 4 days prior to avoidance testing to activate RNAi expression. Flies were then tested at 30°C. Genetic 

control flies were raised at 18°C and subsequently tested at 18°C.  

Flies were anesthetized using CO2(g)  prior to sorting and collection. Crosses were maintained at 22°C on 

standard cornmeal yeast media.   

 

2.2.4 Drosophila Stress Odourant (dSO) Avoidance Assay 

The T-maze avoidance assay was conducted as previously described with modifications (81). All testing 

was performed in a temperature-controlled room maintained at 25°C and 70% humidity. To produce dSO 

a group of 50 flies (mixed gender) were vortexed (termed ‘emitter’, depicted in Figures 2-3, 2-4, 2-5, 2-6, 

2-7, 2-8, 2-8, 2-9,  2-10,  2-11, and 2-12 to  as ‘E’) for 1 minute (vortexed for 3 seconds followed by 5 
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seconds rest for 1 minute duration) in a 10mL Falcon tube sealed with Parafilm (Fisher Scientific 149598) 

at maximum speed (Fisher Vortex Mixer). Emitter flies were then removed from the Falcon tube and the 

dSO-containing Falcon tube was then placed into a T-maze.  A new, unconditioned Falcon tube was 

placed opposite the dSO-containing tube. 50 naïve flies (termed ‘responder’), depicted in Figures 2-3, 2-

4, 2-5, 2-6, 2-7, 2-8, 2-8, 2-9, 2-10, 2-11, and 2-12 as ‘R’) were transferred into a new Falcon tube and 

loaded into the elevator of the T-maze. Responder flies were then given 1 minute to choose between the 

dSO-containing and the unconditioned Falcon tubes.  Following the 1 minute testing period, flies were 

sequestered and avoidance response was scored.  

Homologous-paired avoidance testing was conducted using emitter (E) and responder (R) flies from the 

same genotype.  Heterologous-paired avoidance testing was conducted using different genotypes for 

both the emitter and responder flies.   

For all dSO avoidance testing flies were 1-3 days old, with the exception of genetic crosses utilizing 

temperature-sensitive drivers. One day prior to avoidance testing, emitter and responder flies were 

aspirated into food vials; each pair of flies—one vial of emitter flies and one vial of responder flies—

comprised an N of 1.  

Genetic crosses utilizing temperature sensitive drivers were raised at 18°C and incubated at 30°C for 4 

days prior to avoidance testing to activate RNAi expression. Flies were then tested at 30°C. Flies that 

were utilized as controls in which RNAi against FMRP was not expressed or flies in which FMRP was not 

over-expressed were raised at 18°C and subsequently tested at 18°C. 

Avoidance was scored as Performance Index (PI), where PI was calculated by subtracting the number of 

flies in the dSO-containing Falcon tube from the number of flies in the unconditioned Falcon tube, and 

divided by the total number of flies tested.   

 

2.2.5 Carbon Dioxide (CO2(g)) Avoidance Assay 
CO2(g) was utilized in place of emitter flies in CO2(g) avoidance testing.  A flow-meter set at 0.5mL/min was 

used to administer CO2(g) into Falcon tubes, which were then momentarily sealed using Parafilm prior to 

being loaded into the T-maze.  Responder flies were given 1 minute to choose between the CO2(g)-
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containing and the unconditioned Falcon tubes. Flies were then sequestered and avoidance response 

was scored.  

For all CO2(g) avoidance testing flies were 1-3 days old. One day prior to avoidance testing, emitter and 

responder flies were aspirated into food vials; each pair of flies—one vial of emitter flies and one vial of 

responder flies—comprised an N of 1.  

Avoidance was scored as Performance Index (PI), where PI was calculated by subtracting the number of 

flies in the dSO-containing Falcon tube from the number of flies in the unconditioned Falcon tube, and 

divided by the total number of flies tested.   

 

2.2.6 Performance Index (PI) Calculation and Statistical Analysis  

Performance Index was calculated in JMP® using the following formula: 

Performance Index (PI) =  

# of flies in the unconditioned falcon tube (dSO/CO2(g) -free tube) - # of flies in dSO/CO2(g) falcon tube 

total # of flies in trial 

 
All statistical analysis was conducted using GraphPad Prism 6.  
 
 

2.3 Results 

2.3.1 Research Highlights/Summary 
 
Drosophila exhibit robust avoidance behaviour to stress odourants emitted by other flies, termed 

Drosophila stress odourant (dSO), an innate behaviour resulting from pre-programmed neural circuits 

(81). Abnormal synaptic and dendritic formation may result in dysfunction that has been identified as an 

underlying cause of intellectual disability (ID) and autism spectrum disorders (ASD) in which information 

processing and behavioral functions are affected (157, 200-202). Fragile X Syndrome (FXS) is 

characterized by the loss of Fragile X mental retardation protein (FMRP), an mRNA-binding protein that 

functions in neuronal mRNA metabolism, namely in the translation of neuronal mRNAs involved in 

synaptic structure and function.  FMRP plays a crucial role in neural circuit patterning/formation and the 

regulation of key signalling pathways (107). How this loss of FMRP affects avoidance behaviour remains 

unknown. Here we show that FXS flies exhibit a defect in dSO avoidance. Our results suggest that FMRP 

x 100% 
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is required developmentally, specifically in the mushroom body for higher-order processing, and in the 

establishment of neuronal networks.  

2.3.2 The Fragile X Syndrome Mutants FMR13 and FMRB55 Exhibit Decreased Drosophila Stress 
Odourant (dSO) Avoidance Behaviour  
 
A neuropathological hallmark of Fragile X Syndrome is the formation of abnormal neuronal architecture 

that results in impaired function and thus neural circuitry and signaling dysfunction (74, 76, 158, 191). 

Loss of FMRP has been implicated in the improper establishment and function of neuronal networks 

underlying behavioural anomalies exhibited by FXS flies, including circadian rhythm, courtship behaviour, 

locomotive activities, social interactions, as well as in learning and memory deficits (63, 75, 196, 197, 

203).  

Given the requirement of FMRP in modulating other behaviours we sought to determine if this FMRP 

requirement also applied to dSO avoidance behaviour. It was predicted that much like the anomalies 

observed in other behaviours disrupted by loss of FMRP, we would also observe defects in dSO 

avoidance behaviour by Fragile X Syndrome (FXS) flies.  

   

In order to determine the role of Fragile X Mental Retardation Protein (FMRP) in mediating dSO 

avoidance behaviour in Drosophila we utilized the two null alleles FMR13 and FMRB55. We found that in 

homologous-paired avoidance trials, FMRB55 and FMR13 flies exhibited a decreased avoidance response 

as compared to wild-type (WT) flies (Figure 2-4 A). Expression of a promoter-driven genomic dfrm13 

transgene (FMR13WTR) rescued FMR13 avoidance (Figure 2-4 A).  

To discern whether the decreased avoidance response exhibited by the FXS mutants was due to a dSO 

processing or dSO emission deficiency, we conducted heterologous-paired avoidance trials in which wild-

type flies were utilized as the ‘emitter’ or ‘responder’ and tested with the mutant flies of interest. WT flies 

exhibited normal avoidance in response to dSO emitted by FMRB55, FMR13, and FMR13WTR flies (Figure 

2-4 C).  FMRB55 and FMR13 flies exhibited decreased avoidance as compared to controls when WT flies 

were utilized as ‘emitter’ flies (Figure 2-4 B). These results suggest that FMRB55 and FMR13 flies do not 

have a dSO emission defect, and that the diminished avoidance behaviour exhibited by the FXS mutants 

is the result of a dSO processing defect caused by the loss of FMRP.  
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Genetic background influences the penetrance and expressivity of mutations in Drosophila (204). In 

Drosophila the phenotypic effects of the dfrm1 mutation are susceptible to genetic background effects, as 

shown by the variable penetrance of dfmr1 in mushroom body (MB) resulting in a variety of architectural 

and functional defects (205).  

To eliminate the possibility of background-dependence among the observed dSO avoidance behaviour 

between the two alleles, we crossed FMR13 and FMRB55 flies. The heteroallelic mutants, FMRB55/FMR13, 

exhibited decreased avoidance behaviour compared wild-type flies (Figure 2-4 D). FMR13/WT and 

FMRB55/WT flies exhibit wild-type dSO avoidance behaviour (Figure 2-4 D). Collectively these results 

suggest that the observed phenotypic behaviour is not background-dependent. 

 

2.3.3 Pan-Neuronal Knockdown of Fragile X Mental Retardation Protein (FMRP) Results in 
Decreased Drosophila Stress Odourant (dSO) Avoidance Behaviour 
 
FMRP expression is ubiquitous (206). To determine the spatial requirement of FMRP in mediating 

avoidance behaviour we first used the pan-neuronal driver Elav-Gal4 with UAS-dfmr1RNAi 1-7 to 

knockdown/reduce expression of FMRP. Pan-neuronal knockdown of FMRP resulted in a decreased 

avoidance response as compared to WT flies (Figure 2-5 A). To determine if the decreased avoidance 

behaviour caused by a dSO processing or dSO emission defect, we conducted heterologous-paired 

avoidance trials in which wild-type flies were utilized as the ‘emitter’ or ‘responder’ and tested with Elav-

Gal4:UAS-dfmr1RNAi 1-7 flies. WT flies did not exhibit decreased avoidance behaviour to in response to 

dSO emission by Elav-Gal4>UAS-dfmr1RNAi 1-7 flies, suggesting that the decreased avoidance behaviour 

exhibited by Elav-Gal4:UAS-dfmr1RNAi 1-7 flies is a result of a dSO processing defect caused by 

knockdown of FMRP (Figure 2-5 B).   

 

2.3.4 Knockdown of Fragile X Mental Retardation Protein (FMRP) in the Mushroom Body Results 
in Decreased Drosophila Stress Odourant (dSO) Avoidance Behaviour  
 
Behavioural responses require integration and processing of sensory information in higher olfactory 

centres (207, 208). ORNs convey sensory information to the antennal lobe, which then transmits 

information to higher-order olfactory centres, the MB and the lateral horn.   
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In order to determine if FMRP was required in the mushroom body for dSO avoidance behaviour we 

utilized the MB-specific driver OK107 to knockdown/reduce the expression of FMRP.  Knockdown of 

FMRP in the MB resulted in a significantly decreased avoidance response by OK107-Gal4>UAS-

dfmr1RNAi1-7  flies compared to WT flies (Figure 2-6 A). To confirm that the decreased avoidance 

behaviour exhibited by OK107-Gal4>UAS-dfmr1RNAi1-7 flies was due to sensory processing defect and 

not a dSO emission defect caused by the loss of FMRP in the MB, we tested WT flies against OK107-

Gal4:UAS-dfmr1RNAi1-7 dSO. WT flies did not exhibit any significant changes in avoidance behaviour 

when OK107-Gal4:UAS-dfmr1RNAi1-7 flies were utilized as dSO emitters (Figure 2-6 B). When WT flies 

were utilized as dSO emitters, OK107-Gal4:UAS-dfmr1RNAi1-7 flies exhibited decreased avoidance 

behaviour, suggesting that the decreased avoidance behaviour is a result of a dSO sensory processing 

defect caused by loss of FMRP in the MB (Figure 2-6).  

Innate odour-associated behaviours are thought to exclusively rely on the lateral horn, and be MB-

independent. Recent investigations have highlighted a new role for the MB in mediating innate odour 

driven behavioural responses, however these results suggest that the MB only functions in innate 

behaviours, like CO2(g)  avoidance, in a starvation-dependent manner (209).  

To confirm the role of the MB in mediating avoidance behaviour we utilized the MB-specific drivers 247 

and 747 to knockdown/reduce FMRP. Use of the MB driver 274 to knockdown FMRP resulted in a 

significant defect in avoidance behaviour, where as use of the MB driver 747 did not (Figure 2-6 C, E). 

Absence of a dSO emission defect in MB247Gal4:UAS-dfmr1RNAi1-7 flies was confirmed by conducting 

heterologous-paired trials, in which no significant decrease in avoidance behaviour was exhibited by WT 

flies (Figure 2-6 C). Testing C747Gal4:UAS-dfmr1RNAi1-7 flies against WT dSO confirms the absence of a 

dSO emission defect as well as confirms lack of avoidance behaviour deficit (Figure 2-6 F). 

 

Differences in dSO avoidance behaviour resulting from knockdown of FMRP in the MB is likely due to the 

regional specificity and the strength of expression of each individual driver within the MB. The driver 

OK107-Gal4 targets and is strongly expression throughout the entire MB. The drivers MB247-Gal4 and 

C747-Gal4 both target the α, β, and γ lobes of the MB, but the expression of 247 is greater in the γ lobes, 

suggesting that this region may be more prominent in mediating avoidance behaviour (210). Furthermore 



 

 25 

an extraneous target of the MB driver 247 are glia (210). Together these results suggest that FMRP is 

required in the MB for wild-type avoidance behaviour and in addition raises the possibility that glia may 

have an FMRP-dependent role in mediating avoidance behaviour.  

 
 
 

2.3.5 Knockdown of Fragile X Mental Retardation Protein (FMRP) in the Glia Results in Decreased 
Drosophila Stress Odourant (dSO) Avoidance Behaviour  
 
Neurons and glia comprise the central nervous system. Glia differ from neurons in that they lack axons 

and dendrites and therefore cannot participate in synaptic connections or electrical signal conveyance 

(211).  

Glia instead have a crucial role in the developing CNS where they function in the establishment of 

neuronal circuitry by providing migratory cues for axon pathfinding and in meditating neuron survival, 

during which time FMRP expression is highest (100, 152, 212).  

Using the RepoGal4 driver, we reduced dfmr1 gene expression in glia. Knockdown of FMRP in glia 

resulted in decreased avoidance behaviour compared to WT flies (Figure 2-7 A).  

Given the conflicting data about FMRP expression in glia, we wanted to determine if these flies also 

exhibited other phenotypic abnormalities characteristic of FXS (74, 213, 214). We accomplished this by 

knocking down FMRP in glia and then assayed for learning defects (See 4.2.2 for more information). 

RepoGal4>UAS-dfmr1RNAi1-7 flies exhibit a learning deficit compared to WT flies (Figure 2-7 B). FMRP is 

expressed during development in neurons and glia, but is down-regulated in glia following development 

(215-217). These results suggest that FMRP is required in glia during development, the absence of which 

likely contributes to the Fragile X Syndrome phenotype.    

 

2.3.6 Knockdown of Fragile X Mental Retardation Protein (FMRP) in the Central Complex Does Not 
Decrease Drosophila Stress Odourant (dSO) Avoidance Behaviour 
 
The central complex is a higher-order processing centre in Drosophila, which serves as the integration 

site for sensory input with locomotive output and functions in the initiation and persistence of behaviours, 

as well as in learning and memory activities (218).  



 

 26 

To determine if FMRP is required in the central complex for avoidance behaviour, we knocked down 

FMRP using the Feb170 driver. Knockdown of FMRP did not result in a significant defect in avoidance 

behaviour (Figure 2-8 A). WT flies did not exhibit any significant changes in avoidance behaviour when 

Feb170-Gal4:UAS-dfmr1RNAi1-7 flies were utilized as dSO emitters nor did Feb170-Gal4:UAS-

dfmr1RNAi1-7 flies when WT flies were utilized as dSO emitters (Figure 2-7 B), suggesting that FMRP is 

not required in the central complex for wild-type avoidance behaviour.  

 

2.3.7 Fragile X Mental Retardation Protein (FMRP) is Required for Carbon Dioxide (CO2(g)) 
Avoidance in Drosophila   
 
A significant portion of dSO is comprised of CO2(g) (81). To ascertain the contribution of FMRP in CO2(g)  

processing and subsequent modulation of avoidance behaviour we utilized the t-maze assay, where the 

responder flies were presented with CO2(g)  instead of dSO. FMRB55 and FMR13 flies exhibited decreased 

avoidance to CO2(g) compared to WT flies which exhibit normal avoidance to the presence of CO2(g) 

(Figure 2-9 A, B). The decreased avoidance to CO2(g)  exhibited by FXS combined with the diminished 

dSO avoidance behaviour would suggest the presence of a global defect that impairs sensory processing 

in FXS flies.    

2.3.8 Over-Expression of Fragile X Mental Retardation Protein (FMRP) in the Mushroom Body and 
Pan-Neuronally Results in Decreased Drosophila Stress Odourant (dSO) Avoidance Behaviour  
 
FMRP is a negative regulator of neuronal architecture (150). Overexpression of FMRP results in a 

marked reduction in growth and branching of neurons, loss of synaptic differentiation, and severe MB 

structural defects (74, 150).   

To determine if FMRP was required in a dose-dependent manner, we overexpressed FMRP pan-

neuronally (Elav-Gal4:UAS-dfmr1) and in the MB. Overexpression of FMRP pan-neuronally and in the MB 

resulted in diminished avoidance behaviour (Figure 2-10 A, B). This suggests that FMRP is required in a 

dose-dependent manner.  
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2.3.9 Acute Pan-Neuronal Knockdown and Overexpression of Fragile X Mental Retardation Protein 
(FMRP) Does Not Result in Decreased Drosophila Stress Odourant (dSO) Avoidance Behaviour 
 
FMRP expression is ubiquitous in the CNS, and as a result plays a central role in a number of key 

processes. During development FMRP functions in neurogenesis and activity-dependent axonal pruning 

(219, 220). In adults FMRP is required acutely for use-dependent axonal pruning, protein synthesis 

regulation, and regulation of neurotransmission (221, 222). 

To determine if FMRP has an acute role in mediating avoidance behaviour we utilized the Gal80tsElav-

Gal4 driver to knockdown FMRP. Spatiotemporal reduction of FMRP gene expression pan-neuronally did 

not result in decreased avoidance behaviour compared to both WT flies and the control flies at 18°C in 

which RNAi expression is repressed (Figure 2-11 A).  

We also utilized the Gal80tsElav-Gal4 driver to acutely overexpress FMRP pan-neuronally. Similarly acute 

overexpression of FMRP did not result in decreased avoidance behaviour compared to both WT flies and 

the control flies at 18°C in which FMRP overexpression is repressed (Figure 2-11 B).    

Taken together these results suggest that FMRP is not required acutely in mediating avoidance 

behaviour.  

 

2.3.10 Acute Knockdown of Fragile X Mental Retardation Protein (FMRP) in the Mushroom Body 
Does Not Result in Decreased Drosophila Stress Odourant (dSO) Avoidance Behaviour 
 

The MB is required in memory formation, where acute disruption of normal neurotransmission results in 

learning and memory deficits (223-225). Loss of FMRP in the MB results in memory defects (196, 203). 

Thus far our results demonstrate that FMRP plays a critical role in the MB during development in 

mediating dSO avoidance behaviour. We therefore asked whether FMRP was acutely required in the MB 

for dSO avoidance.   

To determine if FMRP is acutely required in the MB for dSO avoidance behaviour, we utilized the 

Gal80tsC747-Gal4 driver to acutely disrupt FMRP expression in the MB. Acute spatiotemporal knockdown 

of FMRP in the MB did not result in decreased avoidance behaviour compared to both WT flies and the 

control flies at 18°C in which RNAi expression is repressed (Figure 2-12). 
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2.4 Discussion  

2.4.1 Fragile X Mental Retardation Protein (FMRP) is Required for Drosophila Stress Odourant 
(dSO) Avoidance  
 

Abnormal synaptic and dendritic formation may result in dysfunction that has been identified as an 

underlying cause of intellectual disability (ID) and autism spectrum disorders (ASD) in which information 

processing and behavioral functions are affected (157, 200-202). Fragile X Syndrome (FXS) is 

characterized by the loss of Fragile X mental retardation protein (FMRP), an mRNA-binding protein that 

functions in neuronal mRNA metabolism, namely in the translation of neuronal mRNAs involved in 

synaptic structure and function. FMRP regulates the translation of 5% of mRNA in the brain (22). FMRP 

binds to specific mRNAs to form mRNA-protein complexes that associate with polyribosomes to mediate 

mRNA translation. Loss of FMRP from the polyribosome mRNA-protein complexes results in translational 

profile shifts (22). Loss of translational regulation may lead to abnormalities in neuronal circuits and 

consequently modulation of behaviour observed in FXS (226, 227).   

FMRP is ubiquitously expressed throughout the brain during embryonic development and found to have 

the highest expression in progenitors cells and newly differentiated neurons, identifying a new role for 

FMRP in the differentiation of stem cells (206, 228-230). FMRP functions in neurogenesis by regulating 

embryonic neural stem cell (eNSC) and adult neural stem cell proliferation (aNSC) (100, 229). In 

Drosophila, loss of FMRP results in a reduced number of quiescent neuroblasts, an over-proliferation of 

NSCs, and an increase in immature neuroblasts in adult brains due to altered cell cycle progression 

(100).   

A reduction in neuronal and glial cell differentiation and an overabundance of stem cells are observed 

when FMRP is lost from aNSC populations in FXS mice while an increase in cells expressing neuronal 

cell linage markers is observed in eNSC populations (230, 231).  Neurons that differentiate from aNSCs 

lacking FMRP display abnormal dendritic spines and altered calcium signalling, which is associated with 

changes in neuronal morphology and neurotransmission, and can be observed as early as during 

differentiation of NSCs suggesting that loss of the correct/proper differentiation of stem cells due to the 

loss of FMRP contributes to FXS neuropathology very early on during neurogenesis (229, 232, 233). The 

impaired differentiation and neurogenesis of stem cells results in learning deficits in FXS models (231).  
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Here we show that FXS flies exhibit a significant defect in dSO avoidance behaviour, independent of 

genetic background (Figure 2-4 D), which can be rescued through the expression of a promoter-driven 

genomic dfrm13 transgene (FMR13WTR) (Figure 2-4 A-C).  

Given that WT flies exhibit normal avoidance behaviour when FXS flies were utilized as the emitters, and 

that FXS flies still exhibited a significant defect in dSO avoidance when WT flies were utilized as the 

emitters, this would suggest that the diminished dSO avoidance response displayed by FXS flies is likely 

due to a sensory processing defect, and not an emission deficiency.   

The diminished dSO avoidance exhibited by FXS flies coupled with the ability to rescue dSO avoidance 

through the expression of a dfrm13 transgene suggests that FMRP is required for dSO processing and 

modulation of avoidance behaviour as FMRP plays a crucial role in neural circuit patterning/formation and 

the regulation of key signalling pathways (107). 

 
 

2.4.2 Fragile X Mental Retardation Protein (FMRP) is Required Pan-Neuronally for Drosophila 
Stress Odourant (dSO) Avoidance  
 
Development of neuronal connectivity underlying sensory processing within olfactory systems requires an 

intricate series of precisely coordinated events during development. FMRP is required during 

neurogenesis, axon pathfinding, synaptogenesis, activity-dependent synaptic pruning, and use-

dependent circuit remodeling for the establishment of neural circuitry (192, 234).  

 

Drosophila stress odorant (dSO) processing occurs through the olfactory system, as demonstrated by the 

surgical removal of antennae which abolished avoidance response (81). Pan-neuronal knockdown of 

FMRP allowed us to localize the requirement of FMRP in the processing of olfactory information to 

neurons. While others have shown the antenna to be the most important in olfactory processing, our 

results suggest an important role for higher olfactory centres in processing in mediating dSO avoidance 

(Figure 2-5 A-D).  As we did not knockdown FMRP expression in the antenna, we show that despite 

detection by antenna, the conveyance and processing of olfactory information is likely inhibited due to 

loss of FMRP. This is exemplified the by significant decrease in dSO avoidance behaviour exhibited by 

Elav-Gal4>UAS-dfmr1RNAi 1-7 flies (Figure 2-5 A, B).  
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The mechanism of dysfunction underlying decreased dSO avoidance may occur through translational 

regulation of FMRP at pre- and post-synaptic sites, as well as FMRP regulation of neurotransmitter 

release. FMRP localizes in axons of pre-synaptic neurons, where it functions in the translation of pre-

synaptic proteins (18, 22, 235, 236). Loss of FMRP results in altered expression of both pre- and post-

synaptic protein targets as well as changes in the number of synaptic vesicles and kinetics of synaptic 

vesicle recycling resulting in altered neurotransmission (237-239). Neurotransmission is dependent on 

synapse morphology and generation of action potentials (240). FMRP regulates neurotransmission in a 

translation-independent manner by modulating the sensitivity of voltage-sensitive calcium channels to 

calcium and the generation of action potentials (222). FMRP-dependent loss of calcium sensitivity in 

voltage-sensitive calcium channels results in a broadening of action potentials, short-term plasticity 

deficits, and impaired transmission of information due to a decrease in the release of secretory vesicles 

(222). Short-term plasticity is required for rapid information processing and has been implicated in other 

cognitive impairment disorders such as Rett Syndrome and autism (241-243).  

 

2.4.3 Fragile X Mental Retardation Protein (FMRP) is Required in the Mushroom Body for 
Drosophila Stress Odourant (dSO) Avoidance  
 
The MB functions in complex adaptive behaviours such as choice behaviours, sleep, memory, and visual 

context generalization (244-246). Innate olfactory-driven behaviours are thought to be exclusively 

mediated by the lateral horn given the extensive characterization of the MB in olfactory-based adaptive 

responses (247). The exact role of the MB in mediating olfactory-driven avoidance behaviours still 

requires investigation.  

 

The group that first reported the phenomena of dSO avoidance behaviour found that ablation of the MB 

using hydroxyurea and inhibition of neurotransmitter release in the MB did not result in diminished dSO 

avoidance behaviour and therefore not required for modulating this behaviour (81). Here we identify a 

novel role for the MB in mediating olfactory driven dSO avoidance behaviour. Pan-neuronal knockdown of 

FMRP, which targets MB Kenyon cells, as well as knockdown of FMRP in the MB using two MB-specific 

driver lines resulted in a significant decreased dSO avoidance behaviour (Figure 2-5 A, B; Figure 2-6 A-
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D). Our results suggest that contrary to expectations, the MB functions in dSO avoidance behaviour, likely 

in an FMRP-dependent manner where FMRP is required for processing of olfactory information.  

 

Flies use olfactory neural circuitry for immediate sensory processing and modulation of innate behaviours 

(248). Avoidance behaviour is hardwired by the same olfactory circuitry that mediates CO2(g)  avoidance 

as artificial stimulation of neurons (ab1c) that elicits dSO/CO2(g) avoidance also results in an avoidance 

response (249). Presence of an odour evokes an increase in Ca2+ in the MB, indicating an increase in 

Kenyon cell activity suggesting that the MB functions in immediate sensory integration and could mediate 

innate behaviour (248, 250). Furthermore analysis of aborization patterns in the MB and lateral horn 

revealed that third-order neurons in the MB can receive input from a variety of second-order projection 

neurons, while third-order neurons within the lateral horn only form synaptic connections with a subset of 

second order projection neurons (208). This suggests that the MB functions in the processing of a broad 

range of sensory input and subsequent modulation of behavioural responses.   

 

It is possible that ablation of the MB did not affect dSO avoidance behaviour as other higher olfactory 

centers, such as the lateral horn, may also function simultaneously in olfactory processing required for 

dSO avoidance behaviour. Blocking neurotransmission in the MB results in a decrease in odour-driven 

attraction but not in odour-driven avoidance, suggesting that the MB functions in odour-driven attraction 

but not odour-driven avoidance, which is mediated by the lateral horn (251). Inhibiting neurotransmission 

in both the lateral horn and MB results in a decrease in both odour-driven attraction and odour-driven 

avoidance (251). Olfactory-driven behaviours therefore may be a combination of MB and lateral horn 

output (251).   

Given the role of FMRP in neural circuit patterning/formation and the regulation of key signalling 

pathways, it is possible that loss of FMRP results in signalling dysfunction that can be attributed to the 

decreased avoidance behaviour not observed by simple ablation of the MB (107). Improper establishment 

of and signaling within neural circuitry meditating dSO avoidance behaviour may inhibit conveyance of 

sensory input to higher olfactory centres for processing. This reinforces the idea that innate olfactory-

driven behaviours may be modulated by a complex output from more than one higher olfactory centre, as 
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signalling and processing of sensory input still occurred, albeit to an unknown extent, when the MB 

functioning was altered and dfmr1 was not transcriptionally silenced. 

 

FMRP regulates the neuronal elaboration and synaptic function in all MB Kenyon cells (150). Loss of 

FMRP from MB Kenyon cells results in aberrant dendritic elaboration and axonal branching which display 

incorrect axonal trajectories into incorrect brain regions, and abnormal synaptic vesicle cycling (150).  

MB neurons convey sensory information to other brain regions that modulate motor output (252). It is 

possible that loss of FMRP results in the improper integration of sensory information in the MB in order to 

modulate motor response associated with avoidance behaviour (225).  

It has also been suggested that the MB functions in innate-olfactory driven avoidance in a context 

dependent manner. Inhibition of signalling output in all MB Kenyon cells results in decreased CO2(g)  

avoidance behaviour only when flies had been in a starvation state for 24 hours, suggesting that the MB 

functions in CO2(g) avoidance, but only in a starvation-dependent manner (209). Our results did not 

support this conclusion, however consistent with our results, use of the driver OK107-Gal4 to block MB 

output in all Kenyon cells resulted in a significant decrease in avoidance response to CO2(g) regardless of 

starvation state (209).   

Here we show a novel, context-independent role for the MB in mediating dSO avoidance behaviour 

(Figure 2-6 A-F). The exact role of the MB in modulating avoidance behaviour still requires elucidation. It 

would be worth investigating whether the loss of FMRP in other olfactory centres, specifically the ORNs, 

antennal lobe, and lateral horn also results affects olfactory processing and modulation of dSO avoidance 

behaviour.  

 
 

2.4.4 Fragile X Mental Retardation Protein (FMRP) is Required in the Mushroom Body γ  Lobe for 
Drosophila Stress Odourant (dSO) Avoidance 
 
Kenyon cells in the MB are classified into three subtypes, α/β, αʹ′/βʹ′, or γ, based on their morphology and 

trajectories within the MB (253, 254). α/β and αʹ′/βʹ′ Kenyon cells bifurcate to form vertical α and αʹ′ lobes, 

and horizontal β and βʹ′ lobes. γ Kenyon cells bifurcate to form horizontal γ lobes (254-256).  
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γ Kenyon cells are the first to form, likely in the embryo as elaborate dendrites and axonal projections are 

established in third instar larva (256). α/β Kenyon cells appear in later larval stages and persist into adult 

life, maintaining connections with input and output neurons (256). γ Kenyon cells serve as pioneer 

neurons in larva for α/β Kenyon cells and during metamorphosis γ Kenyon cells undergo dramatic 

rearrangement (256).  Functional studies in learning and memory suggest that each Kenyon cell subtype 

has distinct functions (257-259).  

  

Unlike the significant decrease in dSO avoidance that resulted from using the OK107-Gal4 and MB247-

Gal4 driver lines to knockdown FMRP in the MB, use of the C747-Gal4 driver line did not result in a 

significant decrease in dSO avoidance (Figure 2-6 A-F). These differences are likely due to regional 

specificity and strength of expression of each individual driver within the MB. The OK107-Gal4 and 

MB247-Gal4 driver lines strongly target expression in α, β, and γ Kenyon cells, while C747-Gal4 

expression is weaker in γ Kenyon cells (210).  

In response to an odour, Ca2+ influx occurs primarily in γ Kenyon cells (260).  Expression of the 

dopaminergic signaling MB-specific D1-like dopamine receptor, DopR, in γ Kenyon cells is necessary to 

rescue all forms of olfactory-associated memory, while expression in α/β and αʹ′/βʹ′ Kenyon cells is not 

(257). Olfactory processing therefore may occur first in γ Kenyon cells and then subsequently in α/β and 

αʹ′/βʹ′ Kenyon cells. 

Inactivation of neuronal output αʹ′/βʹ′ cells and a in a defined region of α/β Kenyon cells only resulted in 

decrease avoidance to CO2(g) in a starvation-dependent manner, while inactivation on neuronal output in 

α/β Kenyon cells did not result in diminished CO2(g)  avoidance regardless of starvation state  (209).  

It is possible that given the role of γ Kenyon cells in providing guidance routes for α/β Kenyon cells during 

development, that abnormal functioning and neural connectivity caused by the loss of FMRP in this region 

alters correct connectivity of α/β Kenyon cells which persist into adulthood. Furthermore as γ Kenyon cells 

form synaptic connections twice during development, it is possible that improper development and 

signalling during synaptogenesis during the embryonic stages has a cumulative effect on/contributes to 

the malformation of γ Kenyon cell remodeling during metamorphosis.   
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This suggests that individual populations of Kenyon cells may have differential roles in the modulation of 

dSO avoidance, and that γ Kenyon cells may have a primary role in mediating processing and avoidance.  

 
 

2.4.5 Fragile X Mental Retardation Protein (FMRP) is Required in the Glia for Drosophila Stress 
Odourant (dSO) Avoidance  
 
NSCs differentiate into intermediate progenitors (IPCs) and then to neurons and glia (261). Loss of FMRP 

results in decreased differentiation of IPCs into neuronal and glial cells due to the misexpression of stem 

cell specific genes and the loss of cell cycle regulation (100, 103, 231, 262).  Cyclin-dependent kinase 4 

(CDK4) and cyclin D1⎯cell cycle regulating proteins⎯were both identified as mRNA targets specific to 

FMRP in NSCs (103).  Loss of FMRP results in altered CDK4 expression at synapses suggesting an 

interaction in mediating proliferation and that FMRP is required for glia cell development (156, 263).  

 

Glia are required for the establishment of neuronal circuitry and function in all essential steps of neural 

development (152).  Glia provide guidance cues for growth cones, facilitate bundling, fasciculation and 

ensheathment of axons, insulate neurons, modulate synaptic transmission, and maintain neurotransmitter 

homeostasis in synapses (152).  

 

In early development glial cells regulate neuron proliferation during larval neurogenesis (264).   

Reciprocal interactions between glia and neurons guide glia to their correct destination and regulate glial 

cell numbers (265). Glia are required to convey nutrient-dependent fat body signalling to neuroblasts that 

have entered quiescence (102, 266). Conveyance of nutrient-dependent information by glia triggers 

neuroblasts re-entry into the cell cycle to give rise to mature neurons (102).  

 

Glia function in axon pathfinding by providing guidance cues to growth cones, specialized sensorimotor 

structures at the end of axons that allows axons to migrate following a specific trajectory by interpreting 

external guidance cues (141). Glia also function in spatial patterning of neuronal circuits by forming 

boundaries in order to restrict axon and dendrite growth within targeted areas (267, 268).  
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Glia are required for the patterning of antennal lobe and protoglomeruli formation (269). Glial cells and 

sensory neurons project into the antennal lobe simultaneously likely to regulate sensory neurons 

arboritization and glomeruli establishment (82, 270). During neurogenesis axonal projections from ORNs 

contact “sorting zone” glia which halts pathfinding in order to organize ORN axons into fascicles that 

make up specific glomeruli (271-273).  

 

Glial cells are required for synaptogenesis (274, 275). Neurons innervate targets prior to forming 

synapses, which coincides with astrocyte/glia cell generation (276). When cultured in the absence of 

astrocytes, neurons exhibit a significant reduction in synaptic activity, a reduction in the number of 

synapse formation, and decreased synapse stability marked by the rapid disappearance of synapses 

when astrocytes where removed from culture (275-277). It is thought that glia/astrocytes release diffusible 

factors that promote synapse formation (278, 279). Furthermore astrocytes stabilize and promote the 

maturation of newly formed synapses (280).  

 

Glia also participate in the regulation of neurotransmission at synapses by maintaining ion and 

neurotransmission homeostasis by removing excess ions and neurotransmitters as well as secreting 

neuromodulators (152, 281).  Release of neurotransmitters from a pre-synaptic terminal activates mGluR 

receptors on astrocytes/glial cells triggering an influx of Ca2+ in the astrocyte and a release of 

gliotransmitters, which then modulate both the pre- and post-synaptic neurons (282).  Moreover glia can 

regulate GABAergic transmission by altering ion gradients in developing neurons and conversion of 

excitatory and inhibitory signalling input (283).  

Glia also function in refinement of neuronal circuitry. Neuronal circuitry refinement occurs through a 

process known as axon pruning in which extraneous synaptic connections are eliminated by glia through 

lysosomal degradation (284-287). Remodeling of the γ lobe of the mushroom body at the end of larval 

development utilizes axon pruning, in which inadequate synaptic connections are removed through local 

lysosomal degeneration by glia cells (287). Glia function in the localized pruning of dendrites and terminal 

axon branches of projection neurons, which relays sensory input from olfactory neurons to the mushroom 

body (152, 153).  
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FMRP is expressed in glial cells early in development, where it has been shown to be required for a 

number of key steps during neural development, following which FMRP is down-regulated in mature glial 

cells (288). FMRP is required in glial cells to control the proliferation of neural stem cells and to mediate 

the balance between glia and neurons during neurogenesis (100, 103, 215). Exit of neuroblasts from 

quiescence requires insulin signalling via glial cells (102). Insulin-like peptides secreted by glial cells bind 

to insulin receptors that triggers the activation of the PI3K/Akt signalling pathway which leads to the 

subsequent proliferation of neuroblasts (102, 289). Glia regulate their own insulin-like peptides production 

through FMRP (215). 

 

Glia modulate neuronal architecture by regulating dendrite morphology. When neurons were cultured in 

the presence of FMRP-deficient astrocytes, abnormal dendrite morphology was observed (290). When 

grown in the presence of wild-type astrocytes, FMRP-deficient neurons exhibited normal dendrite 

morphology (290).  Impaired synaptic protein expression is also observed in neurons in the presence of 

FMRP-deficient astrocytes, which is not observed when FMRP-deficient neurons were cultured in the 

presence of wild-type astrocytes (290). FMRP also regulates activity dependent axon pruning modulated 

by glial cells (151). Loss of FMRP from glia prevents correct synaptic pruning and neural circuitry 

establishment that likely contributes to the signalling dysfunction in FXS.  

 

MB Kenyon cells are derived from four neuroblasts in the embryonic brain that also give rise to a set of 

indistinguishable glia cells (291). Sequential derivation of glial cells and MB Kenyons cells from the same 

set of neuroblasts would indicate that these cells would have similar FMRP requirements during 

development for proper formation and function. Our results show that FMRP is required during 

development in both MB Kenyon cells and glial cells for dSO avoidance. Glial cell dysfunction has been 

linked to a number of neurodevelopmental disorders in which abnormal synaptic function contributes to 

neuropathology such as Rett Syndrome, Down Syndrome, Fragile X Syndrome, and autism (213, 290, 

292). Here we show that knockdown of FMRP in glia resulted in a significant decrease in dSO avoidance 

behaviour (Figure 2-7 A, B). This further establishes a requirement for FMRP is establishing neuronal 

circuitry that mediates avoidance behaviour.   
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2.4.6. Fragile X Mental Retardation Protein (FMRP) is Not Required in the Central Complex for 
Drosophila Stress Odourant (dSO) Avoidance  
 
The central complex is a multisensory neutrophil that functions in visual, mechanosensory, and olfactory 

information processing (293). Loss of FMRP has been implicated in abnormal behaviours regulated by 

the central complex such as memory, spatial orientation, and locomotive activities (293).  

 

Contrary to expectations, FMRP is not required in the central complex for dSO avoidance behaviour. Our 

results suggest that the MB has the most prominent role in mediating dSO avoidance (Figure 2-8 A, B).  

Synapse formation does not occur in the central complex until late in development and direct connections 

between the central complex and mushroom body are absent, rather the central complex is indirectly 

connected to sensory brain structures and the ventral nerve cord (293, 294). Furthermore the central 

complex is comprised of a protocerebral bridge, a fan-shaped body, and an ellipsoid body, where 

connections between each neutrophil is limited, suggesting that each neutrophil may function 

independently as the ellipsoid body specifically has been shown to be required for specific behaviours 

such as learning (218).  Despite that anatomical conservation of central complex across insects, 

knowledge about functional roles is based on a few comparative studies where functions vary among 

species (293).   

The central complex has been shown to be required for novelty choice learning, associative pattern 

learning, and visual orientation learning in Drosophila, all which rely on sensory input into the central 

complex from the visual system (295).  

The lateral horn and the MB are considered to be higher olfactory centres in Drosophila, and less is 

known about olfactory information processing beyond these two regions (293).  It is likely that avoidance 

hierarchical sensory processing in the fly brain utilizes the well-known antennal lobe to mushroom body 

pathway (296). Here we show that FMRP is not required in the central complex for dSO avoidance, 

however this does eliminate the possibility that the central complex may function in dSO avoidance at all, 

rather it may function in an FMRP-independent manner.   

Future research should examine the expression of FMRP in the central complex throughout and following 

development to characterize the role of FMRP in the central complex. Moreover blocking 
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neurotransmission in the central complex neurophils would provide evidence as to whether the central 

complex functions in dSO avoidance.  

 

2.4.7 Fragile X Mental Retardation Protein (FMRP) is Required for Carbon Dioxide (CO2(g)) 
Avoidance in Drosophila   
 

Drosophila can detect CO2(g)  in concentrations as little as 0.02% (195). Elucidation of the conveyance of 

CO2(g)  sensory information from olfactory receptors revealed that a single population of antennal olfactory 

receptor neurons (ORNs)—Gr21a/Gr63a receptors—synapse with projection neurons (PNs) in the 

antennal lobe (81, 195, 297, 298). ORNs converge onto the V-glomerulus, where four projections convey 

information to higher processing centres, two of which exclusively connect to the lateral horn, and the 

remaining an atypical bilateral projection neuron—bilateral ventral projection neuron—that send 

projections from the V-glomerulus to both the lateral horn and the MB (209, 299, 300).  

To further complicate matters, CO2(g) avoidance behaviour can be modified in a context-dependent 

manner in which the presence of an attractant odour inhibits the sensory processing that mediates 

avoidance behaviour (301) . Three projection neurons that innervate the V-glomerulus—PNv-1, PNv-2, 

and PNv-3—mediate CO2(g)  avoidance in concentration dependent manner (302). Following detection of 

CO2(g) one of two pathways is activated for processing, a low-CO2(g)  pathway (0.5% CO2(g)) that is 

mediated by the projection neuron PNv-1 and a high-CO2(g)  pathway (CO2(g) 5%) mediated by the 

projection neuron PNv-2 (302). The low-CO2(g)  pathway but not the high-CO2(g)  pathway, is subject  to 

regulation and can be inhibited by PNv-3, which is activated in response to food odours and high 

concentrations of CO2(g) (302).  

 

Drosophila also exhibit innate avoidance to CO2(g), a main component of dSO (81). Here we show that 

developmental loss of FMRP results in decreased avoidance behaviour to CO2(g) as demonstrated by the 

significant decrease in PI scores of both  FMR13 and FMRB55 flies as compared to WT flies and 

FMR13WTR (Figure 2-9 A, B). Similarly to dSO avoidance, CO2(g) avoidance behaviour is rescued in 

FMR13 flies through the addition of promoter driven dfrm13 transgene (Figure 2-9 A, B). This genetic 

rescue suggests that FMRP functions in development in the establishment of neuronal networks that 
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mediate CO2(g) processing and modulation of avoidance behaviour. The exact role of FMRP in 

establishing the neural circuitry that mediates CO2(g) avoidance remains unknown. Further research will 

be required to provide a mechanism through which FMRP functions in the establishment of complex 

neural circuitry underlying the processing of sensory information.  

 

2.4.8 Over-Expression of Fragile X Mental Retardation Protein (FMRP) Results in Decreased 
Drosophila Stress Odourant (dSO) Avoidance 
 
FMRP is a negative regulator of neuronal architecture, where the overexpression of FMRP results in a 

marked reduction in growth and branching of neurons, loss of synaptic differentiation, and severe MB 

structural defects (74, 150).  Overexpression of FMRP also results in the loss of the dendritic ‘claws’ in 

the MB, which form synapses with PNs (150, 256). Each Kenyon cell ‘claw’ contacts a single PN bouton 

which can contribute sensory input into a single Kenyon cell claw at 3-4 presynaptic sites (96, 303). Thus 

loss of dendritic ‘claws’ would likely result in impaired information transmission to the MB for processing.   

 

Here we show that overexpression of FMRP pan-neuronally and overexpression of FMRP in the MB both 

results in decreased dSO avoidance behaviour suggesting that FMRP is required in a dose-dependent 

manner (Figure 2-10 A, B). Loss of translational repression by FMRP may result in overexpression of 

dose sensitive genes. Within neuronal networks dosage effects are crucial, where network function and 

homeostasis relies on excitatory and inhibitory input and the expression of many genes involved directly 

or indirectly in neurotransmission, including receptors, neurotransmitter synthesis and degradation, 

signaling and effector proteins, and regulators of transcription and translation (304). 

 
 

2.4.9 Fragile X Mental Retardation Protein (FMRP) is Not Acutely Required for Drosophila Stress 
Odourant (dSO) Avoidance  
 
Time-dependent requirements of FMRP during development have been identified in a number of neuronal 

networks for proper structure and functioning. Small ventrolateral neurons (sLNvs), a key subset of clock 

neurons, exhibit a time-dependent requirement for FMRP during a transient window at a late stage of 

development when synaptic pruning occurs and is required for proper neuronal architecture and circuitry, 

where the reintroduction of the mature protein cannot rescue architecture in this subset (305). 
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Reintroduction of FMRP in dfmr1 null larva partially rescues neuromuscular junction (NMJ) structural 

defects but not functional defects as synaptic vesicle cycling remains abnormal (158). 

 

Acute knockdown of FMRP pan-neuronally (Figure 2-11) or in the MB (Figure 2-12) did not result in 

decreased avoidance behaviour, nor did acute over-expression of FMRP pan-neuronally.  

Despite the prominent role of FMRP in the MB in mediating dSO avoidance, acute over-expression and 

knockdown did not result in decreased dSO avoidance. This may be a result of the driver line used. We 

used the Gal80tsC747-Gal4 driver line to over express and knock down FMRP. When we utilized the 

C747-Gal4 driver line to knockdown FMRP in the MB throughout development, we did not observe any 

significant decrease in dSO avoidance, suggesting that specific regions within the MB are more 

prominent in mediating avoidance or that the driver line had a functional defect. However, pan-neuronal 

disruption did not result in decreased avoidance and therefore it is likely that FMRP is not acutely 

required in the MB.  

 

Thus far our results have established a developmental role for FMRP in mediating dSO avoidance 

behaviour. We show that FXS flies exhibit decreased avoidance response to CO2(g) This confirms not only 

the requirement of FMRP for dSO avoidance behaviour, but also identifies the FMRP requirement for 

wild-type CO2(g) avoidance. Acute disruption of FMRP in the MB of adult flies does not result in diminished 

dSO avoidance where as knockdown of FMRP throughout development results in decreased avoidance 

behaviour, suggesting that FMRP is required developmentally in the MB, where it likely functions in the 

establishment of the neural circuitry that mediates dSO avoidance, and by extension CO2(g) avoidance.  
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Figure 2-1. Drosophila olfactory system.  
Olfactory sensory neurons (OSN) transmit information to the antennal lobe, where OSNs synapse with 
projection neurons (PN) in discrete structures called glomeruli. Each glomerulus also contains input from 
local neurons (LNs). PNs then transmit information to one of two higher processing centres, the lateral 
horn (LH) or the mushroom body (MB). In the MB, Kenyon cells synapse with projection neurons from the 
AL.  
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Figure 2.2 mGluR and mTOR signalling pathways implicated in Fragile X Syndrome.  
Activation of mGluR receptors initiates an intracellular signalling cascade involving PI3K, mTOR, and Akt 
that regulates translation.  In absence of FMRP, mGluR signalling is exaggerated and translational 
regulation of key target mRNAs is lost  resulting in an increase in the internalization of AMPAR receptors.   
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Figure 2-3. Drosophila stress odourant (dSO) avoidance assay.  
The T-maze avoidance assay was conducted as previously described with modifications. All testing was 
performed in a temperature-controlled room maintained at 25°C and 70% humidity. To produce dSO a 
group of 50 flies (mixed gender) were vortexed (termed ‘emitter’, depicted in graphical representations as 
‘E’) for 1 minute (vortexed for 3 seconds followed by 5 seconds rest for 1 minute duration) in a 10mL 
Falcon tube sealed with Parafilm (Fisher Scientific 149598) at maximum speed (Fisher Vortex Mixer). 
Emitter flies were then removed from the Falcon tube and the dSO-containing Falcon tube was then 
placed into a T-maze.  A new, unconditioned Falcon tube was placed opposite the dSO-containing tube. 
50 naïve flies (termed ‘responder’), depicted in graphical representations as ‘R’) were transferred into a 
new Falcon tube and loaded into the elevator of the T-maze. Responder flies were then given 1 minute to 
choose between the dSO-containing and the unconditioned Falcon tubes.  Following the 1 minute testing 
period, flies were sequestered and avoidance response was scored.  
Homologous-paired avoidance testing was conducted using emitter (E) and responder (R ) flies from the 
same genotype.  Heterologous-paired avoidance testing was conducted using different genotypes for 
both the emitter and responder flies. For all avoidance testing, with the exception of drug treatment 
testing, flies were 1-3 days old. One day prior to avoidance testing, emitter and responder flies were 
aspirated into food vials; each pair of flies—one vial of emitter flies and one vial of responder flies—
comprised an N of 1.  
Avoidance was scored as Performance Index (PI), where PI was calculated by subtracting the number of 
flies in the dSO-containing Falcon tube from the number of flies in the unconditioned Falcon tube, and 
divided by the total number of flies tested. 
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Figure 2-4. Fragile X Mental Retardation Protein (FMRP) is required for avoidance of Drosophila 
melanogaster stress odourant (dSO). 
(A) FMRB55 mutants exhibit a significantly lower avoidance in response to dSO compared to WT flies (T-
test P<0.0001; N=8); avoidance is quantified as Performance Index (PI). FMR13 exhibit decreased 
avoidance compared to FMR13WTR flies the avoidance of which is rescued genetically through the 
addition of a genomic dfmr13 fragment  (T-test P=0.0049; N=8).  
‘E’ denotes flies that have undergone 1 minute of vortexing to produce dSO, these flies are the ‘emitters’. 
‘R’ denotes naïve flies that are being tested for avoidance response to dSO, these flies are the 
‘responders’. Dso avoidance behaviour is scored as Performance Index (PI).  
(B) FMRB55 flies exhibit decreased avoidance behaviour to WT dSO (T-test P=0.0001; N=12). FMR13 also 
flies exhibit diminished avoidance behaviour to WT dSO as compared to FMR13WTR flies (T-test 
P=0.0018; N=12).  
(C) WT flies did not exhibit decreased avoidance behaviour to dSO emitted by FMRB55, (T-test P=0.0988; 
N=5), FMR13 (T-test P=0.9897; N=5), and FMR13WTR flies (T-test P=0.7153; N=5).  
(D) FMRB55/FMR13 flies exhibit decreased avoidance compared to WT flies (ANOVA P=0.0001; N=7). 
Avoidance behaviour is genetically rescued in FMRB55/WT (ANOVA P=0.9348; N=7) and FMR13/WT 
(ANOVA P=0.5638; N=7) flies. FMRB55/FMR13 flies exhibit decrease avoidance behavior compared to 
FMR13/WT (ANOVA P=0.0004; N=7) and FMRB55/WT (ANOVA P=0.0028; N=7) flies. All graphs depict 
mean ± S.E.M..  
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Figure 2-5. Pan-Neuronal knockdown of Fragile X Mental Retardation Protein (FMRP) results in 
decreased Drosophila stress odourant (dSO) avoidance behaviour.  
(A)Pan-neuronal knockdown of FMRP, Elav-Gal4:UAS-dfmr1RNAi 1-7, results in decreased avoidance to 
dSO compared to WT flies (T-test P=0.0409; N=20).  
(B) WT flies did not exhibit any significant decrease in avoidance behavior to dSO emitted by Elav-
Gal4:UAS-dfmr1RNAi 1-7 flies (T-test P=0.00285;N=12). Elav-Gal4:UAS-dfmr1RNAi 1-7 flies exhibit 
decreased avoidance behaviour to WT dSO as compared to WT flies (T-test P=0.7653;N=10). All graphs 
depict mean ± S.E.M. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 46 

 



 

 47 

Figure 2-6. Knockdown of Fragile X Mental Retardation Protein (FMRP) in the mushroom body 
results in decreased Drosophila stress odourant (dSO) avoidance behaviour. 
(A) OK107-Gal4:UAS-dfmr1RNAi1-7 flies exhibit significantly decreased avoidance to dSO compared to 
WT flies (T-test P<0.0001; N=12).  
(B) OK107-Gal4:UAS-dfmr1RNAi1-7 flies exhibit a significantly decreased avoidance response when 
tested against WT dSO (T-test P<0.0001; N=8).  WT flies exhibited normal avoidance behaviour when 
tested against dSO produced by OK107>FmrRNAi(1-7) flies (T-test P=0.1240; N=8).  
(C) MB247Gal4;UAS-dfmr1RNAi1-7 flies exhibited diminished avoidance behaviour as compared to WT 
flies (T-test P=0.0239; N=10).  
(D) MB247Gal4;UAS-dfmr1RNAi1-7 flies exhibit a significantly decreased avoidance response when 
tested against WT dSO (T-test P=0.0016; N=8). WT flies exhibited normal avoidance behaviour when 
tested against dSO produced by MB247Gal4;UAS-dfmr1RNAi1-7 flies (T-test P=0.0707; N=8).  
(E) C747-Gal4:UAS-dfmr1RNAi1-7  flies did not exhibit any significant decrease in dSO avoidance 
behaviour (T-test P=0.0858; N=16).  
(F) WT flies did not exhibit any significant decrease in dSO avoidance behaviour in response to C747-
Gal4:UAS-dfmr1RNAi1-7 dSO (T-test P=0.5653; N=6). C747-Gal4:UAS-dfmr1RNAi1-7 flies did not exhibit 
any significantly defect in dSO avoidance when WT flies were utilized as the emitters (T-test P=0.5325; 
N=6).  All graphs depict mean ± S.E.M. 
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Figure 2-7. Fragile X Mental Retardation Protein (FMRP) is required in the Glia for Drosophila 
stress odourant (dSO) avoidance behaviour and learning.  
(A) REPO-Gal4:UAS-dfmr1RNAi1-7 flies exhibited diminished avoidance behaviour as compared to WT 
flies (T-test P=0.0345; N=13). 
(B) REPO-Gal4:UAS-dfmr1RNAi1-7 flies exhibited significantly lower learning compared to WT flies (T-test 
P=0.004; N=4). All graphs depict mean ± S.E.M. 
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Figure 2-8. Fragile X Mental Retardation Protein (FMRP) is not required in the central complex for 
Drosophila stress odourant (dSO) avoidance behaviour.  
(A) Feb170-Gal4:UAS-dfmr1RNAi1-7 flies did not exhibit any defect in avoidance response compared to 
WT flies (T-test P=0.8973; N=10). 
(B) Feb170-Gal4:UAS-dfmr1RNAi1-7 flies did not exhibit any defect in avoidance when tested against WT 
dSO (T-test P=0.2119; N=10). All graphs depict mean ± S.E.M. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 50 

 
 

Figure 2-9. Fragile X Mental Retardation Protein (FMRP) is required for carbon dioxide (CO2(g)) 
avoidance in Drosophila.  
(A) FMRB55 (T-test P<0.0001; N=6) and FMR13 (T-test P=0.013; N=6) flies exhibited significantly 
decreased avoidance to CO2(g) at a concentration of 0.2 mL/min compared to WT flies.  
(B) FMRB55 (T-test P<0.0001; N=10) and FMR13 (T-test P=0.009; N=13) flies exhibited significantly 
decreased avoidance to CO2(g) at a concentration of 0.5 mL/min compared to WT flies. All graphs depict 
mean ± S.E.M. 
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Figure 2-10. Overexpression of Fragile X Mental Retardation Protein (FMRP) in the mushroom 
body and pan-neuronally results in decreased Drosophila stress odourant (dSO) avoidance 
behaviour. 
(A)  Elav-Gal4:UAS-dfmr1 flies exhibited decreased avoidance as compared to WT flies (T-test P=0.0016; 
N=8).  
(B) OK107-Gal4:UAS-dfmr1 exhibited a decrease in avoidance response as compared to WT flies (T-test 
P=0.00418; N=6). All graphs depict mean ± S.E.M. 
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Figure 2-11. Acute pan-neuronal disruption of Fragile X Mental Retardation Protein (FMRP) does 
not result in decreased Drosophila stress odourant (dSO) avoidance behaviour.  
(A) At 18°C RNAi is inactive; Gal80tsElav-Gal4:UAS-dfmr1RNAi1-7 did not exhibit an significant decrease 
in avoidance behaviour as compared to WT flies (ANOVA P=0.2924; N=8). At 30°C RNAi is no longer 
repressed; Gal80tsElav-Gal4:UAS-dfmr1RNAi1-7 flies did not exhibit any significant decrease in avoidance 
compared to WT flies (ANOVA P=0.9929; N=8) or RNAi inactive Gal80tsElav-Gal4:UAS-dfmr1RNAi1-7 flies 
at 18°C (ANOVA P=0.6121; N=8). WT flies exhibited no significant difference in avoidance behaviour at 
18°C or 30°C (ANOVA P=0.9983; N=8).   
(B) FMRP overexpression is repressed at 18°C; Gal80tsElav-Gal4:UAS-dfmr1 flies did not exhibit did any 
significant difference in avoidance behaviour as compared to WT flies (ANOVA P=0.9704; N=7).  Acute 
overexpression of FMRP at 30°C did not results in any significant difference in avoidance behaviour by 
Gal80tsElav-Gal4:UAS-dfmr1 flies as compared to both WT flies (ANOVA P=0.1803; N=7) and control 
flies at 18°C (ANOVA P=0.3789; N=7). WT flies did not exhibit any significant difference in avoidance 
behaviour at 18°C or 30°C (ANOVA P=0.7424; N=7). All graphs depict mean ± S.E.M.s 
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Figure 2-12. Acute knockdown of Fragile X Mental Retardation Protein (FMRP) in the mushroom 
body does not result in decreased Drosophila stress odourant (dSO) avoidance behaviour.  
When RNAi expression is repressed at 18°C, Gal80tsC747-Gal4:UAS-dfmr1RNAi1-7 did not exhibit an 
significant decrease in avoidance behaviour as compared to WT flies (ANOVA P=0.7439; N=17). At 30°C 
when RNAi expression is no longer repressed Gal80tsC747-Gal4:UAS-dfmr1RNAi1-7 flies did not exhibit 
any significant decrease in avoidance compared to WT flies (ANOVA P=0.0.0593; N=17) or RNAi inactive 
Gal80tsC747-Gal4:UAS-dfmr1RNAi1-7 flies at 18°C (ANOVA P=0.8475; N=17). WT flies exhibited no 
significant difference in avoidance behaviour at 18°C or 30°C (ANOVA P=0.9985; N=17). Graphs depicts 
mean ± S.E.M. 
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CHAPTER 3- The Cyclic Adenosine Monophosphate (cAMP) Signalling Pathway Interacts 
with Fragile X Mental Retardation Protein (FMRP) to Mediate Avoidance Behaviour  
 

3.1 Introduction  

3.1.1 The Cyclic Adenosine Monophosphate (cAMP) Signalling Pathway  
 
Cyclic adenosine 3′,5′-monophosphate (cAMP) is an intracellular secondary messenger molecule that 

functions in signal transduction in the CNS. The cAMP cascade functions in mediating neuronal growth 

and differentiation, organization and regulation of cytoskeleton structure, neurotransmitter synthesis and 

transmission, and receptor sensitivity (306).  

 

The cAMP signalling pathway is activated by the binding of a ligand to a G protein-coupled receptor 

(GPCR), which activates the production of cAMP (307). cAMP levels are regulated by the action of two 

enzymes, adenylyl cyclase (AC) and phosphodiesterase (PDE), which synthesize and degrade cAMP 

respectively (181, 182, 308-310). AC catalyzes the conversion of ATP to cAMP while PDE degrades 

cAMP molecules by hydrolyzing the phosphodiester bond (Figure 3-1) (308, 309).  

A primary downstream effector of cAMP is protein kinase A (PKA), which modulates cAMP signalling by 

phosphorylating targets within the pathway as well as ACs and PDEs (311). PKA is a serine/threonine 

protein kinase that modulates gene expression and cellular responses with the help of A kinase anchoring 

proteins (AKAPs) that target PKA to specific substrates (312).  AKAPs provide specificity in cAMP signal 

transduction. In addition to PKA, the cAMP cascade has other downstream targets including cyclic 

nucleotide-gated (CNG) ion channels that increase electrical activity in cells and guanine-nucleotide-

exchange factors (GEF) EPACs, which function in modulating cell morphology and secretory vesicle 

dynamics (313).  

 

During axon guidance, growth cones are directed by guidance factors that are either attractive or 

repulsive (140). Growth cone response to guidance cues may depend on the cytosolic levels of cAMP. 

Increases in cAMP levels increase attraction towards a guidance factor and decreases in cAMP levels 

results in repulsion (145, 146). Thus the same guidance cue can be both attractive and repulsive based 

on cAMP activity. Cytosolic cAMP levels may be regulated by guidance cues themselves or by cell-cell 
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interactions in which contact with ‘guidepost’ cells may trigger a change in cAMP levels resulting in 

repulsion, permitting the axon to continue towards the next target (314). Furthermore down stream targets 

of cAMP include proteins that mediate cytoskeleton morphology and function in growth cone turning 

(315).  

 

cAMP regulates neurotransmission. A number of neurotransmitters signal via the cAMP cascade through 

specific GPCRs including serotonin, adrenaline, dopamine, and GABA (316). The cAMP pathway has 

been shown to enhance neuronal excitability and increase vesicle neurotransmitter release (317, 318). 

Odour detection is mediated by the cAMP signalling cascade. The cAMP signalling cascade is initiated in 

ORNs in response to the binding of an odour to a G-protein couple receptor, triggering the synthesis of 

cAMP by AC which results in the opening of CNG ion channels (319-321).  ORNs also express PDEs, 

which degrades cAMP and negatively regulates signal transduction (321).  

Changes in signal transduction results in altered sensory processing and behavioural responses (322, 

323).  

 

 

3.1.2 Fragile X Mental Retardation Protein (FMRP) Regulation of the Cyclic Adenosine 
Monophosphate (cAMP) Signalling Pathway  
 
The secondary messenger molecule cAMP plays a crucial role in signal transduction and modulation of 

physiological processes within neurons, specifically cAMP is critical for neural development. The cAMP 

signalling cascade has a broad range of targets and as such has a wide spread effects. Dysregulation of 

the cAMP signalling cascade has been proposed to be one of the mechanisms underlying FXS 

neuropathology (79).  

 

cAMP levels are regulated by AC and PDE. In the absence of FMRP, cAMP levels are decreased 

suggesting that FMPR regulates the production of cAMP (78).  Although the exact mechanism by which 

FMRP regulates cAMP still requires elucidation, one of FMRP’s 500 cargo mRNAs is adenylate cyclase 

(AC) (12, 13, 22). Loss of FMRP from RNP complexes also corresponds with a decrease in AC mRNA 
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levels, suggesting that FMRP regulates cAMP production through its enzymatic conversion from ATP by 

AC (77-79).  

In absence of AC, a decrease in the number of synaptic boutons, axon branches, and docked vesicles is 

observed; in absence of PDE function an increased number of docked vesicles and poorly defined 

synaptic specialization is observed (181, 324-326). AC and PDE are important for cAMP homeostasis. 

Impairment in the functioning of either enzymes results in defects in neuron development and function. 

 
 

3.2 Methods and Materials  

3.2.1 Drosophila Fly Stocks 
See 2.2.1 for full description.  

 

3.2.2 The Gal4-UAS Binary Expression System 
See 2.2.2 for full description.  

3.2.3 Genetic Crosses 

To determine the genetic interaction between cAMP and FMRP in mediating dSO avoidance behaviour, 

heteroallelic flies were generated by mating rut1 and dnc1 virgin females with dfmr13 males to produce the 

following crosses (Note that in Drosophila dfrm1 is not X-linked and is located on the third chromosome.): 

rut1xdfmr13 

rut1 virgin females x dfmr13 males 

rut1 virgin females x WT males 

WT virgin females x dfmr13 males 

WT virgin females x WT males  
 

dnc1xdfmr13 

dnc1 virgin females x dfmr13 males 

dnc1 virgin females x WT males 

WT virgin females x dfmr13 males 

WT virgin females x WT males  

 

The progeny of the crosses were utilized for avoidance testing. Flies were anesthetized using CO2(g)  prior 

to sorting and collection. Crosses were maintained at 22°C on standard cornmeal yeast media.   
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3.2.4 Drosophila Stress Odourant (dSO) Avoidance Assay 

See 2.2.4 for full description.  

3.2.5 Performance Index (PI) Calculation and Statistical Analysis  

See 2.2.6 for full description.  
 

3.2.6 Drosophila Brain Immunohistochemistry 

Dso Exposure. To produce dSO a group of 50 emitter flies (mixed gender) were vortexed for 1 minute 

(flies were vortexed for 3 seconds followed by 5 seconds rest for a 1 minute duration) in a 10mL Falcon 

tube sealed with Parafilm (Fisher Scientific 149598) at maximum speed (Fisher Vortex Mixer). Emitter 

flies were removed from Falcon tube and a group of 50 1-3 day old wild-type naïve responder flies (mixed 

gender) were transferred into the dSO-containing Falcon tube that was sealed with Parafilm for 1 minute. 

After 1 minute exposure to dSO, naïve responder flies were placed on ice for 2 minutes and heads of 

female responder flies were removed and placed in cold 1X PBS for dissection. Unexposed flies were 

placed in an unconditioned 10mL Falcon tube sealed with Parafilm for 1 minute. Flies were subsequently 

placed on ice for 2 minutes and heads of female flies were removed and placed in cold 1X PBS for 

dissection.  

Dissection and Processing. Fly heads were dissected in 1X PBS to remove brains. Following removal, 

brains were transferred to 4% PFA to fix for 10 minutes at room temperature. Following the 10minute 

fixation period, brains were transferred into a penetration/fixation buffer (0.25% Triton 4% PFA) and 

placed under vacuum for 1.5 hours. Brains were then incubated in a penetration/blocking buffer 

(2%PBST, 10% NGS, 0.02% Sodium Azide) on rocker for 2 hours at 4oC and following completion, 

transferred to primary antibody solution (1:1000 α-PKA Abcam ab118531 and 1% PBST with 0.25% 

NGS) and incubated overnight at 4oC. Following overnight incubation, brains were washed 3 times in 1% 

PBST for 20 minutes. Brains were subsequently incubated with secondary antibody solution  (1:200 Cy3 

α-Rabbit Jackson ImmunoResearch 111-165-003 and 1% PBST with 0.25% NGS) overnight at 4oC. 

Following incubation with secondary antibody, brains were washed 3 times with 1% PBST and mounted 
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using FocusClear (Cedarlane FC-101). Imaging was completed using Zeiss LSM 700 confocal 

microscope and images were quantified using ImageJ.   

 

3.2.7 Pharmacological Intervention   

LiCl. Lithium Chloride (LiCl) (Sigma L9650) was added directly to the standard cornmeal yeast medium 

for drug administration. Flies were set up in food bottles containing 10mM LiCl or the vehicle for 4 days 

and transferred to food vials containing 10mM LiCl or the vehicle the day prior to testing.  Emitter flies 

were not treated with LiCl. Flies were maintained at 22°C throughout treatment duration.  

IBMX. 3-isobutyl-1-methylxanthine (IBMX) (Sigma I7018) was added to standard cornmeal yeast media 

for drug administration. Flies were placed in food bottles containing 0.05 mg/mL IBMX or the vehicle for 4 

days and transferred to food vials containing 0.05mg/mL IMBX or the vehicle the day prior to testing. 

Emitter flies were not treated with IBMX. Flies were maintained at 22°C throughout treatment duration. 

8-CPT. 8-(4-Chlorophenylthio)adenosine 3’-,5’-cyclic monophosphate sodium salt (8-CPT) (Sigma 

C3912) was administered to flies on 2.1cm Whatman filter paper (Fisher WHT1540321). Flies were 

placed in vials containing 240µL of 8-CPT with 5% sucrose or vehicle (5% sucrose) and treated for 5 days 

prior to testing. Flies were transferred to new vials containing fresh 8-CPT or 5% sucrose daily.  Emitter 

flies were not treated with 8-CPT. Flies were maintained at 22°C throughout treatment duration.  

 

3.3 Results 

3.3.1 Research Highlights/Summary 

FMRP plays a crucial role in neural circuit patterning/formation and the regulation of key signalling 

pathways (107). Cyclic adenosine monophosphate (cAMP) is the most abundant secondary messenger in 

the CNS and modulates many critical neural processes including neuronal development and function.  

In Fragile X Syndrome cAMP signalling is misregulated due to the loss of FMRP (306, 327). Deficiencies 

in the cAMP signalling pathway is one of the mechanisms underlying Fragile X Syndrome pathology (77-

79). Here we show that cAMP is required for avoidance and identify the cAMP cascade as a key 

signalling pathway underlying avoidance behaviour dysfunction in FXS. Through pharmacological 
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intervention targeting the misregulated cAMP pathway we show that avoidance behaviour can be rescued 

in FXS flies, demonstrating the ability to ameliorate a developmental abnormality. 

.  
 

3.3.2 The Cyclic Adenosine Monophosphate (cAMP) Mutants Dnc1 and Rut1 Exhibit Decreased 

Drosophila Stress Odourant (dSO) Avoidance Behaviour  

The cAMP signalling pathway is the most prevalent major secondary messenger system in the CNS and 

functions in the development of neuronal networks, signal transduction, and axon pathfinding. In FXS 

cAMP metabolism is altered due to a loss of FMRP and as a result neurotransmitters and receptors 

signaling through the cAMP cascade are deficient (77, 327, 328).  

To determine the requirement of cAMP in mediating avoidance behaviour we used the cAMP mutants 

dunce (dnc) and rutabaga (rut), which encodes a cAMP-specific phosphodiesterase (PDE) and a 

Ca2+/calmodulin-activated adenylyl cyclase (AC) respectively (181, 324, 325). These mutations in the 

cAMP signalling pathway results in synapse dysmorphologies. Decrease in the number of synaptic 

boutons, axon branches, and docked vesicles compared to wild-type flies are characteristic of rut 

mutants, while dnc mutants possess an increased number of docked vesicles but poorly defined synaptic 

specialization (326, 329). Both dnc and rut  flies exhibited decreased avoidance as compared to WT flies 

(Figure 3-2 A).  Rut and dnc flies exhibited decreased avoidance behaviour when WT flies were utilized 

as dSO emitters (Figure 3-2 B). WT flies did not exhibit any significant changes in avoidance behaviour 

when rut and dnc flies were utilized as dSO emitters (Figure 3-2 C). Absence of a dSO emission defect 

suggests that cAMP homeostasis is required for dSO avoidance behaviour.  

 
 
 

3.3.3 Protein Kinase A (PKA) Levels Increased in Response to Drosophila Stress Odourant (dSO) 

Exposure  
PKA is a direct target of cAMP metabolism. The inactive form of PKA consists of 2 regulatory subunits 

and 2 catalytic subunits. PKA is activated in response to elevated cAMP levels, in which cAMP binds to 

regulatory subunits of PKA, resulting in the disassociation of catalytic subunits (330). To confirm the 

predicted requirement of cAMP in dSO avoidance behaviour we examined the relative PKA levels in WT 

fly brains in response to dSO exposure by utilizing a catalytic subunit-specific PKA antibody. PKA levels 
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were significantly elevated in WT brains following dSO exposure compared to naïve, unexposed WT flies 

(Figure 3-3 A, B). This result suggests that cAMP signalling mediates/is activated and participates in dSO 

avoidance behavior.  

 

3.3.4 Cyclic Adenosine Monophosphate (cAMP) Interacts with Fragile X Mental Retardation Protein 

(FMRP) to Mediate Drosophila Stress Odourant (dSO) Avoidance Behaviour  

Rut and dnc are preferentially expressed at elevated levels in the MB, where both FMRP and cAMP 

activity are both required for axon pruning (286, 331-333). Given that FMRP is a regulator of the cAMP 

signalling pathway, we sought to determine the genetic interaction between FMRP and cAMP in 

mediating avoidance behaviour.  We tested this by examining the genetic interaction of the dfmr13 allele 

with both rut and dnc.  

Rut1/WT, rut1/FMR13, and dnc1/FMR13 flies exhibited significant decreased dSO avoidance behaviour 

compared to WT flies (Figure 3-4 A, D). There was no significant decrease in dSO avoidance response 

exhibited by FMR13/WT and dnc1/WT flies, suggesting genetic rescue (Figure 3-4 A, D). 

To confirm that the decreased avoidance behaviour exhibited by flies was due to sensory processing 

defect and not a dSO emission defect caused by the interaction of dfmr13 with rut and dnc, we tested WT 

flies against the cAMP-FMRP mutants dSO. WT flies did not exhibit any significant changes in avoidance 

behaviour when FMR13/WT, rut1/WT, rut1/FMR13, dnc1/WT, and dnc1/FMR13 flies were utilized as dSO 

emitters (Figure 3-4 C,F). When WT flies were utilized as dSO emitters, rut1/WT, rut1/FMR13, and 

dnc1/FMR13 flies exhibited decreased dSO avoidance behaviour (Figure 3-4 B.F).  FMR13/WT and 

dnc1/WT flies exhibited no significant decrease in avoidance behaviour when WT flies were utilized as 

emitters (Figure 3-4 B, F). Taken together these results suggest that FMRP and cAMP interact to mediate 

wild-type avoidance behaviour.  

 

 

3.3.5 5-Day Lithium Treatment Increases Drosophila Stress Odourant (dSO) Avoidance Behaviour 
in the Fragile X Syndrome FMRB55 Mutants  

Given the role of cAMP in mediating avoidance behaviour, we wanted to determine if avoidance 

behaviour could be rescued through pharmacological intervention targeting the cAMP signalling pathway. 

We asked if lithium, which increases cAMP levels by enhancing basal levels of AC, could rescue 
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avoidance behaviour (334). Following 5-day treatment with 10mM lithium FMRB55 flies exhibited significant 

increase in avoidance as compared to FMRB55 flies treated with vehicle only (Figure 3-5). 

 

3.3.6 5-Day IBMX Treatment Increases Drosophila Stress Odourant (dSO) Avoidance Behaviour in 

the Fragile X Syndrome Mutants FMR13 and FMRB55 

Next we asked whether IBMX, a non-specific PDE inhibitor, could rescue avoidance behaviour in FXS 

flies.  5-day IBMX administration resulted in a significant increase in avoidance behaviour exhibited by 

FMRB55 and FMR13 flies as compared to FMRB55 and FMR13 flies treated with vehicle (Figure 3-6 A, B). 

 

3.3.7 5-Day 8-CPT Treatment Rescues Drosophila Stress Odourant (dSO) Avoidance Behaviour in 

the Fragile X Syndrome FMRB55 Mutants 
To confirm specificity of cAMP action in rescuing dSO avoidance response, we asked if use of a cAMP 

analog could rescue avoidance behaviour. 5-day 8-CPT administration resulted in a significant rescue of 

dSO avoidance in FMRB55 and FMR13 flies (Figure 3-7 A, B). Collectively these results suggest that the 

FMRP-dependent loss and misregulation of cAMP signalling results in defects in avoidance behaviour as 

exhibited by FXS flies. 

 

 

3.4 Discussion  

3.4.1 Cyclic Adenosine Monophosphate (cAMP) interacts with Fragile X Mental Retardation Protein 

(FMRP) to Mediate Drosophila Stress Odourant (dSO) Avoidance Behaviour  

cAMP plays a critical role in neural functioning, in both the regulating neuronal excitability and 

establishment of neural circuitry (317, 335, 336). Disruptions in cAMP metabolism results in abnormalities 

in synaptic transmission, activity-dependent facilitation and potentiation of neurotransmitter release in the 

NMJ—specifically kinetics and output from growth cones and presynaptic terminals— growth cone 

motility, aborization, MB structure, altered K+ channel regulation, and action potential generation (317, 

335-341). Mutations in genes regulating cAMP metabolism have been implicated behaviour 

abnormalities, including altered jump-and-flight escape response and learning and memory (182, 309, 

324, 342). 
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Here we show that cAMP is required for dSO avoidance behaviour. Our results demonstrate that cAMP is 

activated in response to dSO exposure in WT flies and that mutations in cAMP regulatory genes, rut and 

dnc, result in decreased dSO avoidance behaviour (Figure 3-2 A-C).  

Neuronal morphology is crucial for neuronal function. Abnormal neuronal morphology is a 

neuropathological hallmark of neurodevelopmental disorders (343). Structural differences in neuronal 

morphology caused by these mutations results in differences in synaptic neurotransmitter release. Rut 

mutants have less docked vesicles, and while dnc mutants posses a greater number of docked vesicles; 

and they display poorly defined synaptic structure (326, 329). Collectively these results indicate the 

importance of cAMP both developmentally for the establishment of neuronal circuitry governing dSO 

processing, as well as acutely for proper signalling within these networks as both mutants display 

instability in synaptic output and firing patterns, which likely contributes to perturbations in information 

processing resulting in decreased dSO avoidance behaviour (344). 

 

Loss of FMRP results in altered signalling/function in several key signalling pathways involved in neuronal 

development including PI3K, mGluR, mTOR, GSK3, cAMP, and insulin signalling (InS) (33, 77, 194, 345-

349). FMRP regulates the translation of 5% of mRNA in the brain (22). FMRP binds to specific mRNAs to 

form mRNA-protein complexes that associate with polyribosomes to mediate mRNA translation. Loss of 

FMRP from the polyribosome mRNA-protein complexes results in translational profile shifts (22). FMRP 

regulates cAMP production through its enzymatic conversion from ATP by AC (77-79).  

Decreased AC mRNAs levels have been observed in FXS tissues (22, 263, 350). This decrease in AC 

mRNAs may account for the FMRP-dependent decrease in cAMP levels observed in FXS models, 

including human, mouse, and Drosophila neural cells (327). Loss of translational regulation may lead to 

abnormalities in neuronal circuits and consequently modulation of behaviour observed in FXS (226, 227).  

 

FMRP can alter protein expression through cAMP signal transduction (351). cAMP can induce changes in 

neuronal functioning through the activation of the cAMP-dependent enzyme, PKA. Activation of PKA 

results in the phosphorylation of other kinases, transcription factors, and ion channels.  Like rut and dnc, 

PKA (DC0) is also preferentially expressed in the MB (352). A downstream target of cAMP is the 
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transcription factor CREB (cAMP response element binding protein). CREB phosphorylation promotes 

transcription of genes containing the cAMP-response elements, which results in long-term physiological 

changes in the CNS and regulates synaptic structure in the larval NMJ (353, 354).  

Calcium signalling is required in a number of numbers of neural processes involving FMRP including 

synaptogenesis, synaptic pruning, and plasticity (355-357). FMRP regulates the expression of key 

calcium-binding proteins and the Ca2+-dependent depolarization of neurons (358). Dfrm1 mutants exhibit 

altered expression of mRNA of key calcium-binding proteins and defects in the release of Ca2+ from 

internal stores (358). Ca2+ influx occurs through NMDA-type glutamate receptors (NMDARs), which are 

regulated by PKA (359). FMRP regulates Ca2+ signalling in excitatory and inhibitory neurons in the MB 

during development (360).  cAMP and FMRP may both exist in a feedback loop as when an increase in 

cAMP levels in dfmr13/+ mutants  was observed, an increase in FMRP was also seen, suggesting the 

FMRP acutely responds to and is regulated by cAMP levels (185).  

 

Phenotypes of rut and dnc are complex as cAMP has many downstream targets, including channel 

permeability, signal transduction, and gene expression (344, 361). Glutamatergic and cholinergic 

synapses, which utilizes γ-aminobutyric acid as a neurotransmitter, are regulated by cAMP signalling 

(318, 341). GABA has a critical role in the modulation of coordinated behaviors, such as learning and 

memory (362). Binding of an odourant to an odourant receptor and subsequent activation of an ORN 

initiates the cAMP signalling cascade (363, 364). Initiation of cAMP signalling cascade and opening of 

cyclic nucleotide-gated channels is dependent on synthesis of cAMP by AC (364).  GABAergic 

transmission is altered in cAMP mutants, rut and dnc, suggesting that cAMP modulates GABAergic 

transmission (318).   

 

The MB is extensively innervated by GABAergic neurons (95). Our results demonstrate that the MB has a 

key role in mediating dSO avoidance. During development GABAergic signalling regulates key processes 

such as cell proliferation, differentiation, migration, and synapse maturation (365). GABAergic 

transmission is regulated by the CAMP signalling pathway (318). PKA mediates GABA receptor 

sensitivity and GABAergic transmission (318, 366). Local neurons are also GABAergic and involved in 
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olfactory information processing by mediating odour response (88, 90). Furthermore loss of FMRP 

impairs expression of GABAergic receptors (263, 367). 

Failure to initiate a proper cAMP signalling cascade in the MB of rut and dmr13 mutants may account for 

inability to rescue dSO avoidance in rut1/FMR13 mutants. Furthermore failure to rescue dSO avoidance 

behaviour within wild-type range in rut1/WT flies coupled with the lack of significant difference in 

avoidance behaviour between rut1/WT and rut1/FMR13 flies suggests that AC is required in a dose-

dependent manner as AC is the limiting factor in cAMP synthesis (368).   

 

Taken together our results demonstrate that cAMP and FMRP interact to mediate dSO avoidance 

behaviour. Rut, dnc, and PKA are preferentially expressed in the MB, indicating their importance in 

mediating signalling and development within the MB, which we have identified to have a key role in 

modulating avoidance behaviour. FMRP is required to regulate development. Loss of FMRP results in 

improperly established neural circuits and dysfunction of signalling cascades that have been associated 

with behavioural abnormalities (306). 

 

 

3.4.2 Pharmacological Intervention Targeting Cyclic Adenosine Monophosphate (cAMP) Rescues 

Drosophila Stress Odourant (dSO) Avoidance Behaviour in Fragile X Syndrome Flies  

The transmission and processing of sensory information occurs in genetically pre-determined neuronal 

networks established during development. Abnormal gene expression within complex gene networks 

results in abnormalities in information processing due to perturbations in neural connectivity and 

ultimately dysfunction within complex neuronal networks (304). Here we show that cyclic adenosine 

monophosphate (cAMP) is required for avoidance and identify the cAMP cascade as a key signalling 

pathway underlying avoidance behaviour dysfunction in FXS (Figure 3-5; 3-6; 3-7).  

By targeting the cAMP-signalling pathway using three pharmacological approaches, an AC-activator, a 

PDE-inhibitor, and a cAMP analog, we were able to confirm that cAMP signalling is required for dSO 

avoidance, and that loss of FMRP results in signalling dysfunction within this pathway.  

Collectively our results suggest that FMRP is required developmentally to regulate cAMP signalling in the 

establishment of neuronal networks that mediate dSO sensory processing and avoidance behaviour, 
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specifically in the MB for higher-order processing, where loss of dfmr13 results in neuronal structural and 

functional defects (205).  
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Figure 3-1. cAMP signalling pathway.  
Activation of G-protein couple receptors initiates the catalytic conversion of ATP to cAMP by AC. cAMP 
activates PKA, a main downstream effector of cAMP signalling and transcription of Wnt targeted genes. 
cAMP levels are regulated through the activity of PDE.  
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Figure 3-2. The cyclic adenosine monophosphate (cAMP) mutants dnc1 and rut1 exhibit 
decreased Drosophila stress odourant (dSO) avoidance behaviour.  
(A) The cAMP phosphodiesterase mutant dunce (dnc1) shows a defect in avoidance behaviour compared 
to WT flies (T-test P=0.0011; N=6). Similarly the cAMP adenylyl cyclase mutant rutabaga (rut1) shows 
significantly decreased avoidance compared to WT flies (T-test P=0.0009; N=6).   
(B) Rut (T-test P<0.0001; N=6) and dnc flies (T-test P=0.0007; N=6) exhibited decreased avoidance 
when tested against dSO produced by WT flies.   
(C) WT flies exhibit normal avoidance to dSO emitted by the cAMP mutants dnc (T-test P=0.1170; N=6) 
and rut (T-test P=0.5180; N=6). All graphs depict mean ± S.E.M. 
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Figure 3-3. Protein kinase A (PKA) levels increased following exposure to Drosophila stress 
odourant (dSO).  
(A) PKA levels in dSO exposed and unexposed WT fly brains.   
(B) dSO exposure results in a significant increase in PKA levels in WT brains compared to unexposed 
control (T-test P=0.00226; N=3). Graph depicts mean ± S.E.M. 
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Figure 3-4. Cyclic adenosine monophosphate (cAMP) Interacts with Fragile X Mental Retardation 
Protein (FMRP) to mediate Drosophila stress odourant (dSO) avoidance behaviour.  
(A) rut1/WT flies (T-test P<0.0001; N=16) and rut1/ FMR13  flies (T-test P<0.0001; N=16) exhibit 
decreased avoidance behaviour compared to WT flies.  FMR13/WT flies exhibit wild-type avoidance to 
dSO (T-test P=0.5272; N=16). No significant difference in avoidance between rut1/ FMR13   and rut1/WT 
(T-test P=0.2374; N=16). 
(B) rut1/WT flies (T-test P=0.0005; N=9) and rut1/FMR13 flies (T-test P=0.0102; N=9) exhibit decreased 
avoidance to dSO produced by WT flies. FMR13/WT flies exhibit wild-type avoidance to dSO emitted by 
WT flies (T-test P=0.7725; N=9).  
(C) WT flies exhibit normal avoidance when tested against dSO produced by FMR13/WT flies (T-test 
P=0.7188; N=9), rut1/WT flies (T-test P=0.2459; N=9), and rut1/FMR13 flies (T-test P=0.6422; N=9).  
(D) Wild-type avoidance is exhibited by dnc1/WT flies (T-test P=0.7330, N=14) and FMR13/WT flies (T-
test P=0.5330; N=14).  dnc1/FMR13  flies exhibit decreased avoidance as compared to WT flies (T-test 
P=0.0149; N=14). 
(E) Decreased avoidance to WT dSO is exhibited by dnc1/FMR13 flies as compared to WT flies (T-test 
P=0.0011, N=10). dnc1/WT flies (T-test P=0.1025, N=10) and FMR13/WT flies (T-test P=0.2919, N=10) 
exhibited wild-type avoidance.  
(F) WT flies do not exhibit any defect in avoidance when tested against dSO emitted by dnc1/FMR13 flies 
(T-test P=0.9116; N=4), dnc1/WT flies (T-test P=0.6070, N=4), and FMR13/WT flies (T-test P=0.7729; 
N=4). All graphs depict mean ± S.E.M. 
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Figure 3-5. 5-Day lithium treatment increases Drosophila stress odourant (dSO) avoidance 
behaviour in the Fragile X Syndrome FMRB55 mutant.   
5-day treatment of FMRB55 flies with 10mM lithium results in significantly increased avoidance compared 
to FMRB55 on vehicle (T-test P=0.0094; N=15). No significant difference in avoidance behaviour observed 
in WT flies following 5-day treatment with 10mM lithium as compared to vehicle (T-test P=0.0999; N=15). 
Graph depicts mean ± S.E.M. 
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Figure 3-6. 5-Day IBMX treatment increases Drosophila stress odourant (dSO) avoidance 
behaviour in the Fragile X Syndrome Mutants FMR13 and FMRB55.  
(A) 5-day treatment of FMRB55 flies with 0.05mg/mL IBMX results in significantly increased avoidance 
compared to FMRB55 on vehicle (T-test P=0.0282; N=14). No significant difference in avoidance behaviour 
observed in WT flies following 5-day treatment with 0.05mg/mL IBMX as compared to vehicle (T-test 
P=0.9379; N=14).  
(B) 5-day treatment of FMR13 flies with 0.05mg/mL IBMX resulted in a significantly increase in avoidance 
compared to FMRB55 on vehicle (T-test P=0.0068; N=13). No significant difference in avoidance behaviour 
observed in FMR13WTR flies following 5-day treatment with 0.05mg/mL IBMX as compared to vehicle (T-
test P=0.02077; N=13). All graphs depict mean ± S.E.M. 
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Figure 3-7. 5-Day 8-CPT treatment increases Drosophila stress odourant (dSO) avoidance 
behaviour in the Fragile X Syndrome mutants FMR13 and FMRB55.  
(A) FMRB55 flies treated for 5-days with 1.5mM 8-CPT exhibited significantly increased avoidance 
behaviour as compared to vehicle (T-test P=0.0073; N=5).  5-day treatment of WT flies with 1.5mM 8-
CPT did not result in any significant difference in avoidance behaviour as compared to vehicle (T-test 
P=0.09688; N=5).  
(B) FMR13  flies treated for 5-days with 1.5mM 8-CPT exhibited significantly increased avoidance 
behaviour as compared to vehicle (T-test P=0.0252; N=6).  5-day treatment of FMR13WTR flies with 
1.5mM 8-CPT did not result in any significant difference in avoidance behaviour as compared to vehicle 
(T-test P=0.07334; N=6). All graphs depict mean ± S.E.M. 
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CHAPTER 4- Characterization of Armadillo in Fragile X Syndrome and Assaying for 
Learning Reversal and Long-Term Memory Reversal Defects in Fragile X Syndrome  
 

4.1 Introduction  

4.1.1 Learning and Long-Term Memory in Drosophila  
Drosophila provides an excellent model for genetic based disease research. Drosophila have a low level 

of genetic redundancy, high degree of conservation of human genes and signalling pathways, and variety 

of genetic tools allows for genetic manipulation to elucidate the molecular mechanism underlying disease 

pathology (55, 58).  This is particularly true for neurological and cognitive abnormalities/disorders, for 

which 87% of genes implicated in cognitive impairment are conserved in Drosophila (369).  As such, the 

use of Drosophila has emerged as a powerful tool in identifying genes influencing cognitive/neurological 

dysfunction and testing candidate molecules for amelioration of said dysfunction.  

 

The classical Pavlovian olfactory associative conditioning paradigm has been used extensively to study 

learning and memory in Drosophila. Utilizing this paradigm ‘teaches/trains’ flies to associate an odour 

paired with a shock and subsequently allows for testing of memory performance. During the training 

paradigm, two odours are presented to the flies sequentially, one of which is paired with an electrical foot-

shock while the other is not (324).  Following the training period, flies are then presented with the two 

odours simultaneously, without the presence of a foot-shock, and memory performance is evaluated 

based on the flies’ ability to remember to avoid the odour that was paired with a foot-shock during the 

training period (203, 324).  This paradigm can be used to test the consolidation of memory at different 

time points following training, including short-term (or ‘learning’), intermediate (or middle-term), and long-

term memory (203, 370). Each of these memory phases have been associated with specific genes and 

pathways that, when disrupted, impairs memory consolidation (371).  

 

Memory is a dynamic process involving the coding, storage, and retrieval of information. Short-term 

memory (or ‘learning’) describes the immediate recall of information, is highly labile, and only persists for 

up to two hours following a training session (203).  Intermediate (or middle-term) memory is slightly more 

stable and can persist for up to several hours following training (203).  In addition both short-term memory 
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and intermediate memory are also present after massed training, which consists of flies undergoing a 

series of repeated training sessions without a rest period (203). Long-term memory results after flies 

undergo spaced training in which flies receive a series of repeated training sessions with a 15-minute rest 

period between each training session (203). Spaced training produces a stable protein-synthesis 

dependent form of long-term memory that can persist for up to a week following training, while massed 

training produces a less stable, protein-synthesis independent form of memory, not long-term memory, 

that decays much quicker than the protein-synthesis dependent form of memory (203).  

 

Memory formation resulting from the classical Pavlovian olfactory associative conditioning paradigm 

requires information processing by the olfactory system. Volatile odourants bind to one or more of the 

1300 olfactory receptor neurons (ORNs) located on the antennae and maxillary palps of Drosophila (86, 

321, 372).  Each ORN expresses one type of odorant receptor (OR) protein, along with the chaperon 

receptor Or83b that interacts directly with the OR and functions in the integration of OR proteins within 

ORNs (373-375).  Binding of an odourant to a receptor initiates a signalling cascade that results in the 

generation of a specific sequence of action potentials based on the properties of the odourant (376).  

ORNs axons project to the antennal lobe (AL), where they synapse with projection neurons (PNs) or local 

interneurons (LNs) within discrete regions called glomeruli, all axons of ORNs expressing the same OR 

project to the same glomerulus (377, 378).  Each odour is capable of evoking activity within a discrete set 

of glomeruli (89, 379). PNs send axonal projections to both the mushroom body (MB) calyx and the lateral 

horn (LH).  MB neurons, or Kenyon cells project their dendrites into the MB calyx to form synapses with 

PN axons arranged in discrete regions called microglomeruli (93, 94). Each microglomerulus consists of a 

bouton formed from the synaptic connection between the PN and Kenyon cells and several local 

interneurons (95).  

 

Olfactory memory traces can be identified within the olfactory circuit. Cellular memory traces are known 

as ‘engrams’, which refers to the molecular, physiological, or structural changes that occurs in neurons in 

response to learning (380).  Short-term memory traces have been identified in the PNs of the AL (381). 
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Intermediate memory traces are observed in DPM neurons (382).  Long-term memory traces are 

localized to the MB (253).  

 

The MB has a crucial role in mediating learning and long-term memory formation⎯learning and memory 

formation requires distinct populations of Kenyon cells. MB Kenyon cells are classified into three 

subtypes, α/β, αʹ′/βʹ′, or γ, based on their morphology and trajectories within the MB (253, 254). α/β and 

αʹ′/βʹ′ Kenyon cells bifurcate to form vertical α and αʹ′ lobes and horizontal β and βʹ′ lobes, which are 

proposed to function in long-term memory, and γ Kenyon cells bifurcate to form horizontal γ lobes, which 

have been implicated in short-term memory formation (254-256, 258, 383).  

 

Key genes involved in learning and memory formation are preferentially expressed at elevated levels in 

the MB, including those of key signalling pathways such as the cyclic adenosine monophosphate 

signalling (cAMP) pathway⎯rutabaga, dunce, protein kinase A, and CREB (331, 332, 352). The cAMP 

signalling pathway is required for both learning and memory. Rutabaga (rut) encodes a Ca2+/calmodulin-

dependent adenylyl cyclase (AC) that catalyzed the conversion of ATP into cAMP, and dunce (dnc) 

encodes a phosphodiesterase that degrades cAMP (181, 308).  Loss of function of either gene results in 

learning and memory defects (309, 325). Protein kinase A (PKA) is a main downstream effector of the 

cAMP signalling cascade that acts in the modulation of cAMP signalling by phosphorylating targets 

including those involved in the regulation of ion channels, spontaneous neurotransmitter release, neuron 

firing patterns, and synaptic strength (384-388). Loss of PKA also results in learning and memory defects 

(389). A main target of PKA is the transcription factor CREB (cAMP response element-binding protein) 

which is required protein synthesis-dependent long-term memory (390).   

cAMP also functions in the modulation of other signalling pathways implicated in learning and memory.  

Mammalian/mechanistic target of rapamycin (mTOR) is a protein kinase that functions in translational 

regulation and is required for synaptic plasticity and long-term memory (391). mTOR is part of the 

PI3K/Akt/mTOR signalling pathway where mTOR functions as the site of integration for PI3K and Akt 

signalling (176, 392).  
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mTOR exists as two functionally and biochemically distinct complexes, mTORC1 and mTORC2. 

mTORC1 regulates  two main proteins required for initiation of the translation, p70 ribosomal S6 kinase 

(S6K) and the eIF4E-binding proteins (4E-BPs) (393, 394). mTORC1 integrates nutrient availability and 

growth factors to regulate key cellular processes. Tuberous sclerosis 1 (TSC1) and tuberous sclerosis 2 

(TSC2) are upstream regulators of mTORC1. Phosphorylation of TSC1/TSC2 by effector kinases of 

upstream signalling pathways, Akt, PI3K, and S6K, activates mTORC1 (395-398). mTORC2 is less well 

characterized, however mTORC2 activity is enhanced by TSC1/TSC2 and has been shown to up-

regulate Akt signalling through direct phosphorylation (399, 400). Both mTORC1 and mTORC2 are 

regulated by cAMP, where cAMP inhibits the activation and promotes the disassociation of mTORC1 and 

mTORC2 via PKA (401). Key components of the mTOR signalling pathway are present in synapses and 

influence protein synthesis in response to stimulation by NMDA receptors, AMPA receptors, and mGluRs 

(177). Dysregulation of mTOR signalling has been associated with neurological disorders, including 

autism and Fragile X Syndrome (177).  

 
 

4.1.2 The Akt Signalling Pathway Misregulation in Fragile X Syndrome  
Fragile X Syndrome is caused by the loss of Fragile X Mental Retardation Protein (FMRP), which acts as 

a negative regulator of translation at synapses. In absence of FMRP a number of signalling pathways are 

misregulated. Exaggerated signalling through group 1 mGluRs (metabotropic glutamate receptors) has 

been proposed to be the underlying mechanism behind FXS pathology (31). mTOR is activated in 

synapses in response to stimulation by group 1 mGluRs (174). Loss of FMRP results in increased 

synaptic activity of PI3K, and aberrant over activation of the PI3K/Akt/mTOR signalling pathway (34, 194). 

Activation of PI3K results in the phosphorylation and activation of Akt (protein kinase B) (402).  Akt is a 

serine/threonine protein kinase that integrates a myriad of signaling regulating glucose metabolism, cell 

proliferation and migration, and apoptosis (403).  In the CNS, Akt has a crucial role in mediating neuronal 

growth and survival, neuronal morphology, receptor localization and function, synapse formation, and 

synaptic plasticity (404-411). In FXS, there is an increase in phosphorylated Akt levels (33).  
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4.1.3 The Wnt Signalling Pathway   

Wnts are secreted glycoproteins that are essential to neurogenesis, neuronal migration, axon guidance, 

dendrite development, and synapse formation (412, 413). Wnts can signal through a number of receptors 

including frizzled (Fz) receptors, tyrosine kinase-like receptor (Ryk), the orphan receptor tyrosine kinase 

(Ror2), and insulin-like growth factor 1 receptor (IGF-1r) (414, 415). Binding of Wnts to receptors can 

initiate a number of intracellular signalling cascades⎯the canonical Wnt pathway, the divergent Wnt 

canonical pathway, the planar cell polarity pathway, and the calcium Wnt pathway. The canonical Wnt 

pathway is the best characterized in which the binding of Wnt ligands activates the scaffolding protein, 

Dishevelled (Dvl), that inhibits the function of a destruction complex⎯formed by axin, adenomatous 

polyposis coli (APC), and the serine/threonine kinase glycogen synthase kinase-3β (GSK-3β) (Figure 4-1)  

(416). The destruction complex marks β-catenin for degradation via phosphorylation by GSK-3β (417). 

Inhibition of the destruction complex by Wnt signalling results in the accumulation of β-catenin in the 

cytoplasm and its subsequent translocation to the nucleus, where β-catenin interacts with Tcf/Lef 

transcription factors to modulate Wnt targeted gene expression (Figure 4-1) (418).   

 
The divergent Wnt pathway regulates the stability of microtubule networks by modulating the 

phosphorylation of microtubule associated proteins (419).  In the planar cell polarity pathway, activation of 

Dvl results in the activation of the small Rho-GTPases and the c-Jun-N-terminal kinase (JNK), which 

leads to reorganization of the actin and microtubule cytoskeleton (416, 420). The calcium Wnt pathway 

activates protein kinase C (PKC), Ca2+/calmodulin-dependent protein kinase II (CaMKII), and the nuclear 

translocation of the transcription factor nuclear factor of activated T cells (NFACT) through the Wnt-

dependent increase in intracellular Ca2+ levels (421). In absence of FMRP, altered Wnt signalling occurs 

(422).  
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4.1.4 Synaptic Plasticity and Clinical Observations of the Cognitive Defects   

A neuropathological hallmark of FXS is the abnormal synaptic structure in which there is a hyper-

abundance of long, thin, immature dendritic spines (423). Wnt proteins regulate structural components of 

synapses, including density, maturity, and arborization of dendritic spines (424). Specifically β-catenin has 

been proposed to be a critical mediator of dendritic morphology and is required for proper localization of 

synaptic vesicles in axons (425, 426). Overexpression β-catenin results in increased dendritic arborization 

through its interaction with the cell adhesion molecule, N-cadherin (425). N-cadherin is predominately 

expressed in the CNS and functions during development in neurite outgrowth, dendritic arborization, and 

synaptogenesis (425, 427, 428). Post-development, N-cadherin and β-catenin are localized to synapses 

where they modulate synaptic function and plasticity (429-432).  Together β-catenin and N-cadherin form 

a complex that links the cytoskeleton to the extracellular environment and forms synaptic junctions (433). 

 

A well-established clinical feature of FXS is the presence of cognitive defects, specifically impairment of 

learning and memory. FXS is caused by the transcriptional silencing of the FMR1 gene and subsequent 

loss of its gene product, FMRP. FMRP binds to and controls the translation of target mRNAs at synapses. 

In absence of FMRP, the translational regulation of key proteins is lost and a global increase in protein 

synthesis is observed (217). Loss of FMRP results in dysfunction in a number of key signalling pathways 

required for learning and memory.  

 

Wnt ligands modulate signalling at both excitatory and inhibitory synapses. Wnt proteins induce 

expression and maintenance of GABA receptors and enhance GABA signalling through receptor 

recycling (434). Wnts also induce insertion of glutamate receptors in post-synaptic regions and functions 

in the modulation of N-methyl-D-aspartate receptor (NMDAR) and α-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid receptor (AMPAR) signalling (435, 436). NMDA and AMPA receptors function in 

long-term potentiation (LTP), an activity-dependent long-term change in synaptic efficacy (437). Induction 

of LTP results in modifications of dendritic spines and synaptic structure (438). Synaptic efficacy is altered 

by the redistribution of AMPA receptors to potentiate or weaken synaptic connections (437). LTP is the 
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mechanism underlying synaptic plasticity and required for learning and memory (439). Wnt signalling 

facilitates LTP by increasing neurotransmitter release and recycling of synaptic vesicles (440-442).  

 

β-Catenin and N-cadherin also function in LTP. Cell adhesion molecules are thought to mediate activity-

dependent changes at synapses (443).  β-Catenin associates with N-cadherin, which mediates 

interactions with cytoskeleton components (433). Phosphorylation of β-catenin reduces affinity for N-

cadherin, which down regulates cell adhesion (444). Depolarization of neurons modifies the arrangement 

of N-cadherin at synapses to enhance and maintain synaptic connections that occur during LTP (430).  

Depolarization also results in the recruitment of β-catenin to the activated synapse, where N-cadherin 

cytoplasmic tails can couple to cytoskeleton components through β-catenin, which has been proposed to 

strengthen connections (445, 446). N-cadherin can activate Rho family GTPases, which also function in 

synaptic structure and plasticity (447, 448). Furthermore a protein synthesis dependent increase of N-

cadherin is crucial for the induction of LTP (429). 

 

Wnt signalling has been implicated in post-developmental neurogenesis, a process in which adult 

progenitors cells undergo fate specification, proliferation, differentiation, and integration into pre-existing 

neural networks (449).  During development Wnt proteins regulate stem cell differentiation (450). 

Activation of β-catenin modulates proliferation and expansion of neural progenitors cell populations (450).  

Following development Wnts promote differentiation and maturation of progenitors cells into mature 

neurons (451, 452). Adult neurogenesis is crucial for learning and memory (449).  

 

4.1.5 β-Catenin/Armadillo is a Target of Akt   

The Wnt and PI3K/Akt signalling pathways have common signalling intermediates, suggesting a 

molecular intersection between the two pathways and a means of cross-regulating a variety of 

physiological events (453, 454).  

Wnt activates mTOR by inhibiting GSK-3β, which negatively regulates mTOR through TSC2 activation 

(455). Wnt signalling activates Akt, which associates with Dvl to enhance the phosphorylation of GSK3 in 

the destruction complex resulting in its inactivation and the stabilization and nuclear accumulation of β-
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catenin (454). Akt can also activate β-catenin through direct phosphorylation, which results in its 

disassociation from adhesion connections and increases its transcriptional activity (456). N-cadherin also 

regulates β-catenin through Akt, in which a decrease in N-cadherin levels results in decreased Akt 

activation and decreased phosphorylation of GSK3 and β-catenin (457). N-cadherin can activate Akt 

through PI3K, which can inturn stimulate β-catenin signalling (458).  

 

4.2 Methods and Materials  

4.2.1 Drosophila Fly Stocks  

Fly stocks were maintained at 22°C on standard cornmeal yeast media from Cold Spring Harbor 

Laboratory.  Wild-type stocks were backcrossed to w1118isoCJ1 for 6 generations.  Dfmr1B55 flies were 

obtained from Dr. Kendal Broadie (Vanderbilt University).  To eliminate background effects all fly stocks 

were outcrossed to the wild-type strain w1118isoCJ1. Dfmr13 flies and dfmr13 flies containing a wild-type 

rescue transgene (dfmr13WTR) were obtained from Dr. Tom Jongens (University of Pennsylvania). Wild-

type Elav-Gal4 flies were obtained from Dr. Tim Tully. Armadillo/β-catenin (8370) flies were obtained from 

Bloomington Stock Centre.   

 

4.2.2 Classical Pavlovian Olfactory Learning and Memory Formation  
 
Learning 

To examine the role of armadillo/β-catenin in learning, we utilized the classical olfactory conditioning 

paradigm. Approximately 100 flies were aspirated into a training chamber containing an electrifiable 

cooper grid, and the tube was inserted into a T-maze. During training, flies were first allowed to acclimate 

to an odoulress airflow for 1.5 minutes. Following acclimation, flies were then exposed to the conditioned 

stimulus (CS+), either 3-octanol (OCT) or 3-methylcyclohexanol (MCH), paired with a foot-shock 

(unconditioned stimulus; US) for one minute (12x 1.25s pulses of 60V DC at 5s interpulse intervals). 

Odours were delivered at equally aversive concentrations in an airflow of 750ml/min. Following CS 

presentation and pulsed shock conditioning, the training chamber was cleared with blank air for 45 

seconds. A second unconditioned stimulus (CS-), either OCT or MCH; opposite of CS+ odour, was then 

introduced to the flies for 1 minute and chamber was cleared using blank air for 45 seconds. Flies were 
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then tapped into the elevator of the T-maze and lowered to a choice point where they were given two 

minutes to choose between the CS+ and CS- odours delivered through opposite collection tubes. 

Following two minute choice point, the elevator was raised and flies were sequestered and counted 

(Figure 4-2). Performance Index (PI) was used to evaluate learning capabilities.  

 

All flies were 1-3 days old. One day prior to completing the classical olfactory conditioning paradigm, flies 

were set up in bottles containing yeast-media and filter paper.   

 
Long-Term Memory 

To evaluate the role of armadillo/β-catenin in long-term memory, we utilized massed training and spaced 

training, which are also based on the classical olfactory conditioning paradigm. During spaced training 

two groups of flies were exposed to 10 training sessions, in which each group received different odours 

as the CS+. Flies were given a 15 minute rest period between training sessions, allowing for protein 

synthesis to occur, resulting in a more stable longer lasting form of memory. Following training flies were 

kept at 18°C overnight and memory was evaluated following day by placing trained flies into T-maze, and 

like learning, flies were given two minutes to choose between the CS+ and CS- odours delivered through 

opposite collection tubes.  

Massed training in similar to spaced training in which two groups of flies receive 10 training session with 

separate CS+ odours, however there is no rest period between training blocks resulting in a less stable 

form of memory that is protein synthesis independent (Figure 4-3).   

Performance Index (PI) was used to evaluate memory.  

All flies were 1-3 days old. One day prior to completing the classical olfactory conditioning paradigm, flies 

were set up in bottles containing yeast-media and filter paper.   

 

4.2.3 Adapted Olfactory Learning and Memory Formation to Assay for Learning Reversal Defects  
 
Learning Reversal 

To evaluate the ability of flies to ‘re-learn’, we employed a modified version of classical olfactory 

conditioning paradigm. This paradigm in similar to the classical olfactory conditioning paradigm learning 

paradigm in that flies are presented with CS+ and CS-, but instead of immediately assessing learning 
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ability, flies are ‘re-trained’ where the CS- odour becomes the CS+ odour, and the CS+ odour becomes 

the CS-.   

Following the two training sessions flies are presented with both odours simultaneously and given two 

minutes choose between the CS+ and CS- (Figure 4-2). Performance Index (PI) was calculated based on 

the last odour used as CS+ to evaluate ability to ‘re-learn’.  

Long-Term Memory Reversal  

In order to evaluate synaptic plasticity⎯the ability of flies to ‘re-learn’ and form new long-term memories 

based on new information, we exposed flies to two rounds of spaced or massed training. Similar to 

normal spaced and massed training, two groups of flies were exposed to 10 training sessions, in which 

each group received different odours as the CS+, however following completion of 10 training sessions 

flies were trained again, but receive the opposite odour as the CS+.  

 

Following the long-term memory training and long-term memory reversal training, flies were kept at 18°C 

overnight and memory was evaluated following day by placing trained flies into T-maze, where flies were 

given two minutes to choose between the CS+ and CS- odours delivered through opposite collection 

tubes (Figure 4-3). Performance Index (PI) was calculated based on the last odour used as CS+ to 

evaluate synaptic plasticity and ability to form new memories. 

 
 

4.2.4 Task-Relevant Sensory and Motor Controls  

Sensory acuity tests are required in olfactory-based assays to eliminate the possibility that observed 

results are not due to genotype specific sensory deficits in odour discrimination, shock reactivity, or 

mobility. To test naïve odour avoidance, flies are placed in T-maze and given two minutes to choose 

between air and an odour (OCT or MCH). As both OCT and MCH are naturally aversive to flies, the flies 

should avoid the odour and position themselves on the side containing air. Naïve odour response is 

scored as Performance Index (PI).  

To test electric shock reactivity, flies are given two minutes to choose between two electrifiable cooper 

grids, one of which is connected to an electrical current while the other remains unpowered. Flies should 

avoid electrified cooper grid. Shock reactivity is scored at Performance index (PI).   
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4.2.5 Performance Index (PI) Calculation and Statistical Analysis  
One complete experiment consists of training and testing two groups of flies. The CS+ is OCT and the 

CS- is MCH for one group; the CS+ is MCH and the CS- is OCT for the second group. The performance 

index (PI) is calculated as the average of the number of flies that avoid the shock-associated odor minus 

the number of flies avoiding the control odor for each group of flies trained in one experiment.. 

Performance Index was calculated in JMP® using the following formula: 

Performance Index (PI) =  

          

 

 

PI enumerates the 

distribution of flies in the T-maze as a normalized “percent correctly avoiding the shock-paired odor” and 

ranges from 0 for a 50:50 distribution to 100 for a 100:0 distribution.  

All statistical analysis was conducted using GraphPad Prism 6.  

 

4.2.6 The Gal4-UAS Binary Expression System  

In order to manipulate gene expression, we utilized the Gal4-UAS binary expression system. The Gal4-

UAS system utilizes two modules to manipulate gene expression, a driver and a drivee. The driver, or 

Gal4transgene uses a promoter to direct gene expression (65). The drivee, or UAS-transgene contains 

the upstream activating sequence from a yeast gal promoter, which can be used to target genes of 

interest (65). The Gal4 driver binds to the UAS-transgene to promote expression of the gene of interest 

under the control of the Gal4 transcription factor (65).  

 
 

4.2.7 Genetic Crosses 

In order to determine the effect of the over-expression of armadillo/β-catenin in learning and long-term 

memory formation, we used the pan-neuronal driver Elav-Gal4 to over-expression armadillo/β-catenin.  

 

 

+   # CS- flies − # CS+ flies  

total # of flies 
x100% /2 

  # CS- flies − # CS+ flies  

total # of flies 
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Pan-neuronal overexpression of armadillo/β-catenin 

Elav-Gal4 females x P(UAS-arm.Exel)3 males  

Elav-Gal4 females x WT males  

WT females x P(UAS-arm.Exel)3 males 

WT females x WT males  

 
 
Progeny of the crosses was used for learning and long-term memory assays. Flies were anesthetized 

using CO2(g)  prior to sorting and collection. Crosses were maintained at 22°C on standard cornmeal yeast 

media.   

 
 
 

4.3 Results 

4.3.1 Research Highlights/Summary  

Wnt signaling is involved in regulating CNS development, and following development functions in 

cognition and behavior by regulating synaptic plasticity (440, 459). Depolarization of neurons results in 

the release of Wnts that activate NMDA receptors promoting dendritic spine growth and activity-

dependent synaptic structure modifications; this synaptic plasticity is pivotal to learning and memory 

formation (446, 460). Armadillo/β-catenin is the main effector of the Wnt signalling pathway and mediates 

structural changes required for learning and memory (460). Armadillo/β-catenin is regulated by Akt 

signalling, which is up-regulated in FXS (34). Armadillo/β-catenin levels are also elevated in absence of 

FMRP.  Here we show that over-expression of Armadillo/β-catenin results in learning and long-term 

memory defects and likely contributes to FXS pathology. Furthermore we demonstrate that FXS flies 

exhibit a learning reversal and long-term memory reversal defect, which may be a result of abnormal 

Armadillo/β-catenin expression resulting in synaptic function and remodeling defects.  

 

4.3.2 Pan-Neuronal Overexpression of Armadillo results in Learning and Long-Term Memory 
Defects  

Synaptic plasticity involves the rapid rearrangement of cytoskeleton structure at synapses and the 

formation of new synaptic connections (438). These changes rely on cell adhesion molecules to 

strengthen or weaken connections between pre- and post-synaptic neurons (461). Alterations in synaptic 
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structure and connectivity are mediated by cadherin-Armadillo/β-catenin complexes that are localized to 

synaptic junctions (462).  Disruption of cadherin-Armadillo/β-catenin complexes, specifically Armadillo/β-

catenin can alter synapse assembly and plasticity (426).  

In FXS the PI3K/mTOR/Akt signalling pathway is misregulated and Akt levels are elevated (33, 177). 

Given that Akt can activate Armadillo/β-catenin, and that Akt levels are evaluated in FXS, it is anticipated 

that Armadillo/β-catenin is overactive. We therefore wanted to determine if the hyperactivity of 

Armadillo/β-catenin contributes to FXS pathology.  

In order to determine how the overexpression of Armadillo/β-catenin contributes to learning and memory 

defects characteristic of FXS, we utilized the pan-neuronal driver Elav-Gal4 to drive overexpression of 

Armadillo/β-catenin. Pan-neuronal overexpression of Armadillo/β-catenin results in a significant decrease 

in learning compared to WT flies (Figure 4-4 A). Similarly, the pan-neuronal overexpression of 

Armadillo/β-catenin resulted in a significant defect in spaced training compared to WT and control flies 

(Figure 4-4 B).  

 

4.3.3 The Fragile X Syndrome Mutant FMRB55 Exhibit Impaired Learning Reversal  

NMDAR and mGluR activation triggers a signalling cascade that mediates downstream effectors of 

neuronal development, and synaptic plasticity. NMDAR mediated neural activity modifies interactions 

within the cadherin-Armadillo/β-catenin complex, resulting in the accumulation of cadherin in the plasma 

membrane, which blocks NMDAR mediated synaptic plasticity (463). In absence of FMRP, signalling 

through both NMDAR and mGluR receptors is aberrant (31).  

Utilizing a modified learning paradigm, we found that FMRB55 flies exhibited a significant defect in learning 

reversal as compared to WT flies (Figure 4-5 A,B).  

 

4.3.4 The Fragile X Syndrome Mutant FMRB55 Exhibit Long-Term Memory Reversal Defects 
FMRB55 flies exhibited a significant defect in spaced training long-term memory reversal as compared to 

WT flies (Figure 4-5 A,B). No significant defect in massed training long-term memory reversal was 

observed in FMRB55 flies as compared to WT flies (Figure 4-6 C,D).  
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4.4 Discussion  

4.4.1 The Hyperactivity of Armadillo Contributes to Learning and Long-Term Memory Defects 

Observed In Fragile X Syndrome  

mGluR signalling activates the mTOR/PI3K/Akt pathway, which results in the phosphorylation and 

inactivation of GSK-3β. GSK3 regulates Armadillo/β-catenin via the destruction complex, where it 

phosphorylates and marks Armadillo/β-catenin for degradation. However lower levels of the 

phosphorylated GSK3 protein are observed in FXS, while the total GSK3 protein levels remain the same, 

indicating GSK3 is hyperactive (345). This is counterintuitive given that Akt activity is elevated, which 

would result in the inactivation of GSK3 and an accumulation of Armadillo/β-catenin.  

 

Given that both Akt and GSK3 are hyperactive in absence of FMRP, it is possible that GSK3 is 

inadequately regulated as multiple signalling pathways converge on GSK3, many of which are 

dysregulated in FXS. Exaggerated mGluR signalling and the hyperactivity of GSK3 in FXS can be 

rescued with treatment of the mGluR inhibitor MPEP, which decreases exaggerated mGluR signalling 

and results in an increase in the levels of the phosphorylated GSK-3β protein suggesting misregulation of 

signalling between mGluR and GSK3 (345). Furthermore hyperactivity of GSK3 can be ameliorated with 

lithium, which also modulates the PI3K signalling pathway, implicating another mechanism by which 

GSK3 is misregulated (464, 465).  FMRP regulates translation of GSK3, which in turn regulates a number 

of transcription factors (18). Loss of transcriptional control by GSK3 may exacerbate the loss of 

translational control in absence of FMRP (466).  

 

Despite increased GSK3 activity, an increase in Armadillo/β-catenin levels is likely mediated through Akt. 

Akt can activate armadillo/β-catenin through direct phosphorylation, which results in its disassociation 

from adhesion connections and increases its transcriptional activity (456). As previously mentioned, Akt 

activity is elevated in FXS, suggesting that Akt increases Armadillo/β-catenin levels through direct 

interaction rather than by mediating its stability through phosphorylation of GSK3 and de-activation of the 

destruction complex.  
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Synaptic plasticity requires architectural modification of the cytoskeleton in dendrites (438). Most 

excitatory synapses terminate in dendritic spines (467, 468). Following a learning event, dendritic spines 

exhibit changes in morphology and changes in expression of Armadillo/β-catenin mRNA (469).  

Cadherin-Armadillo/β-catenin complexes exist in dendritic spines. Depolarization results in the rapid 

redistribution of Armadillo/β-catenin. Following learning, Armadillo/β-catenin is phosphorylated which 

decreases its interaction with cadherin resulting in its dissociation from cadherin-Armadillo/β-catenin 

complexes (460). This may serve to weaken synaptic connections to allow for synaptic remodeling as 

following a period of destabilization of cadherin-Armadillo/β-catenin complexes, Armadillo/β-catenin re-

localizes to the complexes to presumably strengthen new connections (460).  

The initial labile phase of memory formation, such as learning and short-term memory, does not require 

Armadillo/β-catenin and may not be affected by its dysregulation, but conversion of short-term memory 

into long-term memory requires Armadillo/β-catenin (470). This may explain why we observed mild 

learning defects when Armadillo/β-catenin was over-expressed compared to the significant defect in long-

term memory compared to WT flies when Armadillo/β-catenin was over-expressed (Figure 4-4).  

Overexpression of Armadillo/β-catenin results in a neuronal phenotype similar to that of FXS, where 

overexpression results in increased arborization (425, 471).  

 
 

4.4.2 Fragile X Syndrome Mutants FMR13 and FMRB55 Exhibit Long-Term Memory Reversal Defects 

Synaptic plasticity is the process in which activity-dependent long-term modifications within existing 

neural circuits results in alterations in the efficacy of synaptic transmission (472). Long-term modifications 

in synaptic efficacy result from long-term potentiation (LTP) and long-term depression (LTD), which 

increases or decreases synaptic efficacy respectively (31). Synaptic plasticity is mediated by the coupling 

of mGluRs and NMDARs to the mTOR/PI3K/Akt signalling pathways to regulate translation (473). FMRP 

regulates approximately 5% of mRNAs, including both pre- and post-synaptic proteins (18, 22). FMRP 

modulates approximately 30% of both pre- and post-synaptic proteins including NMDAR, mGluR, and 

mTOR (18, 235). Loss of FMRP also results in the loss of key regulators of these signalling pathways, 

including TSC2, PI3K, and GSK3 (18). In absence of FMRP mGluR signalling is exaggerated as well as 
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the signalling pathways coupled to it, resulting in an increase in mGluR mediated protein synthesis (31, 

33). 

 

FXS is characterized by defects in synaptic plasticity. mGluR activation results in the synthesis of FMRP 

which functions in synaptic plasticity by modulating translation of target mRNAs (30, 69, 474). FMRP is 

regulated by post-translational modifications, in which the phosphorylation of the protein inhibits 

translation, while translation is up-regulated when FMRP is not phosphorylated (17, 475).   

Maintenance of LTD requires rapid protein synthesis immediately following induction by mGluRs (171). In 

absence of FMRP, proteins required for LTD are over-expressed in dendrites, resulting in a protein-

synthesis independent form of plasticity (31).  Not only does FMRP regulate proteins required for LTD 

maintenance, it also regulates 62% of the mRNA coding for proteins in the mGluR complex, 31% in the 

NMDAR, and 33% in the AMPAR complex, all of which are required for the induction of LTD (18). 

Furthermore FMRP also regulates the translation of potassium channels, loss of which may alter 

excitability and threshold for LTP induction (476, 477).  

Loss of FMRP results in excessive AMPA receptor internalization in response to mGluR signalling (478). 

Stabilization of Armadillo/β-catenin results in the stabilization of cadherins in synaptic membranes 

impairing AMPA receptor endocytosis (479). Disruption of AMPA receptor endocytosis abolishes LTD 

(479). Disruption of LTD impairs learning reversal (480, 481). Stabilization of cadherin-Armadillo/β-catenin 

complexes abolishes LTD, disrupting synaptic plasticity and results in significant defects in learning 

reversal (479). LTP is achieved through the removal of AMPA receptors from synapses, and does not 

appear to be affected by stabilization of Armadillo/β-catenin (479).  

Here we show that FMRB55  flies exhibit a significant defect in learning reversal and long-term memory 

reversal compared to WT counterparts (Figure 4-4 A, B). Given that LTD involves the weakening of 

synaptic connections by altering stability and distribution of cadherin-Armadillo/β-catenin complexes, it is 

possible that the necessary weakening of existing synaptic connections is greatly impaired during the 

initial long-term memory training, and that minimal changes in synaptic connectivity is achieved through 
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the initial training and is also impaired during long-term memory reversal training. Furthermore 

Armadillo/β-catenin is required specifically in the MB for the formation of long-term memory traces (470).  

 

Because FMRP functions in the translational regulation of a significant number of neuronal mRNAs, it is 

possible that defects in learning reversal and long-term memory reversal may be mediated through a 

combination of mechanisms.   

Neuronal excitability is regulated by γ-amino butyric acid (GABA), the primary inhibitory neurotransmitter 

in the CNS (482). Olfactory neural circuits that mediate learning and memory formation are highly 

innervated by GABAergic interneurons and thus subject to regulation by GABA. Mushroom bodies (MB) 

have been identified as a critical component of the olfactory neural circuit required for learning and 

memory in Drosophila and has recently been implicated in learning reversal (254, 370, 483-485). The MB 

is also highly innervated by GABAergic interneurons which have been shown to function in olfactory 

memory formation (95, 486). In the MB, anterior paired lateral neurons (APL) provide the source of 

GABAergic modulation (96, 487, 488). Intracellular calcium levels increase in APL neurons in response to 

delivery of odours and electrical shocks, resulting in neurotransmitter release (489). Inhibition of GABA 

release enhances classical learning and memory formation, but impairs learning reversal (483, 485-487, 

490). Reducing GABA in APL neurons is a physiological and not development effect that impairs the flies’ 

ability to suppress initial memory in reversal training (483, 485).  

GABA receptor subunits are targets of FMRP translational regulation (367, 491, 492). In absence of 

FMRP the GABA signalling is down-regulated. In FXS models there is a significant reduction in the 

number of GABA receptor subunits, proteins required for GABA transport and GABA catabolism, GABA 

synthesis, as well as a significant decrease of GABAergic inputs into multiple brain regions (493).  

Changes in the cytoskeleton of dendritic spines are mediated by the small GTPase, Rac1 (169, 494). 

Rac1 functions in the structural plasticity of dendritic spines by regulating actin polymerization in response 

to activation by glutamatergic activity required for LTP (169, 495, 496). Rac1 and FMRP are both located 

in the dendritic spines, where FMRP has been suggested to regulate spine morphology through Rac1 

(497).  In FXS, Rac1 is up-regulated (498). Rac1 is required for learning reversal but not initial learning 

(499).  Elevated Rac1 in the MB results in accelerated memory decay (500).  
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Here we demonstrate the FXS mutant, FMRB55 exhibit a significant defect in learning reversal and long-

term memory reversal compared to WT counterparts (Figure 4-5 B; 4-6 B, D).  Given that GABA is down 

regulated in FXS, and inhibition of GABA transmission has been associated with learning reversal 

defects, it is likely that the down-regulation of GABA in FXS is responsible for the observed learning and 

long-term memory reversal defects. Furthermore Rac1 levels are elevated in absence of FMRP, 

suggesting that FMRP is required to maintain optimal protein levels required for remodeling of the 

cytoskeleton during activity-dependent plasticity (500). 
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Figure 4-1. Wnt signalling at the synapse.  
Initiation of Wnt signalling stabilizes β-catenin/Armadillo by preventing assembly of the destruction 
complex, resulting in the translocation of β-catenin/Armadillo into the nucleus and subsequent 
transcription of Wnt targeted genes.  
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Figure 4-2. Learning and learning reversal protocol.  
In the traditional learning protocol, flies are exposed to two odours sequentially one of which is paired with 
a foot-shock and immediately tested to evaluate if the flies were able to learn to avoid the odour paired 
with the foot-shock. The learning reversal protocol is similar to the learning protocol in that flies are 
presented with 2 odours, one of which is paired with a foot-shock but instead of testing the flies 
immediately, instead flies are then ‘re-trained’ where the flies are presented with the same 2 odours 
again, but the second odour is now paired with a foot-shock. Following ‘re-training’ the flies are then 
tested in order to determine if they were able to ‘re-learn’.  

 
 
 
 
 
 
 
 
 
 



 

 93 

 

 

Figure 4-3. Long-term memory and long-term memory reversal protocol.  
In the traditional spaced or massed training paradigm, flies undergo 10 training sessions, either with or 
without a 15 minutes rest period between training sessions, where they are exposed to two odours, one 
of which is paired with a foot-shock. Following the 10 training sessions flies are left at 18°C overnight and 
their 1-day memory is tested the following day. In the long-term memory reversal paradigm, flies under go 
10 sessions of training where one odour is paired with a foot-shock, but following completion of training, 
flies are then ‘re-trained’ and undergo 10 sessions of training where the opposite odour is now paired with 
a foot-shock.   
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Figure 4-4. Pan-neuronal overexpression of armadillo/β-catenin results in learning and long-term 
memory defects.  
(A) Learning was significantly lower in Elav-Gal4:P(UAS-arm.Exel)3 flies compared to WT flies (ANOVA 
P= 0.0401;N=7). 
(B) Elav-Gal4:P(UAS-arm.Exel)3 flies exhibit significant defect in long-term memory compared to WT flies 
(ANOVA P<0.0001;N=8). All graphs depict mean ± S.E.M. 
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Figure 4-5. The Fragile X Syndrome mutant FMRB55 exhibits impaired learning reversal.   
(A) FMRB55 flies exhibit significantly lower learning compared to WT flies (T-test P<0.0001;N=5).  
(B) Learning reversal is significantly lower in FMRB55 flies compared to WT flies (T-test P=0.0002;N=8). 
All graphs depict mean ± S.E.M. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 96 

 
 
 
 
Figure 4-6. The Fragile X Syndrome mutant FMRB55 exhibits long-term memory reversal defects. 
(A) FMRB55 flies exhibit a defect in one-day memory following spaced training (T-test P=0.0001;N=6). 
(B) One-day memory following spaced training reversal is significantly lower in FMRB55 flies compared to 
WT flies (T-test P<0.0001;N=6). 
(C) FMRB55 flies exhibit no significant defect in one-day memory following massed training compared to 
WT flies (T-test P=0.4863;N=6). 
(D) One-day memory following massed training reversal was not significantly different in FMRB55 flies 
compared to WT flies (T-test P=0.1287;N=6). All graphs depict mean ± S.E.M. 
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CHAPTER 5- General Conclusions 
 
Fragile X Syndrome is the most common form of inherited intellectual disability and the largest single 

genetic cause of autism. Fragile X Syndrome is caused by the loss of the Fragile X Mental Retardation 

Protein (FMRP) due to the expansion of CGG trinucleotide repeats in the 5’UTR of the FMR1 gene 

resulting in methylation and silencing of the gene (2). FMRP is an RNA-binding protein that functions in 

the metabolism of neuronal mRNAs. FMRPs major function is to regulation the translation of target 

mRNAs, the absence of which results in a pathological increase in protein synthesis. FMRP functions in 

translation regulation by modulating mRNA stability, mRNA transport, and translation repression or 

activation of target mRNAs.   

 

The development and modulation of neuronal networks requires the precise temporal and spatial 

regulation of gene expression. In absence of FMRP several physiological processes required for the 

establishment of neural circuits are disrupted including neurogenesis, axonal pathfinding, neuronal 

development, and synaptic plasticity. As a result dendritic spine dysmorphologies are a neuropathological 

hallmark of Fragile X Syndrome. Abnormalities in neuronal architecture result in perturbation of 

information processing, which relies on intracellular signalling pathways for signal transduction between 

processing centres.  In absence of FMRP several signalling pathways are mis-regulated including mGluR, 

mTOR/PI3K/Akt, cAMP, and Wnt (31, 33, 34, 327).   

 

The transmission and processing of sensory information occurs in genetically pre-determined neuronal 

networks established during development. Abnormal gene expression within complex gene networks 

results in abnormalities in information processing due to perturbations in neural connectivity and 

ultimately dysfunction within complex neuronal networks (304). Our results suggest that FMRP is required 

developmentally to regulate cAMP signalling in the establishment of neuronal networks that mediate dSO 

sensory processing and avoidance behaviour, specifically FMRP is required in the MB for higher-order 

processing, where loss of FMRP results in neuronal structural and functional defects (205). Furthermore 

we show that cyclic adenosine monophosphate (cAMP) is required for avoidance and identify the cAMP 

cascade as a key signalling pathway underlying avoidance behaviour dysfunction in FXS. Through 
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pharmacological intervention targeting the misregulated cAMP pathway we show that defects in dSO 

avoidance behaviour exhibited by loss of FMRP can be ameliorated thus demonstrating the ability to treat 

a developmental abnormality post-development.  

Although we were able to identify a signalling pathway misregulated in absence of FMRP and implicate its 

dysfunction in the defective dSO avoidance behaviour exhibited by Fragile X Syndrome flies, it is likely 

that other signalling pathways also contribute to the suspected defect in the processing of sensory 

information exhibited. Intracellular signalling pathways do not exist as discrete cascades, rather they 

interact through sharing signalling intermediates and act in the regulation of one another. This provides a 

challenge in identifying potential therapeutic targets given the degree of interaction between the 

pathways. Although we targeted the cAMP pathway for pharmacological rescue and demonstrate that 

Fragile X Syndrome flies exhibit increased dSO avoidance behaviour following 5-day treatment with 

lithium likely due to increase in cAMP levels as prolonged lithium administration results in an increase in 

cAMP, these results also implicate Wnt signalling dysfunction in dSO avoidance behaviour as lithium is 

also a GSK3 inhibitor (501). Future research will be required to identify other signalling pathways that 

mediate dSO avoidance and how dysfunction within these pathways contribute to deficits in dSO 

avoidance behaviour in order to fully understand the mechanism underlying defects and the most 

effective targets for pharmacological intervention.  

 

Neuronal activity is crucial in the formation and refinement of neural circuits by initiating changes in 

synaptic morphology and strength of synaptic connections. The Wnt signalling pathway mediates 

changes in synaptic connections in response to neuronal activity in mature neurons. Armadillo/β-catenin 

is key regulator of bidirectional changes in synaptic structure and strength and considered to be the “hub” 

of synaptic plasticity as it functions in activity-dependent synaptic remodeling and regulation of activity 

related Wnt targeted genes (502). Armadillo/β-catenin forms complexes with the cell adhesion molecule 

cadherin. Cadherin-armadillo/β-catenin complexes are regulated by neuronal activity and function in the 

organization of cytoskeleton components and connections between pre- and post-synaptic terminals 

(446, 503). Neuronal activity also increases FMRP expression, function, and its localization at synaptic 

sites, where FMRP negatively regulates Armadillo/β-catenin (155, 188). Armadillo/β-catenin regulates the 
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organization of cytoskeleton components and mediates connections between pre- and post-synaptic 

terminals in an FMRP-dependent manner.  

Our results show that the pan-neuronal over-expression of Armadillo/β-catenin results in a significant 

defect in both learning and long-term memory. In absence of FMRP the mTOR/PI3K/Akt signalling 

pathway is misregulated resulting in an increase in Akt activity, which enhances the stabilization of 

Armadillo/β-catenin thereby blocking changes in synaptic plasticity suggesting that in the absence of 

FMRP, Armadillo/β-catenin contributes to pathophysiology of Fragile X Syndrome (503).   

We also demonstrate that FMRP-deficient flies exhibit a significant deficit in learning reversal and long-

term memory reversal.  We anticipate that the over-expression of Armadillo/β-catenin may also be one of 

many mechanisms underlying the impairment in learning reversal and long-term memory reversal 

exhibited by Fragile X Syndrome. This hypothesis still requires additional experiments to verify, including 

examining how the over-expression of Armadillo/β-catenin independent of FMRP influences learning 

reversal and long-term memory reversal.  

Although there is a significant amount of research verifying that armadillo/β-catenin functions in synaptic 

plasticity, Armadillo/β-catenin also interacts with multiple signalling proteins such as catenin, PI3K, and 

APC (504). Cadherins can recruit and bind to a second family of catenins, p120-catenins which can 

activate Rac activity (505-507). Rac also functions in mediating cytoskeleton structure in an FMRP-

dependent manner and has been implicated in learning and memory reversal (499, 500).  

The complex nature of signalling pathways that exhibit dysfunction in absence of FMRP provides a 

significant challenge in identifying effective therapeutic targets.   

Further research will be required to determine how the simultaneous the loss of FMRP and over-

expression of armadillo/β-catenin contributes to Fragile X Syndrome pathology, and whether targeting 

Armadillo/β-catenin dysfunction would re-establish synaptic plasticity in FMRP deficient synapses.  

 

Fragile X Syndrome is a complex neurodevelopmental disorder characterized by misregulation of protein 

synthesis and dysfunction within multiple signalling pathways. The complexity and extent of interactions 

between dysfunctional signalling pathways in Fragile X Syndrome provides a challenge in identifying 

effective therapeutic targets. Current pharmaceuticals in preclinical or clinical trials target only one aspect 
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of misregulation in Fragile X Syndrome. Pharmaceuticals currently in clinical trial phases are aimed at 

reducing activity of signal transduction from mGluR receptors, including mGluR blockers, GABA agonists, 

AMPA activators, and GSK3 inhibitors (508).  Only targeting one aspect of misregulation will likely not 

treat the multitude of dysfunction. 

Here we highlight two signalling pathways underlying Fragile X Syndrome neuropathology, the cAMP 

signalling pathway and the Wnt signalling pathway. Although they are separate pathways, both have 

similar functions. The cAMP and Wnt signalling pathways both function in neurogenesis, neuronal 

development, and synaptic plasticity.  

We identify cAMP as an effective therapeutic target for ameliorating sensory processing defects present 

in Fragile X Syndrome. Moreover we were able to ameliorate processing defects by targeting cAMP 

misregulation through multiple mechanisms; AC stimulation, PDE inhibition, and administration of a cAMP 

analog.  Clinically this would provide flexibility in a course of treatment as there are multiple mechanisms 

to target cAMP dysregulation, providing a greater opportunity for clinical efficacy.  

We also identify the overexpression of Armadillo/β-catenin as a possible mechanism contributing to 

Fragile X Syndrome pathology.  

Collectively our results highlight that there are multiple pathways to dysfunction and many ways in which 

to treat it. It is likely that the most effective treatments will be targeted at treating multiple mechanisms of 

dysfunction underlying Fragile X Syndrome. Furthermore we also identified existing gaps in our 

understanding of the processing of olfactory information processing as well as the role of Armadillo/β-

catenin in FXS.  

Future research should examine role of FMRP in the antennal lobe, lateral horn, and olfactory receptor 

neurons in mediating dSO avoidance behaviour by using tissue specific drivers to knockdown and 

overexpress FMRP in each region both throughout development and acutely in adults. Further studies 

could also localize the requirement of cAMP in mediating dSO avoidance behaviour by using tissue 

specific drivers to knockdown and overexpress cAMP levels by manipulating AC and PDE activity in the 

antennal lobe, lateral horn, mushroom body, and olfactory receptor neurons. Moreover blocking 

neurotransmitter release using the temperature sensitive dominant-negative mutant of dynamin, UAS-

Shits in the antennal lobe, lateral horn, and mushroom body could be used to determine which structures 
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are essential for information processing involved in modulating avoidance behaviour. These results would 

provide additional insight into information processing required for dSO avoidance and possibly allow for 

the identification of new therapeutic targets.  

Here we also show that the overexpression of Armadillo/β-catenin results in significant learning and long-

term memory defects. This result is a stepping-stone in providing new insight into the pathology of FXS. 

Further research should utilize tissue specific drivers to determine the spatial and temporal requirements 

of Armadillo/β-catenin in learning and long-term memory, as well as in learning and long-term memory 

reversal.  To further elucidate the role of Armadillo/β-catenin in FXS pathology, generating a cross 

between Armadillo/β-catenin mutants and FXS mutants would provide insight into genetic interactions 

between these two alleles.   

Results from these experiments would provide novel insight into the pathology of FXS and aid in the 

development of new treatment strategies and therapeutic targets.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 102 

References 
 

1. W. T. O'Donnell, S. T. Warren, A decade of molecular studies of fragile X syndrome. Annual 
review of neuroscience 25, 315-338 (2002)10.1146/annurev.neuro.25.112701.142909). 

2. T. Wang, S. M. Bray, S. T. Warren, New perspectives on the biology of fragile X syndrome. 
Current opinion in genetics & development 22, 256-263 (2012); published online EpubJun 

(10.1016/j.gde.2012.02.002). 
3. M. R. Santoro, S. M. Bray, S. T. Warren, Molecular mechanisms of fragile X syndrome: a twenty-
year perspective. Annual review of pathology 7, 219-245 (2012)10.1146/annurev-pathol-011811-132457). 

4. K. Garber, K. T. Smith, D. Reines, S. T. Warren, Transcription, translation and fragile X 
syndrome. Current opinion in genetics & development 16, 270-275 (2006); published online EpubJun 

(10.1016/j.gde.2006.04.010). 
5. P. Jin, R. S. Alisch, S. T. Warren, RNA and microRNAs in fragile X mental retardation. Nature cell 

biology 6, 1048-1053 (2004); published online EpubNov (10.1038/ncb1104-1048). 
6. S. Jacquemont, R. J. Hagerman, P. J. Hagerman, M. A. Leehey, Fragile-X syndrome and fragile 

X-associated tremor/ataxia syndrome: two faces of FMR1. The Lancet. Neurology 6, 45-55 (2007); 
published online EpubJan (10.1016/S1474-4422(06)70676-7). 

7. A. K. Sullivan, M. Marcus, M. P. Epstein, E. G. Allen, A. E. Anido, J. J. Paquin, M. Yadav-Shah, 
S. L. Sherman, Association of FMR1 repeat size with ovarian dysfunction. Human reproduction 20, 402-

412 (2005); published online EpubFeb (10.1093/humrep/deh635). 
8. S. L. Sherman, Premature ovarian failure among fragile X premutation carriers: parent-of-origin 

effect? American journal of human genetics 67, 11-13 (2000); published online EpubJul 
(10.1086/302985). 

9. C. T. Ashley, Jr., K. D. Wilkinson, D. Reines, S. T. Warren, FMR1 protein: conserved RNP family 
domains and selective RNA binding. Science 262, 563-566 (1993); published online EpubOct 22 ( 

10. S. Adinolfi, C. Bagni, G. Musco, T. Gibson, L. Mazzarella, A. Pastore, Dissecting FMR1, the 
protein responsible for fragile X syndrome, in its structural and functional domains. Rna 5, 1248-1258 

(1999); published online EpubSep ( 
11. F. Zalfa, M. Giorgi, B. Primerano, A. Moro, A. Di Penta, S. Reis, B. Oostra, C. Bagni, The fragile 
X syndrome protein FMRP associates with BC1 RNA and regulates the translation of specific mRNAs at 

synapses. Cell 112, 317-327 (2003); published online EpubFeb 7 ( 
12. J. C. Darnell, K. B. Jensen, P. Jin, V. Brown, S. T. Warren, R. B. Darnell, Fragile X mental 

retardation protein targets G quartet mRNAs important for neuronal function. Cell 107, 489-499 (2001); 
published online EpubNov 16 ( 

13. J. C. Darnell, O. Mostovetsky, R. B. Darnell, FMRP RNA targets: identification and validation. 
Genes, brain, and behavior 4, 341-349 (2005); published online EpubAug (10.1111/j.1601-

183X.2005.00144.x). 
14. C. Schaeffer, B. Bardoni, J. L. Mandel, B. Ehresmann, C. Ehresmann, H. Moine, The fragile X 

mental retardation protein binds specifically to its mRNA via a purine quartet motif. The EMBO journal 20, 
4803-4813 (2001); published online EpubSep 3 (10.1093/emboj/20.17.4803). 

15. K. De Boulle, A. J. Verkerk, E. Reyniers, L. Vits, J. Hendrickx, B. Van Roy, F. Van den Bos, E. de 
Graaff, B. A. Oostra, P. J. Willems, A point mutation in the FMR-1 gene associated with fragile X mental 

retardation. Nature genetics 3, 31-35 (1993); published online EpubJan (10.1038/ng0193-31). 
16. Y. Feng, D. Absher, D. E. Eberhart, V. Brown, H. E. Malter, S. T. Warren, FMRP associates with 

polyribosomes as an mRNP, and the I304N mutation of severe fragile X syndrome abolishes this 
association. Molecular cell 1, 109-118 (1997); published online EpubDec ( 

17. S. Ceman, W. T. O'Donnell, M. Reed, S. Patton, J. Pohl, S. T. Warren, Phosphorylation 
influences the translation state of FMRP-associated polyribosomes. Human molecular genetics 12, 3295-

3305 (2003); published online EpubDec 15 (10.1093/hmg/ddg350). 
18. J. C. Darnell, S. J. Van Driesche, C. Zhang, K. Y. Hung, A. Mele, C. E. Fraser, E. F. Stone, C. 

Chen, J. J. Fak, S. W. Chi, D. D. Licatalosi, J. D. Richter, R. B. Darnell, FMRP stalls ribosomal 
translocation on mRNAs linked to synaptic function and autism. Cell 146, 247-261 (2011); published 

online EpubJul 22 (10.1016/j.cell.2011.06.013). 
19. I. Napoli, V. Mercaldo, P. P. Boyl, B. Eleuteri, F. Zalfa, S. De Rubeis, D. Di Marino, E. Mohr, M. 

Massimi, M. Falconi, W. Witke, M. Costa-Mattioli, N. Sonenberg, T. Achsel, C. Bagni, The fragile X 



 

 103 

syndrome protein represses activity-dependent translation through CYFIP1, a new 4E-BP. Cell 134, 
1042-1054 (2008); published online EpubSep 19 (10.1016/j.cell.2008.07.031). 

20. P. Jin, D. C. Zarnescu, S. Ceman, M. Nakamoto, J. Mowrey, T. A. Jongens, D. L. Nelson, K. 
Moses, S. T. Warren, Biochemical and genetic interaction between the fragile X mental retardation 

protein and the microRNA pathway. Nature neuroscience 7, 113-117 (2004); published online EpubFeb 
(10.1038/nn1174). 

21. Y. J. Sung, J. Conti, J. R. Currie, W. T. Brown, R. B. Denman, RNAs that interact with the fragile 
X syndrome RNA binding protein FMRP. Biochemical and biophysical research communications 275, 

973-980 (2000); published online EpubSep 7 (10.1006/bbrc.2000.3405). 
22. V. Brown, P. Jin, S. Ceman, J. C. Darnell, W. T. O'Donnell, S. A. Tenenbaum, X. Jin, Y. Feng, K. 
D. Wilkinson, J. D. Keene, R. B. Darnell, S. T. Warren, Microarray identification of FMRP-associated brain 

mRNAs and altered mRNA translational profiles in fragile X syndrome. Cell 107, 477-487 (2001); 
published online EpubNov 16 ( 

23. D. E. Eberhart, H. E. Malter, Y. Feng, S. T. Warren, The fragile X mental retardation protein is a 
ribonucleoprotein containing both nuclear localization and nuclear export signals. Human molecular 

genetics 5, 1083-1091 (1996); published online EpubAug ( 
24. L. N. Antar, J. B. Dictenberg, M. Plociniak, R. Afroz, G. J. Bassell, Localization of FMRP-
associated mRNA granules and requirement of microtubules for activity-dependent trafficking in 
hippocampal neurons. Genes, brain, and behavior 4, 350-359 (2005); published online EpubAug 

(10.1111/j.1601-183X.2005.00128.x). 
25. L. N. Antar, R. Afroz, J. B. Dictenberg, R. C. Carroll, G. J. Bassell, Metabotropic glutamate 

receptor activation regulates fragile x mental retardation protein and FMR1 mRNA localization 
differentially in dendrites and at synapses. The Journal of neuroscience : the official journal of the Society 

for Neuroscience 24, 2648-2655 (2004); published online EpubMar 17 (10.1523/JNEUROSCI.0099-
04.2004). 

26. J. A. Ronesi, K. M. Huber, Metabotropic glutamate receptors and fragile x mental retardation 
protein: partners in translational regulation at the synapse. Science signaling 1, pe6 

(2008)10.1126/stke.15pe6). 
27. J. R. Gibson, A. F. Bartley, S. A. Hays, K. M. Huber, Imbalance of neocortical excitation and 

inhibition and altered UP states reflect network hyperexcitability in the mouse model of fragile X 
syndrome. Journal of neurophysiology 100, 2615-2626 (2008); published online EpubNov 

(10.1152/jn.90752.2008). 
28. S. M. Till, The developmental roles of FMRP. Biochemical Society transactions 38, 507-510 

(2010); published online EpubApr (10.1042/BST0380507). 
29. G. J. Bassell, S. T. Warren, Fragile X syndrome: loss of local mRNA regulation alters synaptic 

development and function. Neuron 60, 201-214 (2008); published online EpubOct 23 
(10.1016/j.neuron.2008.10.004). 

30. K. M. Huber, S. M. Gallagher, S. T. Warren, M. F. Bear, Altered synaptic plasticity in a mouse 
model of fragile X mental retardation. Proceedings of the National Academy of Sciences of the United 
States of America 99, 7746-7750 (2002); published online EpubMay 28 (10.1073/pnas.122205699). 

31. M. F. Bear, K. M. Huber, S. T. Warren, The mGluR theory of fragile X mental retardation. Trends 
in neurosciences 27, 370-377 (2004); published online EpubJul (10.1016/j.tins.2004.04.009). 

32. M. Qin, K. C. Schmidt, A. J. Zametkin, S. Bishu, L. M. Horowitz, T. V. Burlin, Z. Xia, T. Huang, Z. 
M. Quezado, C. B. Smith, Altered cerebral protein synthesis in fragile X syndrome: studies in human 

subjects and knockout mice. Journal of cerebral blood flow and metabolism : official journal of the 
International Society of Cerebral Blood Flow and Metabolism 33, 499-507 (2013); published online 

EpubApr (10.1038/jcbfm.2012.205). 
33. A. Sharma, C. A. Hoeffer, Y. Takayasu, T. Miyawaki, S. M. McBride, E. Klann, R. S. Zukin, 

Dysregulation of mTOR signaling in fragile X syndrome. The Journal of neuroscience : the official journal 
of the Society for Neuroscience 30, 694-702 (2010); published online EpubJan 13 

(10.1523/JNEUROSCI.3696-09.2010). 
34. J. Chen, I. Alberts, X. Li, Dysregulation of the IGF-I/PI3K/AKT/mTOR signaling pathway in autism 

spectrum disorders. International journal of developmental neuroscience : the official journal of the 
International Society for Developmental Neuroscience 35, 35-41 (2014); published online EpubJun 

(10.1016/j.ijdevneu.2014.03.006). 



 

 104 

35. E. G. Bechara, M. C. Didiot, M. Melko, L. Davidovic, M. Bensaid, P. Martin, M. Castets, P. 
Pognonec, E. W. Khandjian, H. Moine, B. Bardoni, A novel function for fragile X mental retardation protein 

in translational activation. PLoS biology 7, e16 (2009); published online EpubJan 20 
(10.1371/journal.pbio.1000016). 

36. B. Coffee, K. Keith, I. Albizua, T. Malone, J. Mowrey, S. L. Sherman, S. T. Warren, Incidence of 
fragile X syndrome by newborn screening for methylated FMR1 DNA. American journal of human 

genetics 85, 503-514 (2009); published online EpubOct (10.1016/j.ajhg.2009.09.007). 
37. M. M. Mazzocco, Advances in research on the fragile X syndrome. Mental retardation and 

developmental disabilities research reviews 6, 96-106 (2000)10.1002/1098-2779(2000)6:2<96::AID-
MRDD3>3.0.CO;2-H). 

38. B. Maes, J. P. Fryns, P. Ghesquiere, M. Borghgraef, Phenotypic checklist to screen for fragile X 
syndrome in people with mental retardation. Mental retardation 38, 207-215 (2000); published online 

EpubJun (10.1352/0047-6765(2000)038<0207:PCTSFF>2.0.CO;2). 
39. K. B. Garber, J. Visootsak, S. T. Warren, Fragile X syndrome. European journal of human 

genetics : EJHG 16, 666-672 (2008); published online EpubJun (10.1038/ejhg.2008.61). 
40. M. Aziz, E. Stathopulu, M. Callias, C. Taylor, J. Turk, B. Oostra, R. Willemsen, M. Patton, Clinical 

features of boys with fragile X premutations and intermediate alleles. American journal of medical 
genetics. Part B, Neuropsychiatric genetics : the official publication of the International Society of 

Psychiatric Genetics 121B, 119-127 (2003); published online EpubAug 15 (10.1002/ajmg.b.20030). 
41. M. B. Kemper, R. J. Hagerman, D. Altshul-Stark, Cognitive profiles of boys with the fragile X 

syndrome. American journal of medical genetics 30, 191-200 (1988); published online EpubMay-Jun ( 
42. F. Zalfa, C. Bagni, Molecular insights into mental retardation: multiple functions for the Fragile X 

mental retardation protein? Current issues in molecular biology 6, 73-88 (2004); published online EpubJul 
( 

43. R. J. Hagerman, M. Y. Ono, P. J. Hagerman, Recent advances in fragile X: a model for autism 
and neurodegeneration. Current opinion in psychiatry 18, 490-496 (2005); published online EpubSep 

(10.1097/01.yco.0000179485.39520.b0). 
44. A. S. Kau, E. Tierney, I. Bukelis, M. H. Stump, W. R. Kates, W. H. Trescher, W. E. Kaufmann, 

Social behavior profile in young males with fragile X syndrome: characteristics and specificity. American 
journal of medical genetics. Part A 126A, 9-17 (2004); published online EpubApr 1 

(10.1002/ajmg.a.20218). 
45. L. W. Wang, E. Berry-Kravis, R. J. Hagerman, Fragile X: leading the way for targeted treatments 
in autism. Neurotherapeutics : the journal of the American Society for Experimental NeuroTherapeutics 7, 

264-274 (2010); published online EpubJul (10.1016/j.nurt.2010.05.005). 
46. D. Z. Loesch, R. M. Huggins, R. J. Hagerman, Phenotypic variation and FMRP levels in fragile X. 

Mental retardation and developmental disabilities research reviews 10, 31-41 
(2004)10.1002/mrdd.20006). 

47. W. E. Kaufmann, R. Cortell, A. S. Kau, I. Bukelis, E. Tierney, R. M. Gray, C. Cox, G. T. Capone, 
P. Stanard, Autism spectrum disorder in fragile X syndrome: communication, social interaction, and 

specific behaviors. American journal of medical genetics. Part A 129A, 225-234 (2004); published online 
EpubSep 1 (10.1002/ajmg.a.30229). 

48. S. L. Hartley, M. M. Seltzer, M. Raspa, M. Olmstead, E. Bishop, D. B. Bailey, Exploring the adult 
life of men and women with fragile X syndrome: results from a national survey. American journal on 

intellectual and developmental disabilities 116, 16-35 (2011); published online EpubJan (10.1352/1944-
7558-116.1.16). 

49. D. B. Bailey, Jr., M. Raspa, E. Bishop, D. Holiday, No change in the age of diagnosis for fragile x 
syndrome: findings from a national parent survey. Pediatrics 124, 527-533 (2009); published online 

EpubAug (10.1542/peds.2008-2992). 
50. S. Sherman, B. A. Pletcher, D. A. Driscoll, Fragile X syndrome: diagnostic and carrier testing. 
Genetics in medicine : official journal of the American College of Medical Genetics 7, 584-587 (2005); 

published online EpubOct (10.109701.GIM.0000182468.22666.dd). 
51. A. McConkie-Rosell, L. Abrams, B. Finucane, A. Cronister, L. W. Gane, S. M. Coffey, S. 
Sherman, L. M. Nelson, E. Berry-Kravis, D. Hessl, S. Chiu, N. Street, A. Vatave, R. J. Hagerman, 

Recommendations from multi-disciplinary focus groups on cascade testing and genetic counseling for 
fragile X-associated disorders. Journal of genetic counseling 16, 593-606 (2007); published online 

EpubOct (10.1007/s10897-007-9099-y). 



 

 105 

52. R. J. Hagerman, E. Berry-Kravis, W. E. Kaufmann, M. Y. Ono, N. Tartaglia, A. Lachiewicz, R. 
Kronk, C. Delahunty, D. Hessl, J. Visootsak, J. Picker, L. Gane, M. Tranfaglia, Advances in the treatment 
of fragile X syndrome. Pediatrics 123, 378-390 (2009); published online EpubJan (10.1542/peds.2008-

0317). 
53. E. Berry-Kravis, A. Sumis, C. Hervey, S. Mathur, Clinic-based retrospective analysis of 

psychopharmacology for behavior in fragile x syndrome. International journal of pediatrics 2012, 843016 
(2012)10.1155/2012/843016). 

54. H. J. Bellen, C. Tong, H. Tsuda, 100 years of Drosophila research and its impact on vertebrate 
neuroscience: a history lesson for the future. Nature reviews. Neuroscience 11, 514-522 (2010); 

published online EpubJul (10.1038/nrn2839). 
55. L. T. Reiter, L. Potocki, S. Chien, M. Gribskov, E. Bier, A systematic analysis of human disease-

associated gene sequences in Drosophila melanogaster. Genome research 11, 1114-1125 (2001); 
published online EpubJun (10.1101/gr.169101). 

56. S. Chien, L. T. Reiter, E. Bier, M. Gribskov, Homophila: human disease gene cognates in 
Drosophila. Nucleic acids research 30, 149-151 (2002); published online EpubJan 1 ( 

57. M. van der Voet, B. Nijhof, M. A. Oortveld, A. Schenck, Drosophila models of early onset 
cognitive disorders and their clinical applications. Neuroscience and biobehavioral reviews 46 Pt 2, 326-

342 (2014); published online EpubOct (10.1016/j.neubiorev.2014.01.013). 
58. A. G. Mendonca, R. J. Alves, J. B. Pereira-Leal, Loss of genetic redundancy in reductive genome 

evolution. PLoS computational biology 7, e1001082 (2011); published online EpubFeb 
(10.1371/journal.pcbi.1001082). 

59. E. Bier, Drosophila, the golden bug, emerges as a tool for human genetics. Nature reviews. 
Genetics 6, 9-23 (2005); published online EpubJan (10.1038/nrg1503). 

60. R. Allada, B. Y. Chung, Circadian organization of behavior and physiology in Drosophila. Annual 
review of physiology 72, 605-624 (2010)10.1146/annurev-physiol-021909-135815). 

61. K. R. Kaun, A. V. Devineni, U. Heberlein, Drosophila melanogaster as a model to study drug 
addiction. Human genetics 131, 959-975 (2012); published online EpubJun (10.1007/s00439-012-1146-

6). 
62. A. Sehgal, E. Mignot, Genetics of sleep and sleep disorders. Cell 146, 194-207 (2011); published 

online EpubJul 22 (10.1016/j.cell.2011.07.004). 
63. F. V. Bolduc, D. Valente, A. T. Nguyen, P. P. Mitra, T. Tully, An assay for social interaction in 

Drosophila fragile X mutants. Fly 4, 216-225 (2010); published online EpubJul-Sep 
(10.4161/fly.4.3.12280). 

64. S. M. McBride, A. J. Bell, T. A. Jongens, Behavior in a Drosophila model of fragile X. Results and 
problems in cell differentiation 54, 83-117 (2012)10.1007/978-3-642-21649-7_6). 

65. A. H. Brand, N. Perrimon, Targeted gene expression as a means of altering cell fates and 
generating dominant phenotypes. Development 118, 401-415 (1993); published online EpubJun ( 

66. J. B. Duffy, GAL4 system in Drosophila: a fly geneticist's Swiss army knife. Genesis 34, 1-15 
(2002); published online EpubSep-Oct (10.1002/gene.10150). 

67. K. A. Matthews, T. C. Kaufman, W. M. Gelbart, Research resources for Drosophila: the 
expanding universe. Nature reviews. Genetics 6, 179-193 (2005); published online EpubMar 

(10.1038/nrg1554). 
68. L. Wan, T. C. Dockendorff, T. A. Jongens, G. Dreyfuss, Characterization of dFMR1, a Drosophila 

melanogaster homolog of the fragile X mental retardation protein. Molecular and cellular biology 20, 
8536-8547 (2000); published online EpubNov ( 

69. B. Laggerbauer, D. Ostareck, E. M. Keidel, A. Ostareck-Lederer, U. Fischer, Evidence that fragile 
X mental retardation protein is a negative regulator of translation. Human molecular genetics 10, 329-338 

(2001); published online EpubFeb 15 ( 
70. Y. Q. Zhang, K. Broadie, Fathoming fragile X in fruit flies. Trends in genetics : TIG 21, 37-45 

(2005); published online EpubJan (10.1016/j.tig.2004.11.003). 
71. R. F. Kooy, Of mice and the fragile X syndrome. Trends in genetics : TIG 19, 148-154 (2003); 

published online EpubMar ( 
72. C. E. Bakker, B. A. Oostra, Understanding fragile X syndrome: insights from animal models. 

Cytogenetic and genome research 100, 111-123 (2003)72845). 
73. S. M. McBride, C. H. Choi, Y. Wang, D. Liebelt, E. Braunstein, D. Ferreiro, A. Sehgal, K. K. 

Siwicki, T. C. Dockendorff, H. T. Nguyen, T. V. McDonald, T. A. Jongens, Pharmacological rescue of 



 

 106 

synaptic plasticity, courtship behavior, and mushroom body defects in a Drosophila model of fragile X 
syndrome. Neuron 45, 753-764 (2005); published online EpubMar 3 (10.1016/j.neuron.2005.01.038). 

74. J. Morales, P. R. Hiesinger, A. J. Schroeder, K. Kume, P. Verstreken, F. R. Jackson, D. L. 
Nelson, B. A. Hassan, Drosophila fragile X protein, DFXR, regulates neuronal morphology and function in 

the brain. Neuron 34, 961-972 (2002); published online EpubJun 13 ( 
75. T. C. Dockendorff, H. S. Su, S. M. McBride, Z. Yang, C. H. Choi, K. K. Siwicki, A. Sehgal, T. A. 

Jongens, Drosophila lacking dfmr1 activity show defects in circadian output and fail to maintain courtship 
interest. Neuron 34, 973-984 (2002); published online EpubJun 13 ( 

76. Y. Q. Zhang, A. M. Bailey, H. J. Matthies, R. B. Renden, M. A. Smith, S. D. Speese, G. M. Rubin, 
K. Broadie, Drosophila fragile X-related gene regulates the MAP1B homolog Futsch to control synaptic 

structure and function. Cell 107, 591-603 (2001); published online EpubNov 30 ( 
77. E. Berry-Kravis, R. Ciurlionis, Overexpression of fragile X gene (FMR-1) transcripts increases 
cAMP production in neural cells. Journal of neuroscience research 51, 41-48 (1998); published online 

EpubJan 1 ( 
78. E. Berry-Kravis, M. Hicar, R. Ciurlionis, Reduced cyclic AMP production in fragile X syndrome: 

cytogenetic and molecular correlations. Pediatric research 38, 638-643 (1995); published online EpubNov 
(10.1203/00006450-199511000-00002). 

79. E. Berry-Kravis, P. R. Huttenlocher, Cyclic AMP metabolism in fragile X syndrome. Annals of 
neurology 31, 22-26 (1992); published online EpubJan (10.1002/ana.410310105). 

80. L. B. Vosshall, R. F. Stocker, Molecular architecture of smell and taste in Drosophila. Annual 
review of neuroscience 30, 505-533 (2007)10.1146/annurev.neuro.30.051606.094306). 

81. G. S. Suh, A. M. Wong, A. C. Hergarden, J. W. Wang, A. F. Simon, S. Benzer, R. Axel, D. J. 
Anderson, A single population of olfactory sensory neurons mediates an innate avoidance behaviour in 

Drosophila. Nature 431, 854-859 (2004); published online EpubOct 14 (10.1038/nature02980). 
82. R. F. Stocker, The organization of the chemosensory system in Drosophila melanogaster: a 

review. Cell and tissue research 275, 3-26 (1994); published online EpubJan ( 
83. R. F. Stocker, Drosophila as a focus in olfactory research: mapping of olfactory sensilla by fine 
structure, odor specificity, odorant receptor expression, and central connectivity. Microscopy research 

and technique 55, 284-296 (2001); published online EpubDec 1 (10.1002/jemt.1178). 
84. S. R. Shanbhag, B. Muller, R. A. Steinbrecht, Atlas of olfactory organs of Drosophila 

melanogaster 2. Internal organization and cellular architecture of olfactory sensilla. Arthropod structure & 
development 29, 211-229 (2000); published online EpubJul ( 

85. L. B. Vosshall, Olfaction in Drosophila. Current opinion in neurobiology 10, 498-503 (2000); 
published online EpubAug ( 

86. R. F. Stocker, M. C. Lienhard, A. Borst, K. F. Fischbach, Neuronal architecture of the antennal 
lobe in Drosophila melanogaster. Cell and tissue research 262, 9-34 (1990); published online EpubOct ( 
87. H. Kazama, R. I. Wilson, Origins of correlated activity in an olfactory circuit. Nature neuroscience 

12, 1136-1144 (2009); published online EpubSep (10.1038/nn.2376). 
88. R. I. Wilson, G. Laurent, Role of GABAergic inhibition in shaping odor-evoked spatiotemporal 

patterns in the Drosophila antennal lobe. The Journal of neuroscience : the official journal of the Society 
for Neuroscience 25, 9069-9079 (2005); published online EpubOct 5 (10.1523/JNEUROSCI.2070-

05.2005). 
89. M. Ng, R. D. Roorda, S. Q. Lima, B. V. Zemelman, P. Morcillo, G. Miesenbock, Transmission of 

olfactory information between three populations of neurons in the antennal lobe of the fly. Neuron 36, 
463-474 (2002); published online EpubOct 24 ( 

90. S. R. Olsen, R. I. Wilson, Lateral presynaptic inhibition mediates gain control in an olfactory 
circuit. Nature 452, 956-960 (2008); published online EpubApr 24 (10.1038/nature06864). 

91. J. Huang, W. Zhang, W. Qiao, A. Hu, Z. Wang, Functional connectivity and selective odor 
responses of excitatory local interneurons in Drosophila antennal lobe. Neuron 67, 1021-1033 (2010); 

published online EpubSep 23 (10.1016/j.neuron.2010.08.025). 
92. K. Asahina, M. Louis, S. Piccinotti, L. B. Vosshall, A circuit supporting concentration-invariant 

odor perception in Drosophila. Journal of biology 8, 9 (2009)10.1186/jbiol108). 
93. E. C. Marin, G. S. Jefferis, T. Komiyama, H. Zhu, L. Luo, Representation of the glomerular 

olfactory map in the Drosophila brain. Cell 109, 243-255 (2002); published online EpubApr 19 ( 
94. A. M. Wong, J. W. Wang, R. Axel, Spatial representation of the glomerular map in the Drosophila 

protocerebrum. Cell 109, 229-241 (2002); published online EpubApr 19 ( 



 

 107 

95. K. Yasuyama, I. A. Meinertzhagen, F. W. Schurmann, Synaptic organization of the mushroom 
body calyx in Drosophila melanogaster. The Journal of comparative neurology 445, 211-226 (2002); 

published online EpubApr 8 ( 
96. F. Leiss, C. Groh, N. J. Butcher, I. A. Meinertzhagen, G. Tavosanis, Synaptic organization in the 

adult Drosophila mushroom body calyx. The Journal of comparative neurology 517, 808-824 (2009); 
published online EpubDec 20 (10.1002/cne.22184). 

97. O. Ganeshina, R. Menzel, GABA-immunoreactive neurons in the mushroom bodies of the 
honeybee: an electron microscopic study. The Journal of comparative neurology 437, 335-349 (2001); 

published online EpubAug 27 ( 
98. F. Ferrari, V. Mercaldo, G. Piccoli, C. Sala, S. Cannata, T. Achsel, C. Bagni, The fragile X mental 

retardation protein-RNP granules show an mGluR-dependent localization in the post-synaptic spines. 
Molecular and cellular neurosciences 34, 343-354 (2007); published online EpubMar 

(10.1016/j.mcn.2006.11.015). 
99. M. Gotz, W. B. Huttner, The cell biology of neurogenesis. Nature reviews. Molecular cell biology 

6, 777-788 (2005); published online EpubOct (10.1038/nrm1739). 
100. M. A. Callan, C. Cabernard, J. Heck, S. Luois, C. Q. Doe, D. C. Zarnescu, Fragile X protein 

controls neural stem cell proliferation in the Drosophila brain. Human molecular genetics 19, 3068-3079 
(2010); published online EpubAug 1 (10.1093/hmg/ddq213). 

101. R. Saffary, Z. Xie, FMRP regulates the transition from radial glial cells to intermediate progenitor 
cells during neocortical development. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 31, 1427-1439 (2011); published online EpubJan 26 (10.1523/JNEUROSCI.4854-10.2011). 
102. J. M. Chell, A. H. Brand, Nutrition-responsive glia control exit of neural stem cells from 

quiescence. Cell 143, 1161-1173 (2010); published online EpubDec 23 (10.1016/j.cell.2010.12.007). 
103. Y. Luo, G. Shan, W. Guo, R. D. Smrt, E. B. Johnson, X. Li, R. L. Pfeiffer, K. E. Szulwach, R. 

Duan, B. Z. Barkho, W. Li, C. Liu, P. Jin, X. Zhao, Fragile x mental retardation protein regulates 
proliferation and differentiation of adult neural stem/progenitor cells. PLoS genetics 6, e1000898 (2010); 

published online EpubApr (10.1371/journal.pgen.1000898). 
104. H. Siomi, M. C. Siomi, R. L. Nussbaum, G. Dreyfuss, The protein product of the fragile X gene, 

FMR1, has characteristics of an RNA-binding protein. Cell 74, 291-298 (1993); published online EpubJul 
30 ( 

105. J. C. Darnell, C. E. Fraser, O. Mostovetsky, G. Stefani, T. A. Jones, S. R. Eddy, R. B. Darnell, 
Kissing complex RNAs mediate interaction between the Fragile-X mental retardation protein KH2 domain 

and brain polyribosomes. Genes & development 19, 903-918 (2005); published online EpubApr 15 
(10.1101/gad.1276805). 

106. E. Blackwell, X. Zhang, S. Ceman, Arginines of the RGG box regulate FMRP association with 
polyribosomes and mRNA. Human molecular genetics 19, 1314-1323 (2010); published online EpubApr 1 

(10.1093/hmg/ddq007). 
107. A. Contractor, V. A. Klyachko, C. Portera-Cailliau, Altered Neuronal and Circuit Excitability in 

Fragile X Syndrome. Neuron 87, 699-715 (2015); published online EpubAug 19 
(10.1016/j.neuron.2015.06.017). 

108. Y. De Diego Otero, L. A. Severijnen, G. van Cappellen, M. Schrier, B. Oostra, R. Willemsen, 
Transport of fragile X mental retardation protein via granules in neurites of PC12 cells. Molecular and 

cellular biology 22, 8332-8341 (2002); published online EpubDec ( 
109. Y. Kanai, N. Dohmae, N. Hirokawa, Kinesin transports RNA: isolation and characterization of an 

RNA-transporting granule. Neuron 43, 513-525 (2004); published online EpubAug 19 
(10.1016/j.neuron.2004.07.022). 

110. S. C. Ling, P. S. Fahrner, W. T. Greenough, V. I. Gelfand, Transport of Drosophila fragile X 
mental retardation protein-containing ribonucleoprotein granules by kinesin-1 and cytoplasmic dynein. 
Proceedings of the National Academy of Sciences of the United States of America 101, 17428-17433 

(2004); published online EpubDec 14 (10.1073/pnas.0408114101). 
111. R. Mazroui, M. E. Huot, S. Tremblay, C. Filion, Y. Labelle, E. W. Khandjian, Trapping of 

messenger RNA by Fragile X Mental Retardation protein into cytoplasmic granules induces translation 
repression. Human molecular genetics 11, 3007-3017 (2002); published online EpubNov 15 ( 

112. M. A. Kiebler, G. J. Bassell, Neuronal RNA granules: movers and makers. Neuron 51, 685-690 
(2006); published online EpubSep 21 (10.1016/j.neuron.2006.08.021). 



 

 108 

113. A. M. Krichevsky, K. S. Kosik, Neuronal RNA granules: a link between RNA localization and 
stimulation-dependent translation. Neuron 32, 683-696 (2001); published online EpubNov 20 ( 

114. A. Aschrafi, B. A. Cunningham, G. M. Edelman, P. W. Vanderklish, The fragile X mental 
retardation protein and group I metabotropic glutamate receptors regulate levels of mRNA granules in 

brain. Proceedings of the National Academy of Sciences of the United States of America 102, 2180-2185 
(2005); published online EpubFeb 8 (10.1073/pnas.0409803102). 

115. P. S. Estes, M. O'Shea, S. Clasen, D. C. Zarnescu, Fragile X protein controls the efficacy of 
mRNA transport in Drosophila neurons. Molecular and cellular neurosciences 39, 170-179 (2008); 

published online EpubOct (10.1016/j.mcn.2008.06.012). 
116. O. Penagarikano, J. G. Mulle, S. T. Warren, The pathophysiology of fragile x syndrome. Annual 
review of genomics and human genetics 8, 109-129 (2007)10.1146/annurev.genom.8.080706.092249). 
117. M. Kim, M. Bellini, S. Ceman, Fragile X mental retardation protein FMRP binds mRNAs in the 

nucleus. Molecular and cellular biology 29, 214-228 (2009); published online EpubJan 
(10.1128/MCB.01377-08). 

118. Y. Feng, C. A. Gutekunst, D. E. Eberhart, H. Yi, S. T. Warren, S. M. Hersch, Fragile X mental 
retardation protein: nucleocytoplasmic shuttling and association with somatodendritic ribosomes. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 17, 1539-1547 (1997); 

published online EpubMar 1 ( 
119. F. Zalfa, B. Eleuteri, K. S. Dickson, V. Mercaldo, S. De Rubeis, A. di Penta, E. Tabolacci, P. 

Chiurazzi, G. Neri, S. G. Grant, C. Bagni, A new function for the fragile X mental retardation protein in 
regulation of PSD-95 mRNA stability. Nature neuroscience 10, 578-587 (2007); published online 

EpubMay (10.1038/nn1893). 
120. M. Zhang, Q. Wang, Y. Huang, Fragile X mental retardation protein FMRP and the RNA export 
factor NXF2 associate with and destabilize Nxf1 mRNA in neuronal cells. Proceedings of the National 

Academy of Sciences of the United States of America 104, 10057-10062 (2007); published online 
EpubJun 12 (10.1073/pnas.0700169104). 

121. R. Parker, U. Sheth, P bodies and the control of mRNA translation and degradation. Molecular 
cell 25, 635-646 (2007); published online EpubMar 9 (10.1016/j.molcel.2007.02.011). 

122. N. Kedersha, G. Stoecklin, M. Ayodele, P. Yacono, J. Lykke-Andersen, M. J. Fritzler, D. 
Scheuner, R. J. Kaufman, D. E. Golan, P. Anderson, Stress granules and processing bodies are 

dynamically linked sites of mRNP remodeling. The Journal of cell biology 169, 871-884 (2005); published 
online EpubJun 20 (10.1083/jcb.200502088). 

123. F. Zalfa, T. Achsel, C. Bagni, mRNPs, polysomes or granules: FMRP in neuronal protein 
synthesis. Current opinion in neurobiology 16, 265-269 (2006); published online EpubJun 

(10.1016/j.conb.2006.05.010). 
124. E. Simionato, N. Barrios, L. Duloquin, E. Boissonneau, P. Lecorre, F. Agnes, The Drosophila 

RNA-binding protein ELAV is required for commissural axon midline crossing via control of 
commissureless mRNA expression in neurons. Developmental biology 301, 166-177 (2007); published 

online EpubJan 1 (10.1016/j.ydbio.2006.09.028). 
125. I. Raineri, D. Wegmueller, B. Gross, U. Certa, C. Moroni, Roles of AUF1 isoforms, HuR and 

BRF1 in ARE-dependent mRNA turnover studied by RNA interference. Nucleic acids research 32, 1279-
1288 (2004)10.1093/nar/gkh282). 

126. B. Sarkar, Q. Xi, C. He, R. J. Schneider, Selective degradation of AU-rich mRNAs promoted by 
the p37 AUF1 protein isoform. Molecular and cellular biology 23, 6685-6693 (2003); published online 

EpubSep ( 
127. R. Dahm, M. Kiebler, P. Macchi, RNA localisation in the nervous system. Seminars in cell & 

developmental biology 18, 216-223 (2007); published online EpubApr (10.1016/j.semcdb.2007.01.009). 
128. Z. Li, Y. Zhang, L. Ku, K. D. Wilkinson, S. T. Warren, Y. Feng, The fragile X mental retardation 

protein inhibits translation via interacting with mRNA. Nucleic acids research 29, 2276-2283 (2001); 
published online EpubJun 1 ( 

129. M. Melko, B. Bardoni, The role of G-quadruplex in RNA metabolism: involvement of FMRP and 
FMR2P. Biochimie 92, 919-926 (2010); published online EpubAug (10.1016/j.biochi.2010.05.018). 
130. A. A. Caudy, M. Myers, G. J. Hannon, S. M. Hammond, Fragile X-related protein and VIG 

associate with the RNA interference machinery. Genes & development 16, 2491-2496 (2002); published 
online EpubOct 1 (10.1101/gad.1025202). 



 

 109 

131. G. Stefani, C. E. Fraser, J. C. Darnell, R. B. Darnell, Fragile X mental retardation protein is 
associated with translating polyribosomes in neuronal cells. The Journal of neuroscience : the official 

journal of the Society for Neuroscience 24, 7272-7276 (2004); published online EpubAug 18 
(10.1523/JNEUROSCI.2306-04.2004). 

132. A. Cheever, S. Ceman, Phosphorylation of FMRP inhibits association with Dicer. Rna 15, 362-
366 (2009); published online EpubMar (10.1261/rna.1500809). 

133. U. Narayanan, V. Nalavadi, M. Nakamoto, G. Thomas, S. Ceman, G. J. Bassell, S. T. Warren, 
S6K1 phosphorylates and regulates fragile X mental retardation protein (FMRP) with the neuronal protein 

synthesis-dependent mammalian target of rapamycin (mTOR) signaling cascade. The Journal of 
biological chemistry 283, 18478-18482 (2008); published online EpubJul 4 (10.1074/jbc.C800055200). 

134. A. Pause, G. J. Belsham, A. C. Gingras, O. Donze, T. A. Lin, J. C. Lawrence, Jr., N. Sonenberg, 
Insulin-dependent stimulation of protein synthesis by phosphorylation of a regulator of 5'-cap function. 

Nature 371, 762-767 (1994); published online EpubOct 27 (10.1038/371762a0). 
135. E. W. Khandjian, M. E. Huot, S. Tremblay, L. Davidovic, R. Mazroui, B. Bardoni, Biochemical 

evidence for the association of fragile X mental retardation protein with brain polyribosomal 
ribonucleoparticles. Proceedings of the National Academy of Sciences of the United States of America 

101, 13357-13362 (2004); published online EpubSep 7 (10.1073/pnas.0405398101). 
136. L. N. Antar, C. Li, H. Zhang, R. C. Carroll, G. J. Bassell, Local functions for FMRP in axon growth 

cone motility and activity-dependent regulation of filopodia and spine synapses. Molecular and cellular 
neurosciences 32, 37-48 (2006); published online EpubMay-Jun (10.1016/j.mcn.2006.02.001). 

137. T. J. Price, C. M. Flores, F. Cervero, K. M. Hargreaves, The RNA binding and transport proteins 
staufen and fragile X mental retardation protein are expressed by rat primary afferent neurons and 

localize to peripheral and central axons. Neuroscience 141, 2107-2116 (2006); published online EpubSep 
15 (10.1016/j.neuroscience.2006.05.047). 

138. U. Hengst, L. J. Cox, E. Z. Macosko, S. R. Jaffrey, Functional and selective RNA interference in 
developing axons and growth cones. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 26, 5727-5732 (2006); published online EpubMay 24 (10.1523/JNEUROSCI.5229-
05.2006). 

139. C. Li, G. J. Bassell, Y. Sasaki, Fragile X Mental Retardation Protein is Involved in Protein 
Synthesis-Dependent Collapse of Growth Cones Induced by Semaphorin-3A. Frontiers in neural circuits 

3, 11 (2009)10.3389/neuro.04.011.2009). 
140. M. Tessier-Lavigne, C. S. Goodman, The molecular biology of axon guidance. Science 274, 

1123-1133 (1996); published online EpubNov 15 ( 
141. B. J. Dickson, Molecular mechanisms of axon guidance. Science 298, 1959-1964 (2002); 

published online EpubDec 6 (10.1126/science.1072165). 
142. D. Mortimer, T. Fothergill, Z. Pujic, L. J. Richards, G. J. Goodhill, Growth cone chemotaxis. 
Trends in neurosciences 31, 90-98 (2008); published online EpubFeb (10.1016/j.tins.2007.11.008). 

143. S. Geraldo, P. R. Gordon-Weeks, Cytoskeletal dynamics in growth-cone steering. Journal of cell 
science 122, 3595-3604 (2009); published online EpubOct 15 (10.1242/jcs.042309). 

144. A. L. Kolodkin, M. Tessier-Lavigne, Mechanisms and molecules of neuronal wiring: a primer. Cold 
Spring Harbor perspectives in biology 3,  (2011); published online EpubJun 

(10.1101/cshperspect.a001727). 
145. G. L. Ming, H. J. Song, B. Berninger, C. E. Holt, M. Tessier-Lavigne, M. M. Poo, cAMP-

dependent growth cone guidance by netrin-1. Neuron 19, 1225-1235 (1997); published online EpubDec ( 
146. H. Song, G. Ming, Z. He, M. Lehmann, L. McKerracher, M. Tessier-Lavigne, M. Poo, Conversion 
of neuronal growth cone responses from repulsion to attraction by cyclic nucleotides. Science 281, 1515-

1518 (1998); published online EpubSep 4 ( 
147. T. Tojima, J. H. Hines, J. R. Henley, H. Kamiguchi, Second messengers and membrane 

trafficking direct and organize growth cone steering. Nature reviews. Neuroscience 12, 191-203 (2011); 
published online EpubApr (10.1038/nrn2996). 

148. F. Polleux, W. Snider, Initiating and growing an axon. Cold Spring Harbor perspectives in biology 
2, a001925 (2010); published online EpubApr (10.1101/cshperspect.a001925). 

149. J. C. Darnell, E. Klann, The translation of translational control by FMRP: therapeutic targets for 
FXS. Nature neuroscience 16, 1530-1536 (2013); published online EpubNov (10.1038/nn.3379). 



 

 110 

150. L. Pan, Y. Q. Zhang, E. Woodruff, K. Broadie, The Drosophila fragile X gene negatively regulates 
neuronal elaboration and synaptic differentiation. Current biology : CB 14, 1863-1870 (2004); published 

online EpubOct 26 (10.1016/j.cub.2004.09.085). 
151. C. R. Tessier, K. Broadie, Drosophila fragile X mental retardation protein developmentally 
regulates activity-dependent axon pruning. Development 135, 1547-1557 (2008); published online 

EpubApr (10.1242/dev.015867). 
152. R. J. Parker, V. J. Auld, Roles of glia in the Drosophila nervous system. Seminars in cell & 

developmental biology 17, 66-77 (2006); published online EpubFeb (10.1016/j.semcdb.2005.11.012). 
153. R. J. Watts, E. D. Hoopfer, L. Luo, Axon pruning during Drosophila metamorphosis: evidence for 

local degeneration and requirement of the ubiquitin-proteasome system. Neuron 38, 871-885 (2003); 
published online EpubJun 19 ( 

154. P. K. Todd, K. J. Mack, Sensory stimulation increases cortical expression of the fragile X mental 
retardation protein in vivo. Brain research. Molecular brain research 80, 17-25 (2000); published online 

EpubAug 14 ( 
155. S. A. Irwin, R. A. Swain, C. A. Christmon, A. Chakravarti, I. J. Weiler, W. T. Greenough, Evidence 

for altered Fragile-X mental retardation protein expression in response to behavioral stimulation. 
Neurobiology of learning and memory 74, 87-93 (2000); published online EpubJul ( 

156. L. K. Pacey, L. C. Doering, Developmental expression of FMRP in the astrocyte lineage: 
implications for fragile X syndrome. Glia 55, 1601-1609 (2007); published online EpubNov 15 

(10.1002/glia.20573). 
157. J. J. Hutsler, H. Zhang, Increased dendritic spine densities on cortical projection neurons in 

autism spectrum disorders. Brain research 1309, 83-94 (2010); published online EpubJan 14 
(10.1016/j.brainres.2009.09.120). 

158. C. L. Gatto, K. Broadie, Temporal requirements of the fragile X mental retardation protein in the 
regulation of synaptic structure. Development 135, 2637-2648 (2008); published online EpubAug 

(10.1242/dev.022244). 
159. S. P. Reeve, L. Bassetto, G. K. Genova, Y. Kleyner, M. Leyssen, F. R. Jackson, B. A. Hassan, 
The Drosophila fragile X mental retardation protein controls actin dynamics by directly regulating profilin 

in the brain. Current biology : CB 15, 1156-1163 (2005); published online EpubJun 21 
(10.1016/j.cub.2005.05.050). 

160. A. Lee, W. Li, K. Xu, B. A. Bogert, K. Su, F. B. Gao, Control of dendritic development by the 
Drosophila fragile X-related gene involves the small GTPase Rac1. Development 130, 5543-5552 (2003); 

published online EpubNov (10.1242/dev.00792). 
161. M. Castets, C. Schaeffer, E. Bechara, A. Schenck, E. W. Khandjian, S. Luche, H. Moine, T. 

Rabilloud, J. L. Mandel, B. Bardoni, FMRP interferes with the Rac1 pathway and controls actin 
cytoskeleton dynamics in murine fibroblasts. Human molecular genetics 14, 835-844 (2005); published 

online EpubMar 15 (10.1093/hmg/ddi077). 
162. R. Lu, H. Wang, Z. Liang, L. Ku, T. O'Donnell W, W. Li, S. T. Warren, Y. Feng, The fragile X 

protein controls microtubule-associated protein 1B translation and microtubule stability in brain neuron 
development. Proceedings of the National Academy of Sciences of the United States of America 101, 

15201-15206 (2004); published online EpubOct 19 (10.1073/pnas.0404995101). 
163. A. Bettencourt da Cruz, M. Schwarzel, S. Schulze, M. Niyyati, M. Heisenberg, D. Kretzschmar, 

Disruption of the MAP1B-related protein FUTSCH leads to changes in the neuronal cytoskeleton, axonal 
transport defects, and progressive neurodegeneration in Drosophila. Molecular biology of the cell 16, 

2433-2442 (2005); published online EpubMay (10.1091/mbc.E04-11-1004). 
164. J. Roos, T. Hummel, N. Ng, C. Klambt, G. W. Davis, Drosophila Futsch regulates synaptic 

microtubule organization and is necessary for synaptic growth. Neuron 26, 371-382 (2000); published 
online EpubMay ( 

165. S. G. Mansfield, J. Diaz-Nido, P. R. Gordon-Weeks, J. Avila, The distribution and phosphorylation 
of the microtubule-associated protein MAP 1B in growth cones. Journal of neurocytology 20, 1007-1022 

(1991); published online EpubDec ( 
166. T. A. Schoenfeld, L. McKerracher, R. Obar, R. B. Vallee, MAP 1A and MAP 1B are structurally 
related microtubule associated proteins with distinct developmental patterns in the CNS. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 9, 1712-1730 (1989); published online 

EpubMay ( 



 

 111 

167. H. Neuhoff, M. Sassoe-Pognetto, P. Panzanelli, C. Maas, W. Witke, M. Kneussel, The actin-
binding protein profilin I is localized at synaptic sites in an activity-regulated manner. The European 

journal of neuroscience 21, 15-25 (2005); published online EpubJan (10.1111/j.1460-9568.2004.03814.x). 
168. A. Tashiro, R. Yuste, Regulation of dendritic spine motility and stability by Rac1 and Rho kinase: 

evidence for two forms of spine motility. Molecular and cellular neurosciences 26, 429-440 (2004); 
published online EpubJul (10.1016/j.mcn.2004.04.001). 

169. A. Y. Nakayama, M. B. Harms, L. Luo, Small GTPases Rac and Rho in the maintenance of 
dendritic spines and branches in hippocampal pyramidal neurons. The Journal of neuroscience : the 
official journal of the Society for Neuroscience 20, 5329-5338 (2000); published online EpubJul 15 ( 

170. S. Nakanishi, Metabotropic glutamate receptors: synaptic transmission, modulation, and 
plasticity. Neuron 13, 1031-1037 (1994); published online EpubNov ( 

171. K. M. Huber, M. S. Kayser, M. F. Bear, Role for rapid dendritic protein synthesis in hippocampal 
mGluR-dependent long-term depression. Science 288, 1254-1257 (2000); published online EpubMay 19 ( 
172. D. D. Sarbassov, S. M. Ali, D. M. Sabatini, Growing roles for the mTOR pathway. Current opinion 

in cell biology 17, 596-603 (2005); published online EpubDec (10.1016/j.ceb.2005.09.009). 
173. S. J. Tang, E. M. Schuman, Protein synthesis in the dendrite. Philosophical transactions of the 
Royal Society of London. Series B, Biological sciences 357, 521-529 (2002); published online EpubApr 

29 (10.1098/rstb.2001.0887). 
174. L. Hou, E. Klann, Activation of the phosphoinositide 3-kinase-Akt-mammalian target of rapamycin 
signaling pathway is required for metabotropic glutamate receptor-dependent long-term depression. The 

Journal of neuroscience : the official journal of the Society for Neuroscience 24, 6352-6361 (2004); 
published online EpubJul 14 (10.1523/JNEUROSCI.0995-04.2004). 

175. J. A. Ronesi, K. M. Huber, Homer interactions are necessary for metabotropic glutamate 
receptor-induced long-term depression and translational activation. The Journal of neuroscience : the 

official journal of the Society for Neuroscience 28, 543-547 (2008); published online EpubJan 9 
(10.1523/JNEUROSCI.5019-07.2008). 

176. N. Hay, N. Sonenberg, Upstream and downstream of mTOR. Genes & development 18, 1926-
1945 (2004); published online EpubAug 15 (10.1101/gad.1212704). 

177. C. A. Hoeffer, E. Klann, mTOR signaling: at the crossroads of plasticity, memory and disease. 
Trends in neurosciences 33, 67-75 (2010); published online EpubFeb (10.1016/j.tins.2009.11.003). 

178. D. Lee, Global and local missions of cAMP signaling in neural plasticity, learning, and memory. 
Frontiers in pharmacology 6, 161 (2015)10.3389/fphar.2015.00161). 

179. P. Kain, T. S. Chakraborty, S. Sundaram, O. Siddiqi, V. Rodrigues, G. Hasan, Reduced odor 
responses from antennal neurons of G(q)alpha, phospholipase Cbeta, and rdgA mutants in Drosophila 

support a role for a phospholipid intermediate in insect olfactory transduction. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 28, 4745-4755 (2008); published online 

EpubApr 30 (10.1523/JNEUROSCI.5306-07.2008). 
180. D. Wicher, R. Schafer, R. Bauernfeind, M. C. Stensmyr, R. Heller, S. H. Heinemann, B. S. 

Hansson, Drosophila odorant receptors are both ligand-gated and cyclic-nucleotide-activated cation 
channels. Nature 452, 1007-1011 (2008); published online EpubApr 24 (10.1038/nature06861). 

181. L. R. Levin, P. L. Han, P. M. Hwang, P. G. Feinstein, R. L. Davis, R. R. Reed, The Drosophila 
learning and memory gene rutabaga encodes a Ca2+/Calmodulin-responsive adenylyl cyclase. Cell 68, 

479-489 (1992); published online EpubFeb 7 ( 
182. D. Byers, R. L. Davis, J. A. Kiger, Jr., Defect in cyclic AMP phosphodiesterase due to the dunce 

mutation of learning in Drosophila melanogaster. Nature 289, 79-81 (1981); published online EpubJan 1 ( 
183. E. R. Kandel, The molecular biology of memory: cAMP, PKA, CRE, CREB-1, CREB-2, and 

CPEB. Molecular brain 5, 14 (2012)10.1186/1756-6606-5-14). 
184. H. Wang, Y. Morishita, D. Miura, J. R. Naranjo, S. Kida, M. Zhuo, Roles of CREB in the regulation 

of FMRP by group I metabotropic glutamate receptors in cingulate cortex. Molecular brain 5, 27 
(2012)10.1186/1756-6606-5-27). 

185. A. K. Kanellopoulos, O. Semelidou, A. G. Kotini, M. Anezaki, E. M. Skoulakis, Learning and 
memory deficits consequent to reduction of the fragile X mental retardation protein result from 

metabotropic glutamate receptor-mediated inhibition of cAMP signaling in Drosophila. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 32, 13111-13124 (2012); published 

online EpubSep 19 (10.1523/JNEUROSCI.1347-12.2012). 



 

 112 

186. T. Halevy, C. Czech, N. Benvenisty, Molecular mechanisms regulating the defects in fragile X 
syndrome neurons derived from human pluripotent stem cells. Stem cell reports 4, 37-46 (2015); 

published online EpubJan 13 (10.1016/j.stemcr.2014.10.015). 
187. O. Steward, W. B. Levy, Preferential localization of polyribosomes under the base of dendritic 

spines in granule cells of the dentate gyrus. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 2, 284-291 (1982); published online EpubMar ( 

188. I. J. Weiler, S. A. Irwin, A. Y. Klintsova, C. M. Spencer, A. D. Brazelton, K. Miyashiro, T. A. 
Comery, B. Patel, J. Eberwine, W. T. Greenough, Fragile X mental retardation protein is translated near 

synapses in response to neurotransmitter activation. Proceedings of the National Academy of Sciences of 
the United States of America 94, 5395-5400 (1997); published online EpubMay 13 ( 

189. A. Beckel-Mitchener, W. T. Greenough, Correlates across the structural, functional, and 
molecular phenotypes of fragile X syndrome. Mental retardation and developmental disabilities research 

reviews 10, 53-59 (2004)10.1002/mrdd.20009). 
190. D. P. Purpura, Dendritic spine "dysgenesis" and mental retardation. Science 186, 1126-1128 

(1974); published online EpubDec 20 ( 
191. S. Repicky, K. Broadie, Metabotropic glutamate receptor-mediated use-dependent down-

regulation of synaptic excitability involves the fragile X mental retardation protein. Journal of 
neurophysiology 101, 672-687 (2009); published online EpubFeb (10.1152/jn.90953.2008). 

192. B. E. Pfeiffer, K. M. Huber, The state of synapses in fragile X syndrome. The Neuroscientist : a 
review journal bringing neurobiology, neurology and psychiatry 15, 549-567 (2009); published online 

EpubOct (10.1177/1073858409333075). 
193. L. Pan, K. S. Broadie, Drosophila fragile X mental retardation protein and metabotropic glutamate 

receptor A convergently regulate the synaptic ratio of ionotropic glutamate receptor subclasses. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 27, 12378-12389 (2007); 

published online EpubNov 7 (10.1523/JNEUROSCI.2970-07.2007). 
194. C. Gross, M. Nakamoto, X. Yao, C. B. Chan, S. Y. Yim, K. Ye, S. T. Warren, G. J. Bassell, 

Excess phosphoinositide 3-kinase subunit synthesis and activity as a novel therapeutic target in fragile X 
syndrome. The Journal of neuroscience : the official journal of the Society for Neuroscience 30, 10624-

10638 (2010); published online EpubAug 11 (10.1523/JNEUROSCI.0402-10.2010). 
195. C. Faucher, M. Forstreuter, M. Hilker, M. de Bruyne, Behavioral responses of Drosophila to 

biogenic levels of carbon dioxide depend on life-stage, sex and olfactory context. The Journal of 
experimental biology 209, 2739-2748 (2006); published online EpubJul (10.1242/jeb.02297). 

196. F. V. Bolduc, K. Bell, H. Cox, K. S. Broadie, T. Tully, Excess protein synthesis in Drosophila 
fragile X mutants impairs long-term memory. Nature neuroscience 11, 1143-1145 (2008); published 

online EpubOct (10.1038/nn.2175). 
197. S. Inoue, M. Shimoda, I. Nishinokubi, M. C. Siomi, M. Okamura, A. Nakamura, S. Kobayashi, N. 
Ishida, H. Siomi, A role for the Drosophila fragile X-related gene in circadian output. Current biology : CB 

12, 1331-1335 (2002); published online EpubAug 6 ( 
198. J. Ma, M. Ptashne, The carboxy-terminal 30 amino acids of GAL4 are recognized by GAL80. Cell 

50, 137-142 (1987); published online EpubJul 3 ( 
199. S. E. McGuire, P. T. Le, A. J. Osborn, K. Matsumoto, R. L. Davis, Spatiotemporal rescue of 

memory dysfunction in Drosophila. Science 302, 1765-1768 (2003); published online EpubDec 5 
(10.1126/science.1089035). 

200. B. D. Auerbach, E. K. Osterweil, M. F. Bear, Mutations causing syndromic autism define an axis 
of synaptic pathophysiology. Nature 480, 63-68 (2011); published online EpubDec 1 

(10.1038/nature10658). 
201. A. Holtmaat, K. Svoboda, Experience-dependent structural synaptic plasticity in the mammalian 
brain. Nature reviews. Neuroscience 10, 647-658 (2009); published online EpubSep (10.1038/nrn2699). 
202. P. Valnegri, C. Sala, M. Passafaro, Synaptic dysfunction and intellectual disability. Advances in 

experimental medicine and biology 970, 433-449 (2012)10.1007/978-3-7091-0932-8_19). 
203. T. Tully, T. Preat, S. C. Boynton, M. Del Vecchio, Genetic dissection of consolidated memory in 

Drosophila. Cell 79, 35-47 (1994); published online EpubOct 7 ( 
204. S. Chari, I. Dworkin, The conditional nature of genetic interactions: the consequences of wild-type 

backgrounds on mutational interactions in a genome-wide modifier screen. PLoS genetics 9, e1003661 
(2013)10.1371/journal.pgen.1003661). 



 

 113 

205. C. I. Michel, R. Kraft, L. L. Restifo, Defective neuronal development in the mushroom bodies of 
Drosophila fragile X mental retardation 1 mutants. The Journal of neuroscience : the official journal of the 

Society for Neuroscience 24, 5798-5809 (2004); published online EpubJun 23 
(10.1523/JNEUROSCI.1102-04.2004). 

206. D. Devys, Y. Lutz, N. Rouyer, J. P. Bellocq, J. L. Mandel, The FMR-1 protein is cytoplasmic, most 
abundant in neurons and appears normal in carriers of a fragile X premutation. Nature genetics 4, 335-

340 (1993); published online EpubAug (10.1038/ng0893-335). 
207. J. P. Martin, A. Beyerlein, A. M. Dacks, C. E. Reisenman, J. A. Riffell, H. Lei, J. G. Hildebrand, 

The neurobiology of insect olfaction: sensory processing in a comparative context. Progress in 
neurobiology 95, 427-447 (2011); published online EpubNov (10.1016/j.pneurobio.2011.09.007). 

208. N. K. Tanaka, T. Awasaki, T. Shimada, K. Ito, Integration of chemosensory pathways in the 
Drosophila second-order olfactory centers. Current biology : CB 14, 449-457 (2004); published online 

EpubMar 23 (10.1016/j.cub.2004.03.006). 
209. L. B. Bracker, K. P. Siju, N. Varela, Y. Aso, M. Zhang, I. Hein, M. L. Vasconcelos, I. C. Grunwald 

Kadow, Essential role of the mushroom body in context-dependent CO(2) avoidance in Drosophila. 
Current biology : CB 23, 1228-1234 (2013); published online EpubJul 8 (10.1016/j.cub.2013.05.029). 

210. Y. Aso, K. Grubel, S. Busch, A. B. Friedrich, I. Siwanowicz, H. Tanimoto, The mushroom body of 
adult Drosophila characterized by GAL4 drivers. Journal of neurogenetics 23, 156-172 

(2009)10.1080/01677060802471718). 
211. T. Stork, R. Bernardos, M. R. Freeman, Analysis of glial cell development and function in 

Drosophila. Cold Spring Harbor protocols 2012, 1-17 (2012); published online EpubJan 
(10.1101/pdb.top067587). 

212. D. Bentley, M. Caudy, Pioneer axons lose directed growth after selective killing of guidepost cells. 
Nature 304, 62-65 (1983); published online EpubJul 7-13 ( 

213. C. Cheng, M. Sourial, L. C. Doering, Astrocytes and developmental plasticity in fragile X. Neural 
plasticity 2012, 197491 (2012)10.1155/2012/197491). 

214. S. Gholizadeh, S. K. Halder, D. R. Hampson, Expression of fragile X mental retardation protein in 
neurons and glia of the developing and adult mouse brain. Brain research 1596, 22-30 (2015); published 

online EpubJan 30 (10.1016/j.brainres.2014.11.023). 
215. M. A. Callan, N. Clements, N. Ahrendt, D. C. Zarnescu, Fragile X Protein is required for inhibition 

of insulin signaling and regulates glial-dependent neuroblast reactivation in the developing brain. Brain 
research 1462, 151-161 (2012); published online EpubJun 26 (10.1016/j.brainres.2012.03.042). 

216. S. M. Till, L. S. Wijetunge, V. G. Seidel, E. Harlow, A. K. Wright, C. Bagni, A. Contractor, T. H. 
Gillingwater, P. C. Kind, Altered maturation of the primary somatosensory cortex in a mouse model of 
fragile X syndrome. Human molecular genetics 21, 2143-2156 (2012); published online EpubMay 15 

(10.1093/hmg/dds030). 
217. M. Qin, J. Kang, T. V. Burlin, C. Jiang, C. B. Smith, Postadolescent changes in regional cerebral 

protein synthesis: an in vivo study in the FMR1 null mouse. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 25, 5087-5095 (2005); published online EpubMay 18 

(10.1523/JNEUROSCI.0093-05.2005). 
218. T. Wolff, N. A. Iyer, G. M. Rubin, Neuroarchitecture and neuroanatomy of the Drosophila central 

complex: A GAL4-based dissection of protocerebral bridge neurons and circuits. The Journal of 
comparative neurology 523, 997-1037 (2015); published online EpubMay 1 (10.1002/cne.23705). 

219. R. Galvez, W. T. Greenough, Sequence of abnormal dendritic spine development in primary 
somatosensory cortex of a mouse model of the fragile X mental retardation syndrome. American journal 
of medical genetics. Part A 135, 155-160 (2005); published online EpubJun 1 (10.1002/ajmg.a.30709). 

220. R. Galvez, R. L. Smith, W. T. Greenough, Olfactory bulb mitral cell dendritic pruning 
abnormalities in a mouse model of the Fragile-X mental retardation syndrome: further support for FMRP's 

involvement in dendritic development. Brain research. Developmental brain research 157, 214-216 
(2005); published online EpubJun 30 (10.1016/j.devbrainres.2005.03.010). 

221. C. Bagni, W. T. Greenough, From mRNP trafficking to spine dysmorphogenesis: the roots of 
fragile X syndrome. Nature reviews. Neuroscience 6, 376-387 (2005); published online EpubMay 

(10.1038/nrn1667). 
222. P. Y. Deng, Z. Rotman, J. A. Blundon, Y. Cho, J. Cui, V. Cavalli, S. S. Zakharenko, V. A. 

Klyachko, FMRP regulates neurotransmitter release and synaptic information transmission by modulating 



 

 114 

action potential duration via BK channels. Neuron 77, 696-711 (2013); published online EpubFeb 20 
(10.1016/j.neuron.2012.12.018). 

223. D. B. Akalal, C. F. Wilson, L. Zong, N. K. Tanaka, K. Ito, R. L. Davis, Roles for Drosophila 
mushroom body neurons in olfactory learning and memory. Learning & memory 13, 659-668 (2006); 

published online EpubSep-Oct (10.1101/lm.221206). 
224. D. Owald, J. Felsenberg, C. B. Talbot, G. Das, E. Perisse, W. Huetteroth, S. Waddell, Activity of 
defined mushroom body output neurons underlies learned olfactory behavior in Drosophila. Neuron 86, 

417-427 (2015); published online EpubApr 22 (10.1016/j.neuron.2015.03.025). 
225. J. Dubnau, L. Grady, T. Kitamoto, T. Tully, Disruption of neurotransmission in Drosophila 

mushroom body blocks retrieval but not acquisition of memory. Nature 411, 476-480 (2001); published 
online EpubMay 24 (10.1038/35078077). 

226. D. C. Zarnescu, G. Shan, S. T. Warren, P. Jin, Come FLY with us: toward understanding fragile X 
syndrome. Genes, brain, and behavior 4, 385-392 (2005); published online EpubAug (10.1111/j.1601-

183X.2005.00136.x). 
227. C. L. Gatto, K. Broadie, The fragile X mental retardation protein in circadian rhythmicity and 

memory consolidation. Molecular neurobiology 39, 107-129 (2009); published online EpubApr 
(10.1007/s12035-009-8057-0). 

228. H. L. Hinds, C. T. Ashley, J. S. Sutcliffe, D. L. Nelson, S. T. Warren, D. E. Housman, M. 
Schalling, Tissue specific expression of FMR-1 provides evidence for a functional role in fragile X 

syndrome. Nature genetics 3, 36-43 (1993); published online EpubJan (10.1038/ng0193-36). 
229. M. Castren, T. Tervonen, V. Karkkainen, S. Heinonen, E. Castren, K. Larsson, C. E. Bakker, B. A. 
Oostra, K. Akerman, Altered differentiation of neural stem cells in fragile X syndrome. Proceedings of the 

National Academy of Sciences of the United States of America 102, 17834-17839 (2005); published 
online EpubDec 6 (10.1073/pnas.0508995102). 

230. M. A. Callan, D. C. Zarnescu, Heads-up: new roles for the fragile X mental retardation protein in 
neural stem and progenitor cells. Genesis 49, 424-440 (2011); published online EpubJun 

(10.1002/dvg.20745). 
231. W. Guo, A. M. Allan, R. Zong, L. Zhang, E. B. Johnson, E. G. Schaller, A. C. Murthy, S. L. 

Goggin, A. J. Eisch, B. A. Oostra, D. L. Nelson, P. Jin, X. Zhao, Ablation of Fmrp in adult neural stem 
cells disrupts hippocampus-dependent learning. Nature medicine 17, 559-565 (2011); published online 

EpubMay (10.1038/nm.2336). 
232. F. Ciccolini, T. J. Collins, J. Sudhoelter, P. Lipp, M. J. Berridge, M. D. Bootman, Local and global 
spontaneous calcium events regulate neurite outgrowth and onset of GABAergic phenotype during neural 
precursor differentiation. The Journal of neuroscience : the official journal of the Society for Neuroscience 

23, 103-111 (2003); published online EpubJan 1 ( 
233. W. Guo, A. C. Murthy, L. Zhang, E. B. Johnson, E. G. Schaller, A. M. Allan, X. Zhao, Inhibition of 
GSK3beta improves hippocampus-dependent learning and rescues neurogenesis in a mouse model of 

fragile X syndrome. Human molecular genetics 21, 681-691 (2012); published online EpubFeb 1 
(10.1093/hmg/ddr501). 

234. L. N. Antar, G. J. Bassell, Sunrise at the synapse: the FMRP mRNP shaping the synaptic 
interface. Neuron 37, 555-558 (2003); published online EpubFeb 20 ( 

235. S. B. Christie, M. R. Akins, J. E. Schwob, J. R. Fallon, The FXG: a presynaptic fragile X granule 
expressed in a subset of developing brain circuits. The Journal of neuroscience : the official journal of the 

Society for Neuroscience 29, 1514-1524 (2009); published online EpubFeb 4 
(10.1523/JNEUROSCI.3937-08.2009). 

236. M. R. Akins, H. F. Leblanc, E. E. Stackpole, E. Chyung, J. R. Fallon, Systematic mapping of 
fragile X granules in the mouse brain reveals a potential role for presynaptic FMRP in sensorimotor 

functions. The Journal of comparative neurology 520, 3687-3706 (2012); published online EpubNov 1 
(10.1002/cne.23123). 

237. P. Klemmer, R. M. Meredith, C. D. Holmgren, O. I. Klychnikov, J. Stahl-Zeng, M. Loos, R. C. van 
der Schors, J. Wortel, H. de Wit, S. Spijker, D. C. Rotaru, H. D. Mansvelder, A. B. Smit, K. W. Li, 

Proteomics, ultrastructure, and physiology of hippocampal synapses in a fragile X syndrome mouse 
model reveal presynaptic phenotype. The Journal of biological chemistry 286, 25495-25504 (2011); 

published online EpubJul 22 (10.1074/jbc.M110.210260). 
238. L. Liao, S. K. Park, T. Xu, P. Vanderklish, J. R. Yates, 3rd, Quantitative proteomic analysis of 

primary neurons reveals diverse changes in synaptic protein content in fmr1 knockout mice. Proceedings 



 

 115 

of the National Academy of Sciences of the United States of America 105, 15281-15286 (2008); 
published online EpubOct 7 (10.1073/pnas.0804678105). 

239. P. Y. Deng, D. Sojka, V. A. Klyachko, Abnormal presynaptic short-term plasticity and information 
processing in a mouse model of fragile X syndrome. The Journal of neuroscience : the official journal of 

the Society for Neuroscience 31, 10971-10982 (2011); published online EpubJul 27 
(10.1523/JNEUROSCI.2021-11.2011). 

240. B. P. Bean, The action potential in mammalian central neurons. Nature reviews. Neuroscience 8, 
451-465 (2007); published online EpubJun (10.1038/nrn2148). 

241. P. Y. Deng, V. A. Klyachko, The diverse functions of short-term plasticity components in synaptic 
computations. Communicative & integrative biology 4, 543-548 (2011); published online EpubSep 

(10.4161/cib.4.5.15870). 
242. P. Moretti, J. M. Levenson, F. Battaglia, R. Atkinson, R. Teague, B. Antalffy, D. Armstrong, O. 

Arancio, J. D. Sweatt, H. Y. Zoghbi, Learning and memory and synaptic plasticity are impaired in a mouse 
model of Rett syndrome. The Journal of neuroscience : the official journal of the Society for Neuroscience 

26, 319-327 (2006); published online EpubJan 4 (10.1523/JNEUROSCI.2623-05.2006). 
243. C. von der Brelie, R. Waltereit, L. Zhang, H. Beck, T. Kirschstein, Impaired synaptic plasticity in a 

rat model of tuberous sclerosis. The European journal of neuroscience 23, 686-692 (2006); published 
online EpubFeb (10.1111/j.1460-9568.2006.04594.x). 

244. L. Liu, R. Wolf, R. Ernst, M. Heisenberg, Context generalization in Drosophila visual learning 
requires the mushroom bodies. Nature 400, 753-756 (1999); published online EpubAug 19 

(10.1038/23456). 
245. S. Tang, A. Guo, Choice behavior of Drosophila facing contradictory visual cues. Science 294, 

1543-1547 (2001); published online EpubNov 16 (10.1126/science.1058237). 
246. W. J. Joiner, A. Crocker, B. H. White, A. Sehgal, Sleep in Drosophila is regulated by adult 

mushroom bodies. Nature 441, 757-760 (2006); published online EpubJun 8 (10.1038/nature04811). 
247. J. S. de Belle, M. Heisenberg, Associative odor learning in Drosophila abolished by chemical 

ablation of mushroom bodies. Science 263, 692-695 (1994); published online EpubFeb 4 ( 
248. L. P. Lewis, K. P. Siju, Y. Aso, A. B. Friedrich, A. J. Bulteel, G. M. Rubin, I. C. Grunwald Kadow, 
A Higher Brain Circuit for Immediate Integration of Conflicting Sensory Information in Drosophila. Current 

biology : CB 25, 2203-2214 (2015); published online EpubAug 31 (10.1016/j.cub.2015.07.015). 
249. G. S. Suh, S. Ben-Tabou de Leon, H. Tanimoto, A. Fiala, S. Benzer, D. J. Anderson, Light 

activation of an innate olfactory avoidance response in Drosophila. Current biology : CB 17, 905-908 
(2007); published online EpubMay 15 (10.1016/j.cub.2007.04.046). 

250. Y. Wang, N. J. Wright, H. Guo, Z. Xie, K. Svoboda, R. Malinow, D. P. Smith, Y. Zhong, Genetic 
manipulation of the odor-evoked distributed neural activity in the Drosophila mushroom body. Neuron 29, 

267-276 (2001); published online EpubJan ( 
251. Y. Wang, A. S. Chiang, S. Xia, T. Kitamoto, T. Tully, Y. Zhong, Blockade of neurotransmission in 
Drosophila mushroom bodies impairs odor attraction, but not repulsion. Current biology : CB 13, 1900-

1904 (2003); published online EpubOct 28 ( 
252. J. Sejourne, P. Y. Placais, Y. Aso, I. Siwanowicz, S. Trannoy, V. Thoma, S. R. Tedjakumala, G. 

M. Rubin, P. Tchenio, K. Ito, G. Isabel, H. Tanimoto, T. Preat, Mushroom body efferent neurons 
responsible for aversive olfactory memory retrieval in Drosophila. Nature neuroscience 14, 903-910 

(2011); published online EpubJul (10.1038/nn.2846). 
253. D. Yu, D. B. Akalal, R. L. Davis, Drosophila alpha/beta mushroom body neurons form a branch-

specific, long-term cellular memory trace after spaced olfactory conditioning. Neuron 52, 845-855 (2006); 
published online EpubDec 7 (10.1016/j.neuron.2006.10.030). 

254. M. Heisenberg, Mushroom body memoir: from maps to models. Nature reviews. Neuroscience 4, 
266-275 (2003); published online EpubApr (10.1038/nrn1074). 

255. J. R. Crittenden, E. M. Skoulakis, K. A. Han, D. Kalderon, R. L. Davis, Tripartite mushroom body 
architecture revealed by antigenic markers. Learning & memory 5, 38-51 (1998); published online 

EpubMay-Jun ( 
256. T. Lee, A. Lee, L. Luo, Development of the Drosophila mushroom bodies: sequential generation 

of three distinct types of neurons from a neuroblast. Development 126, 4065-4076 (1999); published 
online EpubSep ( 



 

 116 

257. H. Qin, M. Cressy, W. Li, J. S. Coravos, S. A. Izzi, J. Dubnau, Gamma neurons mediate 
dopaminergic input during aversive olfactory memory formation in Drosophila. Current biology : CB 22, 

608-614 (2012); published online EpubApr 10 (10.1016/j.cub.2012.02.014). 
258. T. Zars, M. Fischer, R. Schulz, M. Heisenberg, Localization of a short-term memory in Drosophila. 

Science 288, 672-675 (2000); published online EpubApr 28 ( 
259. M. E. Buchanan, R. L. Davis, A distinct set of Drosophila brain neurons required for 

neurofibromatosis type 1-dependent learning and memory. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 30, 10135-10143 (2010); published online EpubJul 28 

(10.1523/JNEUROSCI.0283-10.2010). 
260. T. Boto, T. Louis, K. Jindachomthong, K. Jalink, S. M. Tomchik, Dopaminergic modulation of 

cAMP drives nonlinear plasticity across the Drosophila mushroom body lobes. Current biology : CB 24, 
822-831 (2014); published online EpubApr 14 (10.1016/j.cub.2014.03.021). 

261. A. Kriegstein, A. Alvarez-Buylla, The glial nature of embryonic and adult neural stem cells. Annual 
review of neuroscience 32, 149-184 (2009)10.1146/annurev.neuro.051508.135600). 

262. A. Bhattacharyya, E. McMillan, K. Wallace, T. C. Tubon, Jr., E. E. Capowski, C. N. Svendsen, 
Normal Neurogenesis but Abnormal Gene Expression in Human Fragile X Cortical Progenitor Cells. Stem 

cells and development 17, 107-117 (2008); published online EpubFeb (10.1089/scd.2007.0073). 
263. K. Y. Miyashiro, A. Beckel-Mitchener, T. P. Purk, K. G. Becker, T. Barret, L. Liu, S. Carbonetto, I. 
J. Weiler, W. T. Greenough, J. Eberwine, RNA cargoes associating with FMRP reveal deficits in cellular 

functioning in Fmr1 null mice. Neuron 37, 417-431 (2003); published online EpubFeb 6 ( 
264. A. J. Ebens, H. Garren, B. N. Cheyette, S. L. Zipursky, The Drosophila anachronism locus: a 
glycoprotein secreted by glia inhibits neuroblast proliferation. Cell 74, 15-27 (1993); published online 

EpubJul 16 ( 
265. G. Edenfeld, T. Stork, C. Klambt, Neuron-glia interaction in the insect nervous system. Current 

opinion in neurobiology 15, 34-39 (2005); published online EpubFeb (10.1016/j.conb.2005.01.007). 
266. J. S. Britton, B. A. Edgar, Environmental control of the cell cycle in Drosophila: nutrition activates 
mitotic and endoreplicative cells by distinct mechanisms. Development 125, 2149-2158 (1998); published 

online EpubJun ( 
267. L. A. Oland, L. P. Tolbert, Key interactions between neurons and glial cells during neural 

development in insects. Annual review of entomology 48, 89-110 
(2003)10.1146/annurev.ento.48.091801.112654). 

268. A. Younossi-Hartenstein, P. M. Salvaterra, V. Hartenstein, Early development of the Drosophila 
brain: IV. Larval neuropile compartments defined by glial septa. The Journal of comparative neurology 

455, 435-450 (2003); published online EpubJan 20 (10.1002/cne.10483). 
269. P. M. Baumann, L. A. Oland, L. P. Tolbert, Glial cells stabilize axonal protoglomeruli in the 

developing olfactory lobe of the moth Manduca sexta. The Journal of comparative neurology 373, 118-
128 (1996); published online EpubSep 9 (10.1002/(SICI)1096-9861(19960909)373:1&lt;118::AID-

CNE10&gt;3.0.CO;2-G). 
270. D. Jhaveri, A. Sen, V. Rodrigues, Mechanisms underlying olfactory neuronal connectivity in 
Drosophila-the atonal lineage organizes the periphery while sensory neurons and glia pattern the 

olfactory lobe. Developmental biology 226, 73-87 (2000); published online EpubOct 1 
(10.1006/dbio.2000.9855). 

271. E. S. Tucker, L. P. Tolbert, Reciprocal interactions between olfactory receptor axons and olfactory 
nerve glia cultured from the developing moth Manduca sexta. Developmental biology 260, 9-30 (2003); 

published online EpubAug 1 ( 
272. W. Rossler, L. A. Oland, M. R. Higgins, J. G. Hildebrand, L. P. Tolbert, Development of a glia-rich 
axon-sorting zone in the olfactory pathway of the moth Manduca sexta. The Journal of neuroscience : the 

official journal of the Society for Neuroscience 19, 9865-9877 (1999); published online EpubNov 15 ( 
273. A. Hidalgo, G. E. Booth, Glia dictate pioneer axon trajectories in the Drosophila embryonic CNS. 

Development 127, 393-402 (2000); published online EpubJan ( 
274. K. Nagler, D. H. Mauch, F. W. Pfrieger, Glia-derived signals induce synapse formation in 

neurones of the rat central nervous system. The Journal of physiology 533, 665-679 (2001); published 
online EpubJun 15 ( 

275. E. M. Ullian, S. K. Sapperstein, K. S. Christopherson, B. A. Barres, Control of synapse number by 
glia. Science 291, 657-661 (2001); published online EpubJan 26 (10.1126/science.291.5504.657). 



 

 117 

276. F. W. Pfrieger, B. A. Barres, Synaptic efficacy enhanced by glial cells in vitro. Science 277, 1684-
1687 (1997); published online EpubSep 12 ( 

277. E. M. Ullian, B. T. Harris, A. Wu, J. R. Chan, B. A. Barres, Schwann cells and astrocytes induce 
synapse formation by spinal motor neurons in culture. Molecular and cellular neurosciences 25, 241-251 

(2004); published online EpubFeb (10.1016/j.mcn.2003.10.011). 
278. D. H. Mauch, K. Nagler, S. Schumacher, C. Goritz, E. C. Muller, A. Otto, F. W. Pfrieger, CNS 

synaptogenesis promoted by glia-derived cholesterol. Science 294, 1354-1357 (2001); published online 
EpubNov 9 (10.1126/science.294.5545.1354). 

279. K. S. Christopherson, E. M. Ullian, C. C. Stokes, C. E. Mullowney, J. W. Hell, A. Agah, J. Lawler, 
D. F. Mosher, P. Bornstein, B. A. Barres, Thrombospondins are astrocyte-secreted proteins that promote 

CNS synaptogenesis. Cell 120, 421-433 (2005); published online EpubFeb 11 
(10.1016/j.cell.2004.12.020). 

280. H. Nishida, S. Okabe, Direct astrocytic contacts regulate local maturation of dendritic spines. The 
Journal of neuroscience : the official journal of the Society for Neuroscience 27, 331-340 (2007); 

published online EpubJan 10 (10.1523/JNEUROSCI.4466-06.2007). 
281. M. M. Halassa, T. Fellin, P. G. Haydon, The tripartite synapse: roles for gliotransmission in health 

and disease. Trends in molecular medicine 13, 54-63 (2007); published online EpubFeb 
(10.1016/j.molmed.2006.12.005). 

282. S. Paixao, R. Klein, Neuron-astrocyte communication and synaptic plasticity. Current opinion in 
neurobiology 20, 466-473 (2010); published online EpubAug (10.1016/j.conb.2010.04.008). 

283. Y. X. Li, A. E. Schaffner, M. K. Walton, J. L. Barker, Astrocytes regulate developmental changes 
in the chloride ion gradient of embryonic rat ventral spinal cord neurons in culture. The Journal of 

physiology 509 ( Pt 3), 847-858 (1998); published online EpubJun 15 ( 
284. D. B. Kantor, A. L. Kolodkin, Curbing the excesses of youth: molecular insights into axonal 

pruning. Neuron 38, 849-852 (2003); published online EpubJun 19 ( 
285. R. B. Levine, D. B. Morton, L. L. Restifo, Remodeling of the insect nervous system. Current 

opinion in neurobiology 5, 28-35 (1995); published online EpubFeb ( 
286. T. Awasaki, K. Ito, Engulfing action of glial cells is required for programmed axon pruning during 

Drosophila metamorphosis. Current biology : CB 14, 668-677 (2004); published online EpubApr 20 
(10.1016/j.cub.2004.04.001). 

287. R. J. Watts, O. Schuldiner, J. Perrino, C. Larsen, L. Luo, Glia engulf degenerating axons during 
developmental axon pruning. Current biology : CB 14, 678-684 (2004); published online EpubApr 20 

(10.1016/j.cub.2004.03.035). 
288. H. Wang, L. Ku, D. J. Osterhout, W. Li, A. Ahmadian, Z. Liang, Y. Feng, Developmentally-

programmed FMRP expression in oligodendrocytes: a potential role of FMRP in regulating translation in 
oligodendroglia progenitors. Human molecular genetics 13, 79-89 (2004); published online EpubJan 1 

(10.1093/hmg/ddh009). 
289. R. Sousa-Nunes, L. L. Yee, A. P. Gould, Fat cells reactivate quiescent neuroblasts via TOR and 

glial insulin relays in Drosophila. Nature 471, 508-512 (2011); published online EpubMar 24 
(10.1038/nature09867). 

290. S. Jacobs, L. C. Doering, Astrocytes prevent abnormal neuronal development in the fragile x 
mouse. The Journal of neuroscience : the official journal of the Society for Neuroscience 30, 4508-4514 

(2010); published online EpubMar 24 (10.1523/JNEUROSCI.5027-09.2010). 
291. K. Ito, W. Awano, K. Suzuki, Y. Hiromi, D. Yamamoto, The Drosophila mushroom body is a 

quadruple structure of clonal units each of which contains a virtually identical set of neurones and glial 
cells. Development 124, 761-771 (1997); published online EpubFeb ( 

292. D. T. Lioy, S. K. Garg, C. E. Monaghan, J. Raber, K. D. Foust, B. K. Kaspar, P. G. Hirrlinger, F. 
Kirchhoff, J. M. Bissonnette, N. Ballas, G. Mandel, A role for glia in the progression of Rett's syndrome. 

Nature 475, 497-500 (2011); published online EpubJul 28 (10.1038/nature10214). 
293. K. Pfeiffer, U. Homberg, Organization and functional roles of the central complex in the insect 

brain. Annual review of entomology 59, 165-184 (2014)10.1146/annurev-ento-011613-162031). 
294. W. Pereanu, A. Younossi-Hartenstein, J. Lovick, S. Spindler, V. Hartenstein, Lineage-based 

analysis of the development of the central complex of the Drosophila brain. The Journal of comparative 
neurology 519, 661-689 (2011); published online EpubMar 1 (10.1002/cne.22542). 



 

 118 

295. N. Solanki, R. Wolf, M. Heisenberg, Central complex and mushroom bodies mediate novelty 
choice behavior in Drosophila. Journal of neurogenetics 29, 30-37 (2015); published online EpubMar 

(10.3109/01677063.2014.1002661). 
296. C. T. Shih, O. Sporns, S. L. Yuan, T. S. Su, Y. J. Lin, C. C. Chuang, T. Y. Wang, C. C. Lo, R. J. 

Greenspan, A. S. Chiang, Connectomics-based analysis of information flow in the Drosophila brain. 
Current biology : CB 25, 1249-1258 (2015); published online EpubMay 18 (10.1016/j.cub.2015.03.021). 
297. W. D. Jones, P. Cayirlioglu, I. G. Kadow, L. B. Vosshall, Two chemosensory receptors together 
mediate carbon dioxide detection in Drosophila. Nature 445, 86-90 (2007); published online EpubJan 4 

(10.1038/nature05466). 
298. J. Y. Kwon, A. Dahanukar, L. A. Weiss, J. R. Carlson, The molecular basis of CO2 reception in 

Drosophila. Proceedings of the National Academy of Sciences of the United States of America 104, 3574-
3578 (2007); published online EpubFeb 27 (10.1073/pnas.0700079104). 

299. G. S. Jefferis, E. C. Marin, R. F. Stocker, L. Luo, Target neuron prespecification in the olfactory 
map of Drosophila. Nature 414, 204-208 (2001); published online EpubNov 8 (10.1038/35102574). 
300. S. Sachse, E. Rueckert, A. Keller, R. Okada, N. K. Tanaka, K. Ito, L. B. Vosshall, Activity-

dependent plasticity in an olfactory circuit. Neuron 56, 838-850 (2007); published online EpubDec 6 
(10.1016/j.neuron.2007.10.035). 

301. S. L. Turner, A. Ray, Modification of CO2 avoidance behaviour in Drosophila by inhibitory 
odorants. Nature 461, 277-281 (2009); published online EpubSep 10 (10.1038/nature08295). 

302. H. H. Lin, L. A. Chu, T. F. Fu, B. J. Dickson, A. S. Chiang, Parallel neural pathways mediate CO2 
avoidance responses in Drosophila. Science 340, 1338-1341 (2013); published online EpubJun 14 

(10.1126/science.1236693). 
303. N. J. Butcher, A. B. Friedrich, Z. Lu, H. Tanimoto, I. A. Meinertzhagen, Different classes of input 
and output neurons reveal new features in microglomeruli of the adult Drosophila mushroom body calyx. 

The Journal of comparative neurology 520, 2185-2201 (2012); published online EpubJul 1 
(10.1002/cne.23037). 

304. M. K. Belmonte, T. Bourgeron, Fragile X syndrome and autism at the intersection of genetic and 
neural networks. Nature neuroscience 9, 1221-1225 (2006); published online EpubOct (10.1038/nn1765). 

305. C. L. Gatto, K. Broadie, Temporal requirements of the fragile x mental retardation protein in 
modulating circadian clock circuit synaptic architecture. Frontiers in neural circuits 3, 8 

(2009)10.3389/neuro.04.008.2009). 
306. D. J. Kelley, A. Bhattacharyya, G. P. Lahvis, J. C. Yin, J. Malter, R. J. Davidson, The cyclic AMP 

phenotype of fragile X and autism. Neuroscience and biobehavioral reviews 32, 1533-1543 (2008); 
published online EpubOct (10.1016/j.neubiorev.2008.06.005). 

307. K. L. Pierce, R. T. Premont, R. J. Lefkowitz, Seven-transmembrane receptors. Nature reviews. 
Molecular cell biology 3, 639-650 (2002); published online EpubSep (10.1038/nrm908). 

308. R. L. Davis, J. A. Kiger, Jr., Dunce mutants of Drosophila melanogaster: mutants defective in the 
cyclic AMP phosphodiesterase enzyme system. The Journal of cell biology 90, 101-107 (1981); published 

online EpubJul ( 
309. M. S. Livingstone, P. P. Sziber, W. G. Quinn, Loss of calcium/calmodulin responsiveness in 

adenylate cyclase of rutabaga, a Drosophila learning mutant. Cell 37, 205-215 (1984); published online 
EpubMay ( 

310. C. N. Chen, S. Denome, R. L. Davis, Molecular analysis of cDNA clones and the corresponding 
genomic coding sequences of the Drosophila dunce+ gene, the structural gene for cAMP 

phosphodiesterase. Proceedings of the National Academy of Sciences of the United States of America 
83, 9313-9317 (1986); published online EpubDec ( 

311. S. S. Taylor, J. Yang, J. Wu, N. M. Haste, E. Radzio-Andzelm, G. Anand, PKA: a portrait of 
protein kinase dynamics. Biochimica et biophysica acta 1697, 259-269 (2004); published online EpubMar 

11 (10.1016/j.bbapap.2003.11.029). 
312. J. S. Logue, J. D. Scott, Organizing signal transduction through A-kinase anchoring proteins 

(AKAPs). The FEBS journal 277, 4370-4375 (2010); published online EpubNov (10.1111/j.1742-
4658.2010.07866.x). 

313. M. Gloerich, J. L. Bos, Epac: defining a new mechanism for cAMP action. Annual review of 
pharmacology and toxicology 50, 355-375 (2010)10.1146/annurev.pharmtox.010909.105714). 

314. H. J. Song, G. L. Ming, M. M. Poo, cAMP-induced switching in turning direction of nerve growth 
cones. Nature 388, 275-279 (1997); published online EpubJul 17 (10.1038/40864). 



 

 119 

315. L. Luo, L. Y. Jan, Y. N. Jan, Rho family GTP-binding proteins in growth cone signalling. Current 
opinion in neurobiology 7, 81-86 (1997); published online EpubFeb ( 

316. J. M. Lauder, Neurotransmitters as growth regulatory signals: role of receptors and second 
messengers. Trends in neurosciences 16, 233-240 (1993); published online EpubJun ( 

317. Y. Zhong, C. F. Wu, Altered synaptic plasticity in Drosophila memory mutants with a defective 
cyclic AMP cascade. Science 251, 198-201 (1991); published online EpubJan 11 ( 

318. A. Ganguly, D. Lee, Suppression of inhibitory GABAergic transmission by cAMP signaling 
pathway: alterations in learning and memory mutants. The European journal of neuroscience 37, 1383-

1393 (2013); published online EpubMay (10.1111/ejn.12144). 
319. G. V. Ronnett, C. Moon, G proteins and olfactory signal transduction. Annual review of physiology 

64, 189-222 (2002)10.1146/annurev.physiol.64.082701.102219). 
320. H. Breer, Odor recognition and second messenger signaling in olfactory receptor neurons. 

Seminars in cell biology 5, 25-32 (1994); published online EpubFeb ( 
321. U. B. Kaupp, Olfactory signalling in vertebrates and insects: differences and commonalities. 
Nature reviews. Neuroscience 11, 188-200 (2010); published online EpubMar (10.1038/nrn2789). 
322. C. Gomez-Diaz, F. Martin, E. Alcorta, The cAMP transduction cascade mediates olfactory 

reception in Drosophila melanogaster. Behavior genetics 34, 395-406 (2004); published online EpubJul 
(10.1023/B:BEGE.0000023645.02710.fe). 

323. F. Martin, M. J. Charro, E. Alcorta, Mutations affecting the cAMP transduction pathway modify 
olfaction in Drosophila. Journal of comparative physiology. A, Sensory, neural, and behavioral physiology 

187, 359-370 (2001); published online EpubJun ( 
324. T. Tully, W. G. Quinn, Classical conditioning and retention in normal and mutant Drosophila 

melanogaster. Journal of comparative physiology. A, Sensory, neural, and behavioral physiology 157, 
263-277 (1985); published online EpubSep ( 

325. Y. Dudai, Y. N. Jan, D. Byers, W. G. Quinn, S. Benzer, dunce, a mutant of Drosophila deficient in 
learning. Proceedings of the National Academy of Sciences of the United States of America 73, 1684-

1688 (1976); published online EpubMay ( 
326. A. Ueda, C. F. Wu, Cyclic adenosine monophosphate metabolism in synaptic growth, strength, 

and precision: neural and behavioral phenotype-specific counterbalancing effects between dnc 
phosphodiesterase and rut adenylyl cyclase mutations. Journal of neurogenetics 26, 64-81 (2012); 

published online EpubMar (10.3109/01677063.2011.652752). 
327. D. J. Kelley, R. J. Davidson, J. L. Elliott, G. P. Lahvis, J. C. Yin, A. Bhattacharyya, The cyclic 

AMP cascade is altered in the fragile X nervous system. PloS one 2, e931 
(2007)10.1371/journal.pone.0000931). 

328. E. Berry-Kravis, P. Sklena, Demonstration of abnormal cyclic AMP production in platelets from 
patients with fragile X syndrome. American journal of medical genetics 45, 81-87 (1993); published online 

EpubJan 1 (10.1002/ajmg.1320450120). 
329. J. J. Renger, A. Ueda, H. L. Atwood, C. K. Govind, C. F. Wu, Role of cAMP cascade in synaptic 

stability and plasticity: ultrastructural and physiological analyses of individual synaptic boutons in 
Drosophila memory mutants. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 20, 3980-3992 (2000); published online EpubJun 1 ( 
330. S. S. Taylor, J. A. Buechler, W. Yonemoto, cAMP-dependent protein kinase: framework for a 

diverse family of regulatory enzymes. Annual review of biochemistry 59, 971-1005 
(1990)10.1146/annurev.bi.59.070190.004543). 

331. P. L. Han, L. R. Levin, R. R. Reed, R. L. Davis, Preferential expression of the Drosophila 
rutabaga gene in mushroom bodies, neural centers for learning in insects. Neuron 9, 619-627 (1992); 

published online EpubOct ( 
332. A. Nighorn, M. J. Healy, R. L. Davis, The cyclic AMP phosphodiesterase encoded by the 

Drosophila dunce gene is concentrated in the mushroom body neuropil. Neuron 6, 455-467 (1991); 
published online EpubMar ( 

333. Y. Aso, D. Hattori, Y. Yu, R. M. Johnston, N. A. Iyer, T. T. Ngo, H. Dionne, L. F. Abbott, R. Axel, 
H. Tanimoto, G. M. Rubin, The neuronal architecture of the mushroom body provides a logic for 

associative learning. eLife 3, e04577 (2014)10.7554/eLife.04577). 
334. F. Marmol, Lithium: bipolar disorder and neurodegenerative diseases Possible cellular 

mechanisms of the therapeutic effects of lithium. Progress in neuro-psychopharmacology & biological 
psychiatry 32, 1761-1771 (2008); published online EpubDec 12 (10.1016/j.pnpbp.2008.08.012). 



 

 120 

335. M. L. Zhao, C. F. Wu, Alterations in frequency coding and activity dependence of excitability in 
cultured neurons of Drosophila memory mutants. The Journal of neuroscience : the official journal of the 

Society for Neuroscience 17, 2187-2199 (1997); published online EpubMar 15 ( 
336. Y. Zhong, V. Budnik, C. F. Wu, Synaptic plasticity in Drosophila memory and hyperexcitable 
mutants: role of cAMP cascade. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 12, 644-651 (1992); published online EpubFeb ( 
337. Y. Zhong, C. F. Wu, Modulation of different K+ currents in Drosophila: a hypothetical role for the 

Eag subunit in multimeric K+ channels. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 13, 4669-4679 (1993); published online EpubNov ( 

338. Y. T. Kim, C. F. Wu, Reduced growth cone motility in cultured neurons from Drosophila memory 
mutants with a defective cAMP cascade. The Journal of neuroscience : the official journal of the Society 

for Neuroscience 16, 5593-5602 (1996); published online EpubSep 15 ( 
339. A. Balling, G. M. Technau, M. Heisenberg, Are the structural changes in adult Drosophila 

mushroom bodies memory traces? Studies on biochemical learning mutants. Journal of neurogenetics 4, 
65-73 (1987); published online EpubApr ( 

340. W. D. Yao, J. Rusch, M. Poo, C. F. Wu, Spontaneous acetylcholine secretion from developing 
growth cones of Drosophila central neurons in culture: effects of cAMP-pathway mutations. The Journal 

of neuroscience : the official journal of the Society for Neuroscience 20, 2626-2637 (2000); published 
online EpubApr 1 ( 

341. D. Lee, D. K. O'Dowd, cAMP-dependent plasticity at excitatory cholinergic synapses in 
Drosophila neurons: alterations in the memory mutant dunce. The Journal of neuroscience : the official 

journal of the Society for Neuroscience 20, 2104-2111 (2000); published online EpubMar 15 ( 
342. J. E. Engel, C. F. Wu, Altered habituation of an identified escape circuit in Drosophila memory 

mutants. The Journal of neuroscience : the official journal of the Society for Neuroscience 16, 3486-3499 
(1996); published online EpubMay 15 ( 

343. P. Penzes, M. E. Cahill, K. A. Jones, J. E. VanLeeuwen, K. M. Woolfrey, Dendritic spine 
pathology in neuropsychiatric disorders. Nature neuroscience 14, 285-293 (2011); published online 

EpubMar (10.1038/nn.2741). 
344. B. Berke, C. F. Wu, Regional calcium regulation within cultured Drosophila neurons: effects of 

altered cAMP metabolism by the learning mutations dunce and rutabaga. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 22, 4437-4447 (2002); published online EpubJun 1 

(20026300). 
345. W. W. Min, C. J. Yuskaitis, Q. Yan, C. Sikorski, S. Chen, R. S. Jope, R. P. Bauchwitz, Elevated 

glycogen synthase kinase-3 activity in Fragile X mice: key metabolic regulator with evidence for treatment 
potential. Neuropharmacology 56, 463-472 (2009); published online EpubFeb 

(10.1016/j.neuropharm.2008.09.017). 
346. S. H. Fatemi, T. D. Folsom, R. E. Kneeland, M. K. Yousefi, S. B. Liesch, P. D. Thuras, 

Impairment of fragile X mental retardation protein-metabotropic glutamate receptor 5 signaling and its 
downstream cognates ras-related C3 botulinum toxin substrate 1, amyloid beta A4 precursor protein, 

striatal-enriched protein tyrosine phosphatase, and homer 1, in autism: a postmortem study in cerebellar 
vermis and superior frontal cortex. Molecular autism 4, 21 (2013)10.1186/2040-2392-4-21). 

347. T. G. Lohith, E. K. Osterweil, M. Fujita, K. J. Jenko, M. F. Bear, R. B. Innis, Is metabotropic 
glutamate receptor 5 upregulated in prefrontal cortex in fragile X syndrome? Molecular autism 4, 15 

(2013)10.1186/2040-2392-4-15). 
348. N. Weng, I. J. Weiler, A. Sumis, E. Berry-Kravis, W. T. Greenough, Early-phase ERK activation 
as a biomarker for metabolic status in fragile X syndrome. American journal of medical genetics. Part B, 

Neuropsychiatric genetics : the official publication of the International Society of Psychiatric Genetics 
147B, 1253-1257 (2008); published online EpubOct 5 (10.1002/ajmg.b.30765). 

349. R. E. Monyak, D. Emerson, B. P. Schoenfeld, X. Zheng, D. B. Chambers, C. Rosenfelt, S. 
Langer, P. Hinchey, C. H. Choi, T. V. McDonald, F. V. Bolduc, A. Sehgal, S. M. McBride, T. A. Jongens, 
Insulin signaling misregulation underlies circadian and cognitive deficits in a Drosophila fragile X model. 

Molecular psychiatry,  (2016); published online EpubApr 19 (10.1038/mp.2016.51). 
350. M. D. Kaytor, H. T. Orr, RNA targets of the fragile X protein. Cell 107, 555-557 (2001); published 

online EpubNov 30 ( 
351. W. E. Kaufmann, A. L. Reiss, Molecular and cellular genetics of fragile X syndrome. American 

journal of medical genetics 88, 11-24 (1999); published online EpubFeb 5 ( 



 

 121 

352. E. M. Skoulakis, D. Kalderon, R. L. Davis, Preferential expression in mushroom bodies of the 
catalytic subunit of protein kinase A and its role in learning and memory. Neuron 11, 197-208 (1993); 

published online EpubAug ( 
353. G. A. Gonzalez, K. K. Yamamoto, W. H. Fischer, D. Karr, P. Menzel, W. Biggs, 3rd, W. W. Vale, 

M. R. Montminy, A cluster of phosphorylation sites on the cyclic AMP-regulated nuclear factor CREB 
predicted by its sequence. Nature 337, 749-752 (1989); published online EpubFeb 23 

(10.1038/337749a0). 
354. G. W. Davis, C. M. Schuster, C. S. Goodman, Genetic dissection of structural and functional 

components of synaptic plasticity. III. CREB is necessary for presynaptic functional plasticity. Neuron 17, 
669-679 (1996); published online EpubOct ( 

355. G. A. Lnenicka, J. Grizzaffi, B. Lee, N. Rumpal, Ca2+ dynamics along identified synaptic 
terminals in Drosophila larvae. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 26, 12283-12293 (2006); published online EpubNov 22 (10.1523/JNEUROSCI.2665-
06.2006). 

356. C. Lohmann, Calcium signaling and the development of specific neuronal connections. Progress 
in brain research 175, 443-452 (2009)10.1016/S0079-6123(09)17529-5). 

357. Y. Peng, A. Guo, Novel stimulus-induced calcium efflux in Drosophila mushroom bodies. The 
European journal of neuroscience 25, 2034-2044 (2007); published online EpubApr (10.1111/j.1460-

9568.2007.05425.x). 
358. C. R. Tessier, K. Broadie, The fragile X mental retardation protein developmentally regulates the 
strength and fidelity of calcium signaling in Drosophila mushroom body neurons. Neurobiology of disease 

41, 147-159 (2011); published online EpubJan (10.1016/j.nbd.2010.09.002). 
359. R. S. Westphal, S. J. Tavalin, J. W. Lin, N. M. Alto, I. D. Fraser, L. K. Langeberg, M. Sheng, J. D. 
Scott, Regulation of NMDA receptors by an associated phosphatase-kinase signaling complex. Science 

285, 93-96 (1999); published online EpubJul 2 ( 
360. C. A. Doll, K. Broadie, Neuron class-specific requirements for Fragile X Mental Retardation 

Protein in critical period development of calcium signaling in learning and memory circuitry. Neurobiology 
of disease 89, 76-87 (2016); published online EpubMay (10.1016/j.nbd.2016.02.006). 

361. J. A. Beavo, L. L. Brunton, Cyclic nucleotide research -- still expanding after half a century. 
Nature reviews. Molecular cell biology 3, 710-718 (2002); published online EpubSep (10.1038/nrm911). 

362. A. Floyer-Lea, M. Wylezinska, T. Kincses, P. M. Matthews, Rapid modulation of GABA 
concentration in human sensorimotor cortex during motor learning. Journal of neurophysiology 95, 1639-

1644 (2006); published online EpubMar (10.1152/jn.00346.2005). 
363. L. Buck, R. Axel, A novel multigene family may encode odorant receptors: a molecular basis for 

odor recognition. Cell 65, 175-187 (1991); published online EpubApr 5 ( 
364. S. J. Kleene, The electrochemical basis of odor transduction in vertebrate olfactory cilia. 

Chemical senses 33, 839-859 (2008); published online EpubNov (10.1093/chemse/bjn048). 
365. D. F. Owens, A. R. Kriegstein, Is there more to GABA than synaptic inhibition? Nature reviews. 

Neuroscience 3, 715-727 (2002); published online EpubSep (10.1038/nrn919). 
366. Z. Nusser, W. Sieghart, I. Mody, Differential regulation of synaptic GABAA receptors by cAMP-

dependent protein kinase in mouse cerebellar and olfactory bulb neurones. The Journal of physiology 521 
Pt 2, 421-435 (1999); published online EpubDec 1 ( 

367. I. Gantois, J. Vandesompele, F. Speleman, E. Reyniers, R. D'Hooge, L. A. Severijnen, R. 
Willemsen, F. Tassone, R. F. Kooy, Expression profiling suggests underexpression of the GABA(A) 
receptor subunit delta in the fragile X knockout mouse model. Neurobiology of disease 21, 346-357 

(2006); published online EpubFeb (10.1016/j.nbd.2005.07.017). 
368. J. J. Saucerman, J. Zhang, J. C. Martin, L. X. Peng, A. E. Stenbit, R. Y. Tsien, A. D. McCulloch, 
Systems analysis of PKA-mediated phosphorylation gradients in live cardiac myocytes. Proceedings of 
the National Academy of Sciences of the United States of America 103, 12923-12928 (2006); published 

online EpubAug 22 (10.1073/pnas.0600137103). 
369. J. K. Inlow, L. L. Restifo, Molecular and comparative genetics of mental retardation. Genetics 

166, 835-881 (2004); published online EpubFeb ( 
370. R. L. Davis, Olfactory memory formation in Drosophila: from molecular to systems neuroscience. 

Annual review of neuroscience 28, 275-302 (2005)10.1146/annurev.neuro.28.061604.135651). 
371. G. Isabel, A. Pascual, T. Preat, Exclusive consolidated memory phases in Drosophila. Science 

304, 1024-1027 (2004); published online EpubMay 14 (10.1126/science.1094932). 



 

 122 

372. P. P. Laissue, C. Reiter, P. R. Hiesinger, S. Halter, K. F. Fischbach, R. F. Stocker, Three-
dimensional reconstruction of the antennal lobe in Drosophila melanogaster. The Journal of comparative 

neurology 405, 543-552 (1999); published online EpubMar 22 ( 
373. A. Dahanukar, E. A. Hallem, J. R. Carlson, Insect chemoreception. Current opinion in 
neurobiology 15, 423-430 (2005); published online EpubAug (10.1016/j.conb.2005.06.001). 

374. M. C. Larsson, A. I. Domingos, W. D. Jones, M. E. Chiappe, H. Amrein, L. B. Vosshall, Or83b 
encodes a broadly expressed odorant receptor essential for Drosophila olfaction. Neuron 43, 703-714 

(2004); published online EpubSep 2 (10.1016/j.neuron.2004.08.019). 
375. E. M. Neuhaus, G. Gisselmann, W. Zhang, R. Dooley, K. Stortkuhl, H. Hatt, Odorant receptor 
heterodimerization in the olfactory system of Drosophila melanogaster. Nature neuroscience 8, 15-17 

(2005); published online EpubJan (10.1038/nn1371). 
376. E. A. Hallem, J. R. Carlson, Coding of odors by a receptor repertoire. Cell 125, 143-160 (2006); 

published online EpubApr 7 (10.1016/j.cell.2006.01.050). 
377. A. Couto, M. Alenius, B. J. Dickson, Molecular, anatomical, and functional organization of the 
Drosophila olfactory system. Current biology : CB 15, 1535-1547 (2005); published online EpubSep 6 

(10.1016/j.cub.2005.07.034). 
378. E. Fishilevich, L. B. Vosshall, Genetic and functional subdivision of the Drosophila antennal lobe. 

Current biology : CB 15, 1548-1553 (2005); published online EpubSep 6 (10.1016/j.cub.2005.07.066). 
379. J. W. Wang, A. M. Wong, J. Flores, L. B. Vosshall, R. Axel, Two-photon calcium imaging reveals 
an odor-evoked map of activity in the fly brain. Cell 112, 271-282 (2003); published online EpubJan 24 ( 

380. R. L. Davis, Traces of Drosophila memory. Neuron 70, 8-19 (2011); published online EpubApr 14 
(10.1016/j.neuron.2011.03.012). 

381. D. Yu, A. Ponomarev, R. L. Davis, Altered representation of the spatial code for odors after 
olfactory classical conditioning; memory trace formation by synaptic recruitment. Neuron 42, 437-449 

(2004); published online EpubMay 13 ( 
382. D. Yu, A. C. Keene, A. Srivatsan, S. Waddell, R. L. Davis, Drosophila DPM neurons form a 

delayed and branch-specific memory trace after olfactory classical conditioning. Cell 123, 945-957 (2005); 
published online EpubDec 2 (10.1016/j.cell.2005.09.037). 

383. A. Pascual, T. Preat, Localization of long-term memory within the Drosophila mushroom body. 
Science 294, 1115-1117 (2001); published online EpubNov 2 (10.1126/science.1064200). 

384. J. C. Yin, J. S. Wallach, E. L. Wilder, J. Klingensmith, D. Dang, N. Perrimon, H. Zhou, T. Tully, W. 
G. Quinn, A Drosophila CREB/CREM homolog encodes multiple isoforms, including a cyclic AMP-

dependent protein kinase-responsive transcriptional activator and antagonist. Molecular and cellular 
biology 15, 5123-5130 (1995); published online EpubSep ( 

385. Y. Zhou, J. Wang, H. Wen, O. Kucherovsky, I. B. Levitan, Modulation of Drosophila slowpoke 
calcium-dependent potassium channel activity by bound protein kinase a catalytic subunit. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 22, 3855-3863 (2002); published online 

EpubMay 15 ( 
386. M. Yoshihara, K. Suzuki, Y. Kidokoro, Two independent pathways mediated by cAMP and protein 
kinase A enhance spontaneous transmitter release at Drosophila neuromuscular junctions. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 20, 8315-8322 (2000); published online 

EpubNov 15 ( 
387. W. D. Yao, C. F. Wu, Distinct roles of CaMKII and PKA in regulation of firing patterns and K(+) 

currents in Drosophila neurons. Journal of neurophysiology 85, 1384-1394 (2001); published online 
EpubApr ( 

388. R. A. Baines, Synaptic strengthening mediated by bone morphogenetic protein-dependent 
retrograde signaling in the Drosophila CNS. The Journal of neuroscience : the official journal of the 

Society for Neuroscience 24, 6904-6911 (2004); published online EpubAug 4 
(10.1523/JNEUROSCI.1978-04.2004). 

389. P. Drain, E. Folkers, W. G. Quinn, cAMP-dependent protein kinase and the disruption of learning 
in transgenic flies. Neuron 6, 71-82 (1991); published online EpubJan ( 

390. J. C. Yin, J. S. Wallach, M. Del Vecchio, E. L. Wilder, H. Zhou, W. G. Quinn, T. Tully, Induction of 
a dominant negative CREB transgene specifically blocks long-term memory in Drosophila. Cell 79, 49-58 

(1994); published online EpubOct 7 ( 



 

 123 

391. M. Costa-Mattioli, W. S. Sossin, E. Klann, N. Sonenberg, Translational control of long-lasting 
synaptic plasticity and memory. Neuron 61, 10-26 (2009); published online EpubJan 15 

(10.1016/j.neuron.2008.10.055). 
392. E. Jacinto, What controls TOR? IUBMB life 60, 483-496 (2008); published online EpubAug 

(10.1002/iub.56). 
393. M. K. Holz, J. Blenis, Identification of S6 kinase 1 as a novel mammalian target of rapamycin 

(mTOR)-phosphorylating kinase. The Journal of biological chemistry 280, 26089-26093 (2005); published 
online EpubJul 15 (10.1074/jbc.M504045200). 

394. L. Beretta, A. C. Gingras, Y. V. Svitkin, M. N. Hall, N. Sonenberg, Rapamycin blocks the 
phosphorylation of 4E-BP1 and inhibits cap-dependent initiation of translation. The EMBO journal 15, 

658-664 (1996); published online EpubFeb 1 ( 
395. K. Inoki, Y. Li, T. Zhu, J. Wu, K. L. Guan, TSC2 is phosphorylated and inhibited by Akt and 

suppresses mTOR signalling. Nature cell biology 4, 648-657 (2002); published online EpubSep 
(10.1038/ncb839). 

396. B. D. Manning, A. R. Tee, M. N. Logsdon, J. Blenis, L. C. Cantley, Identification of the tuberous 
sclerosis complex-2 tumor suppressor gene product tuberin as a target of the phosphoinositide 3-

kinase/akt pathway. Molecular cell 10, 151-162 (2002); published online EpubJul ( 
397. C. J. Potter, L. G. Pedraza, T. Xu, Akt regulates growth by directly phosphorylating Tsc2. Nature 

cell biology 4, 658-665 (2002); published online EpubSep (10.1038/ncb840). 
398. P. P. Roux, B. A. Ballif, R. Anjum, S. P. Gygi, J. Blenis, Tumor-promoting phorbol esters and 

activated Ras inactivate the tuberous sclerosis tumor suppressor complex via p90 ribosomal S6 kinase. 
Proceedings of the National Academy of Sciences of the United States of America 101, 13489-13494 

(2004); published online EpubSep 14 (10.1073/pnas.0405659101). 
399. D. D. Sarbassov, D. A. Guertin, S. M. Ali, D. M. Sabatini, Phosphorylation and regulation of 

Akt/PKB by the rictor-mTOR complex. Science 307, 1098-1101 (2005); published online EpubFeb 18 
(10.1126/science.1106148). 

400. J. Huang, B. D. Manning, A complex interplay between Akt, TSC2 and the two mTOR complexes. 
Biochemical Society transactions 37, 217-222 (2009); published online EpubFeb (10.1042/BST0370217). 

401. J. Xie, G. A. Ponuwei, C. E. Moore, G. B. Willars, A. R. Tee, T. P. Herbert, cAMP inhibits 
mammalian target of rapamycin complex-1 and -2 (mTORC1 and 2) by promoting complex dissociation 

and inhibiting mTOR kinase activity. Cellular signalling 23, 1927-1935 (2011); published online EpubDec 
(10.1016/j.cellsig.2011.06.025). 

402. D. R. Alessi, M. Andjelkovic, B. Caudwell, P. Cron, N. Morrice, P. Cohen, B. A. Hemmings, 
Mechanism of activation of protein kinase B by insulin and IGF-1. The EMBO journal 15, 6541-6551 

(1996); published online EpubDec 2 ( 
403. D. P. Brazil, B. A. Hemmings, Ten years of protein kinase B signalling: a hard Akt to follow. 

Trends in biochemical sciences 26, 657-664 (2001); published online EpubNov ( 
404. H. F. Guo, Y. Zhong, Requirement of Akt to mediate long-term synaptic depression in Drosophila. 
The Journal of neuroscience : the official journal of the Society for Neuroscience 26, 4004-4014 (2006); 

published online EpubApr 12 (10.1523/JNEUROSCI.3616-05.2006). 
405. A. Brunet, S. R. Datta, M. E. Greenberg, Transcription-dependent and -independent control of 

neuronal survival by the PI3K-Akt signaling pathway. Current opinion in neurobiology 11, 297-305 (2001); 
published online EpubJun ( 

406. H. Dudek, S. R. Datta, T. F. Franke, M. J. Birnbaum, R. Yao, G. M. Cooper, R. A. Segal, D. R. 
Kaplan, M. E. Greenberg, Regulation of neuronal survival by the serine-threonine protein kinase Akt. 

Science 275, 661-665 (1997); published online EpubJan 31 ( 
407. Q. Wang, L. Liu, L. Pei, W. Ju, G. Ahmadian, J. Lu, Y. Wang, F. Liu, Y. T. Wang, Control of 

synaptic strength, a novel function of Akt. Neuron 38, 915-928 (2003); published online EpubJun 19 ( 
408. H. G. Lee, N. Zhao, B. K. Campion, M. M. Nguyen, S. B. Selleck, Akt regulates glutamate 

receptor trafficking and postsynaptic membrane elaboration at the Drosophila neuromuscular junction. 
Developmental neurobiology 73, 723-743 (2013); published online EpubOct (10.1002/dneu.22086). 

409. C. C. Lee, C. C. Huang, K. S. Hsu, Insulin promotes dendritic spine and synapse formation by the 
PI3K/Akt/mTOR and Rac1 signaling pathways. Neuropharmacology 61, 867-879 (2011); published online 

EpubSep (10.1016/j.neuropharm.2011.06.003). 
410. R. Serantes, F. Arnalich, M. Figueroa, M. Salinas, E. Andres-Mateos, R. Codoceo, J. Renart, C. 
Matute, C. Cavada, A. Cuadrado, C. Montiel, Interleukin-1beta enhances GABAA receptor cell-surface 



 

 124 

expression by a phosphatidylinositol 3-kinase/Akt pathway: relevance to sepsis-associated 
encephalopathy. The Journal of biological chemistry 281, 14632-14643 (2006); published online 

EpubMay 26 (10.1074/jbc.M512489200). 
411. M. H. Grider, D. Park, D. M. Spencer, H. D. Shine, Lipid raft-targeted Akt promotes axonal 
branching and growth cone expansion via mTOR and Rac1, respectively. Journal of neuroscience 

research 87, 3033-3042 (2009); published online EpubNov 1 (10.1002/jnr.22140). 
412. L. Ciani, P. C. Salinas, WNTs in the vertebrate nervous system: from patterning to neuronal 

connectivity. Nature reviews. Neuroscience 6, 351-362 (2005); published online EpubMay 
(10.1038/nrn1665). 

413. N. C. Inestrosa, E. Arenas, Emerging roles of Wnts in the adult nervous system. Nature reviews. 
Neuroscience 11, 77-86 (2010); published online EpubFeb (10.1038/nrn2755). 

414. R. van Amerongen, R. Nusse, Towards an integrated view of Wnt signaling in development. 
Development 136, 3205-3214 (2009); published online EpubOct (10.1242/dev.033910). 

415. Q. Hu, S. Y. Lee, J. R. O'Kusky, P. Ye, Signalling through the type 1 insulin-like growth factor 
receptor (IGF1R) interacts with canonical Wnt signalling to promote neural proliferation in developing 

brain. ASN neuro 4,  (2012)10.1042/AN20120009). 
416. M. D. Gordon, R. Nusse, Wnt signaling: multiple pathways, multiple receptors, and multiple 
transcription factors. The Journal of biological chemistry 281, 22429-22433 (2006); published online 

EpubAug 11 (10.1074/jbc.R600015200). 
417. K. Orford, C. Crockett, J. P. Jensen, A. M. Weissman, S. W. Byers, Serine phosphorylation-

regulated ubiquitination and degradation of beta-catenin. The Journal of biological chemistry 272, 24735-
24738 (1997); published online EpubOct 3 ( 

418. T. A. Blauwkamp, M. V. Chang, K. M. Cadigan, Novel TCF-binding sites specify transcriptional 
repression by Wnt signalling. The EMBO journal 27, 1436-1446 (2008); published online EpubMay 21 

(10.1038/emboj.2008.80). 
419. L. Ciani, O. Krylova, M. J. Smalley, T. C. Dale, P. C. Salinas, A divergent canonical WNT-

signaling pathway regulates microtubule dynamics: dishevelled signals locally to stabilize microtubules. 
The Journal of cell biology 164, 243-253 (2004); published online EpubJan 19 (10.1083/jcb.200309096). 
420. S. B. Rosso, D. Sussman, A. Wynshaw-Boris, P. C. Salinas, Wnt signaling through Dishevelled, 
Rac and JNK regulates dendritic development. Nature neuroscience 8, 34-42 (2005); published online 

EpubJan (10.1038/nn1374). 
421. M. Kuhl, L. C. Sheldahl, M. Park, J. R. Miller, R. T. Moon, The Wnt/Ca2+ pathway: a new 

vertebrate Wnt signaling pathway takes shape. Trends in genetics : TIG 16, 279-283 (2000); published 
online EpubJul ( 

422. S. H. Friedman, N. Dani, E. Rushton, K. Broadie, Fragile X mental retardation protein regulates 
trans-synaptic signaling in Drosophila. Disease models & mechanisms 6, 1400-1413 (2013); published 

online EpubNov (10.1242/dmm.012229). 
423. S. A. Irwin, R. Galvez, W. T. Greenough, Dendritic spine structural anomalies in fragile-X mental 

retardation syndrome. Cerebral cortex 10, 1038-1044 (2000); published online EpubOct ( 
424. L. Ciani, K. A. Boyle, E. Dickins, M. Sahores, D. Anane, D. M. Lopes, A. J. Gibb, P. C. Salinas, 
Wnt7a signaling promotes dendritic spine growth and synaptic strength through Ca(2)(+)/Calmodulin-
dependent protein kinase II. Proceedings of the National Academy of Sciences of the United States of 

America 108, 10732-10737 (2011); published online EpubJun 28 (10.1073/pnas.1018132108). 
425. X. Yu, R. C. Malenka, Beta-catenin is critical for dendritic morphogenesis. Nature neuroscience 6, 

1169-1177 (2003); published online EpubNov (10.1038/nn1132). 
426. S. X. Bamji, K. Shimazu, N. Kimes, J. Huelsken, W. Birchmeier, B. Lu, L. F. Reichardt, Role of 

beta-catenin in synaptic vesicle localization and presynaptic assembly. Neuron 40, 719-731 (2003); 
published online EpubNov 13 ( 

427. D. L. Benson, H. Tanaka, N-cadherin redistribution during synaptogenesis in hippocampal 
neurons. The Journal of neuroscience : the official journal of the Society for Neuroscience 18, 6892-6904 

(1998); published online EpubSep 1 ( 
428. H. Togashi, K. Abe, A. Mizoguchi, K. Takaoka, O. Chisaka, M. Takeichi, Cadherin regulates 

dendritic spine morphogenesis. Neuron 35, 77-89 (2002); published online EpubJul 3 ( 
429. O. Bozdagi, W. Shan, H. Tanaka, D. L. Benson, G. W. Huntley, Increasing numbers of synaptic 
puncta during late-phase LTP: N-cadherin is synthesized, recruited to synaptic sites, and required for 

potentiation. Neuron 28, 245-259 (2000); published online EpubOct ( 



 

 125 

430. H. Tanaka, W. Shan, G. R. Phillips, K. Arndt, O. Bozdagi, L. Shapiro, G. W. Huntley, D. L. 
Benson, D. R. Colman, Molecular modification of N-cadherin in response to synaptic activity. Neuron 25, 

93-107 (2000); published online EpubJan ( 
431. K. Okamura, H. Tanaka, Y. Yagita, Y. Saeki, A. Taguchi, Y. Hiraoka, L. H. Zeng, D. R. Colman, 
N. Miki, Cadherin activity is required for activity-induced spine remodeling. The Journal of cell biology 

167, 961-972 (2004); published online EpubDec 6 (10.1083/jcb.200406030). 
432. Z. J. Tan, Y. Peng, H. L. Song, J. J. Zheng, X. Yu, N-cadherin-dependent neuron-neuron 
interaction is required for the maintenance of activity-induced dendrite growth. Proceedings of the 

National Academy of Sciences of the United States of America 107, 9873-9878 (2010); published online 
EpubMay 25 (10.1073/pnas.1003480107). 

433. B. M. Gumbiner, P. D. McCrea, Catenins as mediators of the cytoplasmic functions of cadherins. 
Journal of cell science. Supplement 17, 155-158 (1993). 

434. L. Cuitino, J. A. Godoy, G. G. Farias, A. Couve, C. Bonansco, M. Fuenzalida, N. C. Inestrosa, 
Wnt-5a modulates recycling of functional GABAA receptors on hippocampal neurons. The Journal of 

neuroscience : the official journal of the Society for Neuroscience 30, 8411-8420 (2010); published online 
EpubJun 23 (10.1523/JNEUROSCI.5736-09.2010). 

435. W. Cerpa, A. Gambrill, N. C. Inestrosa, A. Barria, Regulation of NMDA-receptor synaptic 
transmission by Wnt signaling. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 31, 9466-9471 (2011); published online EpubJun 29 (10.1523/JNEUROSCI.6311-10.2011). 
436. L. Varela-Nallar, I. E. Alfaro, F. G. Serrano, J. Parodi, N. C. Inestrosa, Wingless-type family 

member 5A (Wnt-5a) stimulates synaptic differentiation and function of glutamatergic synapses. 
Proceedings of the National Academy of Sciences of the United States of America 107, 21164-21169 

(2010); published online EpubDec 7 (10.1073/pnas.1010011107). 
437. C. Luscher, R. C. Malenka, NMDA receptor-dependent long-term potentiation and long-term 

depression (LTP/LTD). Cold Spring Harbor perspectives in biology 4,  (2012); published online EpubJun 
(10.1101/cshperspect.a005710). 

438. R. Yuste, T. Bonhoeffer, Morphological changes in dendritic spines associated with long-term 
synaptic plasticity. Annual review of neuroscience 24, 1071-1089 

(2001)10.1146/annurev.neuro.24.1.1071). 
439. M. A. Lynch, Long-term potentiation and memory. Physiological reviews 84, 87-136 (2004); 

published online EpubJan (10.1152/physrev.00014.2003). 
440. J. Chen, C. S. Park, S. J. Tang, Activity-dependent synaptic Wnt release regulates hippocampal 
long term potentiation. The Journal of biological chemistry 281, 11910-11916 (2006); published online 

EpubApr 28 (10.1074/jbc.M511920200). 
441. W. Cerpa, J. A. Godoy, I. Alfaro, G. G. Farias, M. J. Metcalfe, R. Fuentealba, C. Bonansco, N. C. 

Inestrosa, Wnt-7a modulates the synaptic vesicle cycle and synaptic transmission in hippocampal 
neurons. The Journal of biological chemistry 283, 5918-5927 (2008); published online EpubFeb 29 

(10.1074/jbc.M705943200). 
442. A. Ahmad-Annuar, L. Ciani, I. Simeonidis, J. Herreros, N. B. Fredj, S. B. Rosso, A. Hall, S. 
Brickley, P. C. Salinas, Signaling across the synapse: a role for Wnt and Dishevelled in presynaptic 

assembly and neurotransmitter release. The Journal of cell biology 174, 127-139 (2006); published online 
EpubJul 3 (10.1083/jcb.200511054). 

443. L. Tang, C. P. Hung, E. M. Schuman, A role for the cadherin family of cell adhesion molecules in 
hippocampal long-term potentiation. Neuron 20, 1165-1175 (1998); published online EpubJun ( 

444. S. Roura, S. Miravet, J. Piedra, A. Garcia de Herreros, M. Dunach, Regulation of E-
cadherin/Catenin association by tyrosine phosphorylation. The Journal of biological chemistry 274, 

36734-36740 (1999); published online EpubDec 17 ( 
445. A. S. Yap, C. M. Niessen, B. M. Gumbiner, The juxtamembrane region of the cadherin 

cytoplasmic tail supports lateral clustering, adhesive strengthening, and interaction with p120ctn. The 
Journal of cell biology 141, 779-789 (1998); published online EpubMay 4 ( 

446. S. Murase, E. Mosser, E. M. Schuman, Depolarization drives beta-Catenin into neuronal spines 
promoting changes in synaptic structure and function. Neuron 35, 91-105 (2002); published online 

EpubJul 3 ( 
447. N. K. Noren, C. M. Niessen, B. M. Gumbiner, K. Burridge, Cadherin engagement regulates Rho 

family GTPases. The Journal of biological chemistry 276, 33305-33308 (2001); published online EpubSep 
7 (10.1074/jbc.C100306200). 



 

 126 

448. M. Negishi, H. Katoh, Rho family GTPases and dendrite plasticity. The Neuroscientist : a review 
journal bringing neurobiology, neurology and psychiatry 11, 187-191 (2005); published online EpubJun 

(10.1177/1073858404268768). 
449. X. Duan, E. Kang, C. Y. Liu, G. L. Ming, H. Song, Development of neural stem cell in the adult 

brain. Current opinion in neurobiology 18, 108-115 (2008); published online EpubFeb 
(10.1016/j.conb.2008.04.001). 

450. R. Nusse, Wnt signaling and stem cell control. Cell research 18, 523-527 (2008); published online 
EpubMay (10.1038/cr.2008.47). 

451. Y. Hirabayashi, Y. Itoh, H. Tabata, K. Nakajima, T. Akiyama, N. Masuyama, Y. Gotoh, The 
Wnt/beta-catenin pathway directs neuronal differentiation of cortical neural precursor cells. Development 

131, 2791-2801 (2004); published online EpubJun (10.1242/dev.01165). 
452. T. M. Michaelidis, D. C. Lie, Wnt signaling and neural stem cells: caught in the Wnt web. Cell and 

tissue research 331, 193-210 (2008); published online EpubJan (10.1007/s00441-007-0476-5). 
453. T. Ma, N. Tzavaras, P. Tsokas, E. M. Landau, R. D. Blitzer, Synaptic stimulation of mTOR is 

mediated by Wnt signaling and regulation of glycogen synthetase kinase-3. The Journal of neuroscience : 
the official journal of the Society for Neuroscience 31, 17537-17546 (2011); published online EpubNov 30 

(10.1523/JNEUROSCI.4761-11.2011). 
454. S. Fukumoto, C. M. Hsieh, K. Maemura, M. D. Layne, S. F. Yet, K. H. Lee, T. Matsui, A. 

Rosenzweig, W. G. Taylor, J. S. Rubin, M. A. Perrella, M. E. Lee, Akt participation in the Wnt signaling 
pathway through Dishevelled. The Journal of biological chemistry 276, 17479-17483 (2001); published 

online EpubMay 18 (10.1074/jbc.C000880200). 
455. K. Inoki, H. Ouyang, T. Zhu, C. Lindvall, Y. Wang, X. Zhang, Q. Yang, C. Bennett, Y. Harada, K. 
Stankunas, C. Y. Wang, X. He, O. A. MacDougald, M. You, B. O. Williams, K. L. Guan, TSC2 integrates 
Wnt and energy signals via a coordinated phosphorylation by AMPK and GSK3 to regulate cell growth. 

Cell 126, 955-968 (2006); published online EpubSep 8 (10.1016/j.cell.2006.06.055). 
456. D. Fang, D. Hawke, Y. Zheng, Y. Xia, J. Meisenhelder, H. Nika, G. B. Mills, R. Kobayashi, T. 

Hunter, Z. Lu, Phosphorylation of beta-catenin by AKT promotes beta-catenin transcriptional activity. The 
Journal of biological chemistry 282, 11221-11229 (2007); published online EpubApr 13 

(10.1074/jbc.M611871200). 
457. J. Zhang, J. R. Shemezis, E. R. McQuinn, J. Wang, M. Sverdlov, A. Chenn, AKT activation by N-
cadherin regulates beta-catenin signaling and neuronal differentiation during cortical development. Neural 

development 8, 7 (2013)10.1186/1749-8104-8-7). 
458. M. Sharma, W. W. Chuang, Z. Sun, Phosphatidylinositol 3-kinase/Akt stimulates androgen 

pathway through GSK3beta inhibition and nuclear beta-catenin accumulation. The Journal of biological 
chemistry 277, 30935-30941 (2002); published online EpubAug 23 (10.1074/jbc.M201919200). 

459. C. Y. Logan, R. Nusse, The Wnt signaling pathway in development and disease. Annual review of 
cell and developmental biology 20, 781-810 (2004)10.1146/annurev.cellbio.20.010403.113126). 

460. K. A. Maguschak, K. J. Ressler, Beta-catenin is required for memory consolidation. Nature 
neuroscience 11, 1319-1326 (2008); published online EpubNov (10.1038/nn.2198). 

461. N. Giagtzoglou, C. V. Ly, H. J. Bellen, Cell adhesion, the backbone of the synapse: "vertebrate" 
and "invertebrate" perspectives. Cold Spring Harbor perspectives in biology 1, a003079 (2009); published 

online EpubOct (10.1101/cshperspect.a003079). 
462. M. Takeichi, K. Abe, Synaptic contact dynamics controlled by cadherin and catenins. Trends in 

cell biology 15, 216-221 (2005); published online EpubApr (10.1016/j.tcb.2005.02.002). 
463. C. Y. Tai, S. P. Mysore, C. Chiu, E. M. Schuman, Activity-regulated N-cadherin endocytosis. 

Neuron 54, 771-785 (2007); published online EpubJun 7 (10.1016/j.neuron.2007.05.013). 
464. C. J. Yuskaitis, M. A. Mines, M. K. King, J. D. Sweatt, C. A. Miller, R. S. Jope, Lithium ameliorates 

altered glycogen synthase kinase-3 and behavior in a mouse model of fragile X syndrome. Biochemical 
pharmacology 79, 632-646 (2010); published online EpubFeb 15 (10.1016/j.bcp.2009.09.023). 

465. Z. H. Liu, D. M. Chuang, C. B. Smith, Lithium ameliorates phenotypic deficits in a mouse model of 
fragile X syndrome. The international journal of neuropsychopharmacology / official scientific journal of 

the Collegium Internationale Neuropsychopharmacologicum 14, 618-630 (2011); published online 
EpubJun (10.1017/S1461145710000520). 

466. C. A. Grimes, R. S. Jope, The multifaceted roles of glycogen synthase kinase 3beta in cellular 
signaling. Progress in neurobiology 65, 391-426 (2001); published online EpubNov ( 



 

 127 

467. K. M. Harris, S. B. Kater, Dendritic spines: cellular specializations imparting both stability and 
flexibility to synaptic function. Annual review of neuroscience 17, 341-371 

(1994)10.1146/annurev.ne.17.030194.002013). 
468. E. A. Nimchinsky, B. L. Sabatini, K. Svoboda, Structure and function of dendritic spines. Annual 

review of physiology 64, 313-353 (2002)10.1146/annurev.physiol.64.081501.160008). 
469. M. Matsuzaki, N. Honkura, G. C. Ellis-Davies, H. Kasai, Structural basis of long-term potentiation 

in single dendritic spines. Nature 429, 761-766 (2004); published online EpubJun 17 
(10.1038/nature02617). 

470. Y. Tan, D. Yu, G. U. Busto, C. Wilson, R. L. Davis, Wnt signaling is required for long-term 
memory formation. Cell reports 4, 1082-1089 (2013); published online EpubSep 26 

(10.1016/j.celrep.2013.08.007). 
471. Y. R. Peng, S. He, H. Marie, S. Y. Zeng, J. Ma, Z. J. Tan, S. Y. Lee, R. C. Malenka, X. Yu, 

Coordinated changes in dendritic arborization and synaptic strength during neural circuit development. 
Neuron 61, 71-84 (2009); published online EpubJan 15 (10.1016/j.neuron.2008.11.015). 

472. A. Citri, R. C. Malenka, Synaptic plasticity: multiple forms, functions, and mechanisms. 
Neuropsychopharmacology : official publication of the American College of Neuropsychopharmacology 

33, 18-41 (2008); published online EpubJan (10.1038/sj.npp.1301559). 
473. R. J. Kelleher, 3rd, M. F. Bear, The autistic neuron: troubled translation? Cell 135, 401-406 

(2008); published online EpubOct 31 (10.1016/j.cell.2008.10.017). 
474. I. J. Weiler, W. T. Greenough, Synaptic synthesis of the Fragile X protein: possible involvement in 
synapse maturation and elimination. American journal of medical genetics 83, 248-252 (1999); published 

online EpubApr 2 ( 
475. R. L. Coffee, Jr., A. J. Williamson, C. M. Adkins, M. C. Gray, T. L. Page, K. Broadie, In vivo 
neuronal function of the fragile X mental retardation protein is regulated by phosphorylation. Human 

molecular genetics 21, 900-915 (2012); published online EpubFeb 15 (10.1093/hmg/ddr527). 
476. Y. Zhang, M. R. Brown, C. Hyland, Y. Chen, J. Kronengold, M. R. Fleming, A. B. Kohn, L. L. 

Moroz, L. K. Kaczmarek, Regulation of neuronal excitability by interaction of fragile X mental retardation 
protein with slack potassium channels. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 32, 15318-15327 (2012); published online EpubOct 31 (10.1523/JNEUROSCI.2162-
12.2012). 

477. H. Y. Lee, L. Y. Jan, Fragile X syndrome: mechanistic insights and therapeutic avenues regarding 
the role of potassium channels. Current opinion in neurobiology 22, 887-894 (2012); published online 

EpubOct (10.1016/j.conb.2012.03.010). 
478. M. Nakamoto, V. Nalavadi, M. P. Epstein, U. Narayanan, G. J. Bassell, S. T. Warren, Fragile X 

mental retardation protein deficiency leads to excessive mGluR5-dependent internalization of AMPA 
receptors. Proceedings of the National Academy of Sciences of the United States of America 104, 15537-

15542 (2007); published online EpubSep 25 (10.1073/pnas.0707484104). 
479. F. Mills, T. E. Bartlett, L. Dissing-Olesen, M. B. Wisniewska, J. Kuznicki, B. A. Macvicar, Y. T. 
Wang, S. X. Bamji, Cognitive flexibility and long-term depression (LTD) are impaired following beta-

catenin stabilization in vivo. Proceedings of the National Academy of Sciences of the United States of 
America 111, 8631-8636 (2014); published online EpubJun 10 (10.1073/pnas.1404670111). 

480. R. E. Nicholls, J. M. Alarcon, G. Malleret, R. C. Carroll, M. Grody, S. Vronskaya, E. R. Kandel, 
Transgenic mice lacking NMDAR-dependent LTD exhibit deficits in behavioral flexibility. Neuron 58, 104-

117 (2008); published online EpubApr 10 (10.1016/j.neuron.2008.01.039). 
481. Z. Dong, Y. Bai, X. Wu, H. Li, B. Gong, J. G. Howland, Y. Huang, W. He, T. Li, Y. T. Wang, 

Hippocampal long-term depression mediates spatial reversal learning in the Morris water maze. 
Neuropharmacology 64, 65-73 (2013); published online EpubJan (10.1016/j.neuropharm.2012.06.027). 

482. P. R. Moult, Neuronal glutamate and GABAA receptor function in health and disease. 
Biochemical Society transactions 37, 1317-1322 (2009); published online EpubDec 

(10.1042/BST0371317). 
483. Y. Wu, Q. Ren, H. Li, A. Guo, The GABAergic anterior paired lateral neurons facilitate olfactory 

reversal learning in Drosophila. Learning & memory 19, 478-486 (2012)10.1101/lm.025726.112). 
484. S. E. McGuire, M. Deshazer, R. L. Davis, Thirty years of olfactory learning and memory research 

in Drosophila melanogaster. Progress in neurobiology 76, 328-347 (2005); published online EpubAug 
(10.1016/j.pneurobio.2005.09.003). 



 

 128 

485. Q. Ren, H. Li, Y. Wu, J. Ren, A. Guo, A GABAergic inhibitory neural circuit regulates visual 
reversal learning in Drosophila. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 32, 11524-11538 (2012); published online EpubAug 22 (10.1523/JNEUROSCI.0827-
12.2012). 

486. X. Liu, W. C. Krause, R. L. Davis, GABAA receptor RDL inhibits Drosophila olfactory associative 
learning. Neuron 56, 1090-1102 (2007); published online EpubDec 20 (10.1016/j.neuron.2007.10.036). 

487. X. Liu, R. L. Davis, The GABAergic anterior paired lateral neuron suppresses and is suppressed 
by olfactory learning. Nature neuroscience 12, 53-59 (2009); published online EpubJan 

(10.1038/nn.2235). 
488. J. L. Pitman, W. Huetteroth, C. J. Burke, M. J. Krashes, S. L. Lai, T. Lee, S. Waddell, A pair of 

inhibitory neurons are required to sustain labile memory in the Drosophila mushroom body. Current 
biology : CB 21, 855-861 (2011); published online EpubMay 24 (10.1016/j.cub.2011.03.069). 

489. G. U. Busto, I. Cervantes-Sandoval, R. L. Davis, Olfactory learning in Drosophila. Physiology 25, 
338-346 (2010); published online EpubDec (10.1152/physiol.00026.2010). 

490. X. Liu, M. E. Buchanan, K. A. Han, R. L. Davis, The GABAA receptor RDL suppresses the 
conditioned stimulus pathway for olfactory learning. The Journal of neuroscience : the official journal of 

the Society for Neuroscience 29, 1573-1579 (2009); published online EpubFeb 4 
(10.1523/JNEUROSCI.4763-08.2009). 

491. D. C. Adusei, L. K. Pacey, D. Chen, D. R. Hampson, Early developmental alterations in 
GABAergic protein expression in fragile X knockout mice. Neuropharmacology 59, 167-171 (2010); 

published online EpubSep (10.1016/j.neuropharm.2010.05.002). 
492. C. D'Hulst, I. Heulens, J. R. Brouwer, R. Willemsen, N. De Geest, S. P. Reeve, P. P. De Deyn, B. 
A. Hassan, R. F. Kooy, Expression of the GABAergic system in animal models for fragile X syndrome and 

fragile X associated tremor/ataxia syndrome (FXTAS). Brain research 1253, 176-183 (2009); published 
online EpubFeb 9 (10.1016/j.brainres.2008.11.075). 

493. R. Lozano, E. B. Hare, R. J. Hagerman, Modulation of the GABAergic pathway for the treatment 
of fragile X syndrome. Neuropsychiatric disease and treatment 10, 1769-1779 

(2014)10.2147/NDT.S42919). 
494. A. Tashiro, A. Minden, R. Yuste, Regulation of dendritic spine morphology by the rho family of 

small GTPases: antagonistic roles of Rac and Rho. Cerebral cortex 10, 927-938 (2000); published online 
EpubOct ( 

495. L. Luo, T. K. Hensch, L. Ackerman, S. Barbel, L. Y. Jan, Y. N. Jan, Differential effects of the Rac 
GTPase on Purkinje cell axons and dendritic trunks and spines. Nature 379, 837-840 (1996); published 

online EpubFeb 29 (10.1038/379837a0). 
496. M. V. Tejada-Simon, L. E. Villasana, F. Serrano, E. Klann, NMDA receptor activation induces 

translocation and activation of Rac in mouse hippocampal area CA1. Biochemical and biophysical 
research communications 343, 504-512 (2006); published online EpubMay 5 

(10.1016/j.bbrc.2006.02.183). 
497. A. Schenck, B. Bardoni, A. Moro, C. Bagni, J. L. Mandel, A highly conserved protein family 

interacting with the fragile X mental retardation protein (FMRP) and displaying selective interactions with 
FMRP-related proteins FXR1P and FXR2P. Proceedings of the National Academy of Sciences of the 

United States of America 98, 8844-8849 (2001); published online EpubJul 17 (10.1073/pnas.151231598). 
498. O. Y. Bongmba, L. A. Martinez, M. E. Elhardt, K. Butler, M. V. Tejada-Simon, Modulation of 

dendritic spines and synaptic function by Rac1: a possible link to Fragile X syndrome pathology. Brain 
research 1399, 79-95 (2011); published online EpubJul 5 (10.1016/j.brainres.2011.05.020). 

499. Y. Shuai, B. Lu, Y. Hu, L. Wang, K. Sun, Y. Zhong, Forgetting is regulated through Rac activity in 
Drosophila. Cell 140, 579-589 (2010); published online EpubFeb 19 (10.1016/j.cell.2009.12.044). 
500. Y. Shuai, Y. Zhong, Forgetting and small G protein Rac. Protein & cell 1, 503-506 (2010); 

published online EpubJun (10.1007/s13238-010-0077-z). 
501. L. Freland, J. M. Beaulieu, Inhibition of GSK3 by lithium, from single molecules to signaling 

networks. Frontiers in molecular neuroscience 5, 14 (2012); published online EpubJan 27 
(10.3389/fnmol.2012.00014). 

502. J. Arikkath, L. F. Reichardt, Cadherins and catenins at synapses: roles in synaptogenesis and 
synaptic plasticity. Trends in neurosciences 31, 487-494 (2008); published online EpubSep 

(10.1016/j.tins.2008.07.001). 



 

 129 

503. A. Nolze, J. Schneider, R. Keil, M. Lederer, S. Huttelmaier, M. M. Kessels, B. Qualmann, M. 
Hatzfeld, FMRP regulates actin filament organization via the armadillo protein p0071. Rna 19, 1483-1496 

(2013); published online EpubNov (10.1261/rna.037945.112). 
504. A. I. Barth, I. S. Nathke, W. J. Nelson, Cadherins, catenins and APC protein: interplay between 

cytoskeletal complexes and signaling pathways. Current opinion in cell biology 9, 683-690 (1997); 
published online EpubOct ( 

505. J. M. Staddon, C. Smales, C. Schulze, F. S. Esch, L. L. Rubin, p120, a p120-related protein 
(p100), and the cadherin/catenin complex. The Journal of cell biology 130, 369-381 (1995); published 

online EpubJul ( 
506. M. Goodwin, E. M. Kovacs, M. A. Thoreson, A. B. Reynolds, A. S. Yap, Minimal mutation of the 

cytoplasmic tail inhibits the ability of E-cadherin to activate Rac but not phosphatidylinositol 3-kinase: 
direct evidence of a role for cadherin-activated Rac signaling in adhesion and contact formation. The 

Journal of biological chemistry 278, 20533-20539 (2003); published online EpubJun 6 
(10.1074/jbc.M213171200). 

507. C. R. Magie, D. Pinto-Santini, S. M. Parkhurst, Rho1 interacts with p120ctn and alpha-catenin, 
and regulates cadherin-based adherens junction components in Drosophila. Development 129, 3771-

3782 (2002); published online EpubAug ( 
508. E. Berry-Kravis, Mechanism-based treatments in neurodevelopmental disorders: fragile X 

syndrome. Pediatric neurology 50, 297-302 (2014); published online EpubApr 
(10.1016/j.pediatrneurol.2013.12.001). 

 

 

 

 

 


