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Summary 

 

Fragile X syndrome patients present neuronal alterations that lead to severe intellectual 

disability, but the underlying neuronal circuit mechanisms are poorly understood. An 

exciting hypothesis postulates that reduced GABAergic inhibition of excitatory neurons is a 

key component in the pathophysiology of fragile X syndrome. Here, I directly test this idea. 

First, I show that a Drosophila melanogaster model of fragile X syndrome exhibits strongly 

impaired olfactory behaviors. In line with this, olfactory representations are less odor-

specific due to broader response tuning of excitatory projection neurons. I find that impaired 

inhibitory interactions underlie reduced specificity in olfactory representations. Finally, I 

show that defective lateral inhibition across projection neurons is caused by weaker 

inhibition from GABAergic interneurons. I provide direct evidence that deficient inhibition 

impairs sensory computations and behavior in an in vivo model of fragile X syndrome. 

Together with evidence of impaired inhibition in autism and Rett syndrome, these findings 

suggest a potentially general mechanism for intellectual disability. 
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Samenvatting 

 

Patiënten met het fragiele-X-syndroom vertonen neuronale afwijkingen die een ernstige 

verstandelijke handicap veroorzaken. De onderliggende mechanismen van het neuronale 

netwerk zijn echter amper bekend. Een opmerkelijke hypothese stipuleert dat GABAergische 

inhibitie van de exciterende neuronen een essentiële rol spelen in de pathofysiologie van het 

fragiele-X-syndroom. In deze thesis testen we deze theorie op een directe manier. Een 

Drosophila melanogaster model van het fragiele-X-syndroom vertoont sterke afwijkingen in 

hun olfactorisch gedrag. Meerbepaald zijn hun olfactorische hersenkaarten minder 

geurspecifiek door een bredere respons regeling van exciterende projectieneuronen. We 

leiden af dat verstoorde inhibitorische interacties de onderliggende reden zijn voor 

verminderde specificiteit in olfactorische hersenkaarten. We tonen ook aan dat foutieve 

laterale inhibitie van projectieneuronen veroorzaakt wordt door zwakkere inhibitie van 

GABAergische interneuronen. We leveren rechtstreeks bewijs dat foutieve inhibitie de 

sensorische verwerking in de hersenen alsook het gedrag aantasten in een in vivo model van 

het fragiele-X-syndroom. Samen met de aanwijzingen voor verzwakte inhibitie bij autisme 

en het syndroom van Rett, suggereren onze bevindingen het bestaan van een potentiëel 

algemeen mechanisme voor verstandelijke handicaps. 
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Introduction 

 

Fragile X syndrome is one of the most common inherited intellectual disability disorder. 

Patients with fragile X syndrome exhibit neurological symptoms that include learning 

disabilities, social anxiety, attention deficits, hyperarousal, hypersensitivity, autism and, in 

some cases, epileptic seizures (reviewed by Penagarikano et al., 2007). Notwithstanding the 

complexity of neurophysiological and behavioral alterations, fragile X syndrome is caused 

by the silencing, deletion or loss of function mutation of a single gene, FMR1. As a result, 

FMRP, its protein product, is not expressed in the vast majority of cases or is non-functional 

in the rare cases with a point mutation (Verkerk et al., 1991; Sutcliffe et al., 1992; Okray et 

al., 2015; Suhl & Warren, 2015). FMRP is a mRNA-binding protein (Ashley et al., 1993) that 

regulates several aspects of mRNA metabolism such as nuclear export, transport to synaptic 

terminals, activity-dependent ribosome stalling and gene expression (reviewed by Bagni & 

Greenough, 2005; Bassell & Warren, 2008; Santoro et al., 2012). Although much of FMRP 

molecular activity is thought to be specifically related to regulation of synaptic function 

(Zhang et al., 2001; Edbauer et al., 2010; Darnell et al., 2011), very little is known about the 

potential defects in neuronal circuit function caused by the absence of FMRP. In particular, 

how these neurophysiological alterations lead to impairment in neuronal computations and, 

eventually, behavior in patients with fragile X syndrome. 

 

Initial studies revealed that the number of dendritic spines is increased in the cortical 

tissue of patients with fragile X syndrome (Rudelli et al., 1985; Hinton et al., 1991; 

Wisniewski et al., 1991; Irwin et al., 2001). In fact, dendritic abnormalities are the most 

consistent anatomical correlates of intellectual disability (Kaufmann & Moser, 2000). 

Further studies on mouse and fruit fly models of fragile X syndrome showed that FMRP 

regulates neuronal branching (Morales et al., 2002; Galvez et al., 2003; Pan et al., 2004; Reeve 

et al., 2005; Reeve et al., 2008; Patel et al., 2014) as well as dendritic spine morphology and 

density (Comery et al., 1997; Nimchinsky et al., 2001; Zhang et al., 2001). In addition to 

defects in synaptic structure and in axonal branching, impairments in animal behavior were 

observed (Zhang et al., 2001; Morales et al., 2002). However, further studies showed that 



Biomedical Sciences – Cognitive and Molecular Neurosciences  
   

4 
 

anatomical neuronal circuitry defects and behavioral defects can be genetically uncoupled 

(Reeve et al., 2005), suggesting that unknown defects in neuronal circuit function underlie 

behavioral deficits. 

 

FMRP regulates translation of target mRNAs at synapses, some of which encode 

proteins involved in synaptic plasticity (Brown et al., 2001; Zalfa et al., 2003; Muddashetty 

et al., 2011; Darnell & Klann, 2013). Importantly, absence of FMRP leads to abnormally and 

constitutively enhanced group 1 mGluR signaling, which results in exaggerated long-term 

depression (Huber et al., 2002), with a net loss of AMPA and NMDA receptors (Huber et al., 

2000; Snyder et al., 2001; Ireland & Abraham, 2009). Exaggerated group 1 mGluR signaling 

has additional consequences. Anatomically, enhanced group 1 mGluR signaling contributes 

to elongation of dendritic spines in rodent models of fragile X syndrome (Comery et al., 1997; 

Nimchinsky et al., 2001; Vanderklish & Edelman, 2002). Physiologically, enhanced group 1 

mGluR signaling leads to increased intrinsic neuronal excitability through downregulation 

of potassium channels that are important for determination of the resting membrane 

potential and for action potential afterhyperpolarization (Sourdet et al., 2003; Brager & 

Johnston, 2007). Moreover, FMRP directly influences neuronal excitability by regulating 

expression of potassium channels (Strumbos et al., 2010; Gross et al., 2011; Lee et al., 2011), 

and also, in a translation-independent manner, by interacting with potassium channels. 

(Brown et al., 2010; Deng et al., 2013). Nevertheless, the recent failure of clinical trials 

targeting group 1 mGluR signaling (Mullard, 2015), has lead the field to re-examine the 

assumption that enhanced group 1 mGluR signaling is sufficient to explain the 

symptomatology associated with fragile X syndrome. 

 

Loss of FMRP was recently shown to result in abnormal network-level 

hyperexcitability in the mouse somatosensory cortex (Goncalves et al., 2013; Zhang et al., 

2014), which has been associated with many of the symptoms observed in patients with 

fragile X syndrome, such as hypersensitivity, hyperarousal, hyperactivity, anxiety and 

epilepsy (reviewed by Bear et al., 2004; D'Hulst & Kooy, 2007; Braat & Kooy, 2015a; 

Contractor et al., 2015). Interestingly, absence of FMRP leads to downregulation of GABAA 

receptor subunits in both mice and fruit flies (El Idrissi et al., 2005; D'Hulst et al., 2006; 
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Gantois et al., 2006; Curia et al., 2009; Adusei et al., 2010; Hong et al., 2012). Furthermore, 

other components of the GABAergic transmission machinery, such as the enzymes for GABA 

synthesis and degradation, GABA membrane transporters, a GABA receptor scaffolding 

protein and a protein that regulates GABAB receptor signaling were shown to be 

downregulated in the absence of FMRP (D'Hulst et al., 2009; Adusei et al., 2010; Olmos-

Serrano et al., 2010; Pacey et al., 2011; Gatto et al., 2014). These observations suggest a 

tantalizing, yet poorly understood, link between GABAergic signaling, network 

hyperexcitability and behavioral deficits in models and patients with fragile X syndrome. 

 

In contrast to the extensively studied group 1 mGluR component of fragile X 

syndrome, the potential effects of altered synaptic inhibition on neuronal circuits excitability 

and how these synaptic changes might impact sensory computations and animal behavior 

remain unexplored. In this study, I explore the changes in neuronal circuit function and 

connectivity underlying fragile X syndrome by using a combination of quantitative 

behavioral assays, in vivo functional brain imaging, optogenetics and electrophysiology in a 

fruit fly model of Fragile X Syndrome. Specifically, I focused on the olfactory system of 

Drosophila melanogaster, which is a well-understood and genetically tractable neuronal 

circuit with a high level of stereotypy. I find that absence of dFMRP, the fly homolog of the 

human FMRP, results in reduced performance in innate olfactory behaviors such as 

attraction and aversion. Calcium imaging data show that antennal lobe projection neurons 

have broader odor response tuning in dfmr1- flies, which leads to reduced specificity in odor 

coding and alterations in olfactory representations. In line with these results, I observe that 

lateral inhibition across olfactory glomeruli, as well as the inhibitory connections between 

local interneurons and projection neurons are impaired in dfmr1- flies. I propose that 

absence of dFMRP leads to defective lateral inhibition across olfactory glomeruli, which, in 

turn, results in impaired olfactory coding and odor induced behaviors. 
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Fragile X Syndrome 

 

Fragile X syndrome was firstly identified after the observation of unusual gaps on the X 

chromosome long arm in a particular group of patients previously diagnosed with 

intellectual disability (Lubs, 1969; see Figure I). Such gaps were named fragile sites due to 

their propensity to break under certain conditions (Sutherland, 1977; Hecht & Sutherland, 

1985). The term Fragile X Syndrome was thus coined to designate this distinct form of X 

chromosome related intellectual disability (Santoro et al., 2012). Fragile X syndrome is also 

known as Martin-Bell syndrome (Webb et al., 1981) or Escalante syndrome (Vianna-

Morgante et al., 1982). 

 

Figure I. Human normal (left) and fragile (right) X chromosomes observed in metaphase by scanning electron 
microscopy. The gap denoted by a red arrow indicates the fragile site. (Adapted from Harrison et al., 1983). 

 

Fragile X Syndrome is a developmental disorder that results in a spectrum of physical 

alterations as well as intellectual disabilities. Fragile X syndrome patients commonly present 

connective tissue disorders such as prominent ears, long face, high palate, flat feet, 

hyperextensible joints and hypotonia (Hagerman et al., 1984; Chudley & Hagerman, 1987; 

Hagerman, 2002; Murphy-Ryan et al., 2010). The looseness of the connective tissue also 

predisposes them to hernias, joint dislocations, esophageal reflux, eye and vision problems, 

sinusitis and middle ear infections (Hagerman, 2002). In addition, male subjects present 

postpubescent macroorchidism (Turner et al., 1980; Chudley & Hagerman, 1987; Hagerman, 

2002). Behaviorally, fragile X syndrome patients exhibit perseverative movements such as 

hand-flapping and hand-biting as well as atypical social interactions such as poor eye 
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contact, shyness, tactile defensiveness, panic attacks and aggression. Psychiatric conditions 

such as attention deficit hyperactivity, hypersensitivity, hyperarousal and anxiety are 

frequently diagnosed in individuals with fragile X syndrome (Chudley & Hagerman, 1987; 

Hagerman, 2002; Hagerman et al., 2009; Tranfaglia, 2011). These characteristic behaviors 

significantly overlap with those observed in autistic disorders (Tranfaglia, 2011). 

 

It has been estimated that in approximately 5 % of the cases, fragile X syndrome 

patients also meet all of the criteria for autism spectrum disorder (Muhle et al., 2004; 

Schaefer & Mendelsohn, 2008; Budimirovic & Kaufmann, 2011). Nonetheless, most patients 

display autistic features, with reported rates ranging from 15 to 60 % (Bailey et al., 2001; 

Rogers et al., 2001; Kaufmann et al., 2004; Lewis et al., 2006; Clifford et al., 2007; Bailey et 

al., 2008; Harris et al., 2008; Budimirovic & Kaufmann, 2011). This behavioral overlap 

between autism and fragile X syndrome has been proposed to arise from some overlapping 

neural mechanisms (Belmonte & Bourgeron, 2006; Braat & Kooy, 2015a). 

 

The observation of increased behavioral responsiveness might reflect neural 

hyperexcitability (Gibson et al., 2008; Braat & Kooy, 2015b). In consonance with this, fragile 

X syndrome patients have been reported to present seizures in 10 to 20 % of the cases, 

whose EEG patterns are characteristic of benign Rolandic epilepsy, suggesting a shared 

neural mechanism (Berry-Kravis, 2002; Incorpora et al., 2002; Hagerman & Stafstrom, 

2009). 

 

A subgroup of individuals diagnosed with fragile X syndrome have been reported to 

exhibit hyperphagia and obesity, with a physical phenotype similar to that of Prader-Willi 

syndrome (Fryns et al., 1987; de Vries et al., 1993; Schrander-Stumpel et al., 1994; Nowicki 

et al., 2007). Importantly, this subgroup presents elevated rates of autism (Hagerman et al., 

2009). 

 

Most of the neurological diseases that share behavioral phenotypes with fragile X 

syndrome do not currently have populational biomarkers. By contrast, fragile X syndrome 

has been found to be caused by a mutation in one single gene (Verkerk et al., 1991). This 
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discovery considerably facilitated its diagnosis as well as its study through animal 

experimentation. Therefore, the study of fragile X syndrome is not only important by itself 

but also to help elucidating neurological mechanisms related to other disorders. 

 

Mutation in the FMR1 gene 

The variety of symptoms identified as fragile X syndrome have one common origin: an 

abnormal large expansion of CGG trinucleotide repeats (over 200) in the 5’ untranslated 

region of the FMR1 gene located in the X chromosome (Verkerk et al., 1991). This abnormal 

DNA expansion results in hypermethylation of the CGG repeats and of the FMR1 promoter 

(Oberle et al., 1991; Sutcliffe et al., 1992). Elevated levels of methylated DNA drive, in turn, 

deacetylation of the associated histones (Coffee et al., 1999; Coffee et al., 2002). This 

uncovers positive charges in the histones that interact with negative changers in the DNA, 

restricting nucleosome mobility and, therefore, rendering the promoter inaccessible to the 

transcription machinery (Razin, 1998). As a consequence, FMR1 is silenced and no FMRP is 

expressed (Pieretti et al., 1991), leading to manifestation of fragile X syndrome symptoms 

(see Figure II). In addition, nonsense and missense mutations in the FMR1 gene that result 

in a premature stop codon or in non-functional FMRP, respectively, have been reported to 

cause fragile X syndrome (De Boulle et al., 1993; Gronskov et al., 2011; Myrick et al., 2014). 

However, in the majority of cases, fragile X syndrome is caused by the expansion of CGG 

repeats (Santoro et al., 2012). 

 

Premutation of the FMR1 gene 

Premutation of the FMR1 gene occurs when the CGG triplet island undergoes a milder 

expansion between 50 and 200 repeats (Fu et al., 1991; see Figure II). This results in a 

substantial increase of FMR1 mRNA levels (Tassone et al., 2000), which excessively bind to 

a number of nuclear proteins, leading to the formation of intranuclear aggregates (Greco et 

al., 2002; Hagerman & Hagerman, 2007). By contrast, FMRP levels are only slightly reduced 

(Kenneson et al., 2001), and are not thought to contribute to FMR1 premutation disorders 

(Hagerman & Hagerman, 2007). Importantly, the CGG repeat number has been observed to 

proportionally correlate with the increase and decrease of FMR1 mRNA and FMRP levels, 

respectively (Kenneson et al., 2001). 
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Although premutation of FMR1 does not produces fragile X syndrome, it can lead to 

other distinct diseases. For instance, fragile X related primary ovarian insufficiency (FXPOI) 

is a disorder that affects about 20 % of female premutation carriers (Sherman, 2000). FXPOI 

is characterized by a premature onset of menopause, which in some cases occurs as early as 

in adolescence. The number of CGG repeats has been reported to correlate with the 

penetrance and age of onset of FXPOI (Sullivan et al., 2005). Fragile X associated 

tremor/ataxia syndrome (FXTAS), on the other hand, is a neurodegenerative disease with a 

late onset affecting approximately 40 % of male premutation carriers, with an age-related 

penetrance of 17 %, 38 %, 47 % and 75 % for male carriers aged 50 to 59, 60 to 69, 70 to 79 

and ≥80 years, respectively. Clinical features include intention tremor and cerebellar gait 

ataxia, accompanied by characteristic white matter abnormalities. Some patients also show 

progressive cognitive decline (Berry-Kravis et al., 2007; Jacquemont et al., 2007). The 

pathological hallmark of FXTAS is the presence of intranuclear inclusions both in neurons 

and in astrocytes (Greco et al., 2002; Hagerman & Hagerman, 2007). Similarly, the number 

of CGG repeats has been found to correlate with the onset of FXTAS, the age of death and the 

number of intranuclear inclusions (Greco et al., 2006; Tassone et al., 2007). 

 

 

Figure II. (Up) The FMR1 gene contains less than 55 CGG repeats (yellow) in its 5’ untranslated region (purple). 
This allows for physiologically appropriate transcription of FMR1 into its mRNA and, subsequently, translation 
into FMRP. (Middle) Premutation of FMR1 results in substantially higher levels of its mRNA and, conversely, 
in slightly lower levels of FMRP. This premutation causes fragile X associated tremor/ataxia syndrome (FXTAS) 
and fragile X related primary ovarian insufficiency (FXPOI). (Bottom) Full mutation of FMR1 leads to 
methylation (orange spots) in the CGG triplets as well as in the promoter of FMR1. As a consequence, FMRP is 
not expressed and symptoms of fragile X syndrome are manifested. (Adapted from Santoro et al., 2012). 
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Cellular functions of FMRP 

In order to understand how the absence of a single protein such as FMRP results in a disorder 

with the phenotypic variety and variability of fragile X syndrome it is necessary to know 

what functions FMRP carries out in the cell. FMRP is a RNA-binding protein (Ashley et al., 

1993) that participates in many aspects of mRNA metabolism. It is thought that FMRP binds 

to other proteins in the nucleus to form a ribonucleoprotein complex that exports mRNA to 

the cytoplasm. In the cytoplasm, FMRP, in association with some other cytosolic proteins and 

some of its nuclear partners, forms a different complex that is involved in mRNA transport 

along dendrites to synapses and in regulation of mRNA translation into proteins. 

Additionally, FMRP interacts with non-coding RNA in the nucleus to regulate gene 

expression by performing epigenetic DNA modifications (Bagni & Greenough, 2005; Pasciuto 

& Bagni, 2014a; see Figure III). Hence, FMRP regulates gene expression at the RNA level.  

 

 The implications of silencing the FMR1 gene are, therefore, naturally related to the 

particular mRNA targets regulated by FMRP. It has been estimated that FMRP binds to as 

much as 4 % of the mRNA in the mammalian brain (Ashley et al., 1993; Brown et al., 2001), 

although only few have been validated by showing direct biochemical interaction (Santoro 

et al., 2012; Pasciuto & Bagni, 2014b). Interestingly, several FMRP mRNA targets have been 

related with autism (Darnell et al., 2011; Santoro et al., 2012; Pasciuto & Bagni, 2014b), a 

recurrent phenotype of fragile X syndrome patients (Budimirovic & Kaufmann, 2011). 

 

FMRP inhibits mRNA translation by stalling ribosomal translocation during 

elongation (Darnell et al., 2011). This permits mRNA transport to distal sites of the neuron 

for protein synthesis while protecting mRNA from degradation and also allows rapid protein 

synthesis in response to synaptic activation (Aakalu et al., 2001; Krichevsky & Kosik, 2001; 

Martin & Ephrussi, 2009; Darnell et al., 2011). In fact, it has been shown that phosphorylated 

FMRP is associated with stalled ribosomes, whereas unphosphorylated FMRP allows 

translation to proceed (Ceman et al., 2003; Muddashetty et al., 2011). Thus, FMRP can 

dynamically modulate protein synthesis at the synapse in response to neuronal activity 

changes (Zalfa et al., 2003; Muddashetty et al., 2011). Dysregulation of these processes in the 
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absence of FMRP is likely to contribute to the symptoms observed in fragile X syndrome 

(Bear et al., 2004; Kelleher & Bear, 2008).  

 

FMRP has also been reported to enhance the expression of SOD1, an enzyme involved 

in mitigating oxidative stress (Bechara et al., 2009). In the absence of FMRP, SOD1 levels 

decrease, which in turn leads to increased oxidative stress in the brain (el Bekay et al., 2007; 

Juarez et al., 2008; Bechara et al., 2009). Oxidative stress in the brain has been linked to 

anxiety, sleeping difficulties and autism, all of which typically affect individuals with fragile 

X syndrome (Gingrich, 2005; Ming et al., 2005; Cirelli, 2006). Nevertheless, it is considered 

that the main function of FMRP is to constitutively repress mRNA translation and to allow it 

upon activation of specific cell signaling pathways (Santoro et al., 2012). 

 

 

 
Figure III. (1) FMRP enters the nucleus and interacts with other proteins and with mRNA to form a 
ribonucleocomplex that is involved in mRNA export from the nucleus to the cytoplasm. Once in the cytoplasm, 
a ‘core’ complex, containing FMRP and some of its nuclear partners, would interact with cytoplasm-specific 
proteins and move along dendrites to the synapses, transporting mRNA and, later, regulating synaptic protein 
synthesis. (2) FMRP is involved in the nuclear RNA interference pathway that is associated with small, non-
coding RNAs and specific nuclear partners. ncRNA, non-coding RNA; miRNA, microRNA; shRNA, short hairpin 
RNA. (Adapted from Bagni & Greenough, 2005). 

 



Biomedical Sciences – Cognitive and Molecular Neurosciences  
   

12 
 

The mGluR theory 

Synaptic activity can trigger long-lasting changes in synaptic strength called long-term 

potentiation (LTP) and long-term depression (LTD). During development, LTP plays a role 

in retaining nascent synapses, whereas LTD is important for synapse pruning. In postnatal 

life, these same mechanisms, working in concert, contribute to learning and memory storage. 

Although different mechanisms resulting in long-term plasticity have been described, 

mGluR-LTD is of particular relevance to fragile X syndrome (Bear et al., 2004). 

 

 In mGluR-LTD, activation of postsynaptic group 1 mGluRs results in internalization 

of AMPA receptors (Snyder et al., 2001) as well as lateral movement of synaptic NMDA 

receptors (Ireland & Abraham, 2009), which reduces synaptic efficacy. This process requires 

rapid translation of preexisting mRNA in the postsynaptic dendrites. If protein synthesis 

does not occur, these changes are reverted within 30 minutes (Huber et al., 2000; Snyder et 

al., 2001). Importantly, mGluR-LTD was found to be enhanced in the absence of FMRP 

(Huber et al., 2002), suggesting that upon mGLuR activation, FMRP repression on translation 

is released and proteins involved in stabilization of LTD are synthetized. By contrast, in the 

absence of FMRP, proteins involved in stabilizing LTD are expressed in abnormal higher 

levels, resulting in exaggerated LTD, even in the absence of mGluR activation (Bear et al., 

2004; see Figure IV). 

 

 It has been reported that activation of group 1 mGluRs leads to a net loss of AMPA 

and NMDA receptors (Snyder et al., 2001) as well as to elongation of dendritic spines 

(Vanderklish & Edelman, 2002), which probably represents a mechanism to eliminate 

synapses during development (Bear et al., 2004). In the absence of FMRP, however, synaptic 

maturation might be delayed as a result of exaggerated group 1 mGluR signaling (Bear et al., 

2004). Additionally, FMRP might regulate translation of proteins involved in stabilization of 

mature synapses during development. In this scenario, absence of FMRP would result in 

constitutive expression of this machinery, leading to stabilization of synapses that would 

otherwise be removed, giving rise to an increased number of immature synapses (Bagni & 

Greenough, 2005). 
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 Besides exaggerated LTD, overactive or inappropriate group 1 mGluR signaling might 

lead to epilepsy (Merlin et al., 1998; Stoop et al., 2003; Chuang et al., 2005), hyperarousal to 

sensory stimuli (Chen & Toth, 2001; Walker et al., 2001; Nielsen et al., 2002), anxiety 

(Paradee et al., 1999; Rodrigues et al., 2002), developmental delay and cognitive impairment 

(Huber et al., 2000; Raymond et al., 2000; Snyder et al., 2001; Zho et al., 2002), increased 

density of elongated dendritic spines (Vanderklish & Edelman, 2002) and loss of motor 

coordination (Karachot et al., 2001), all of which are phenotypes present in fragile X 

syndrome. It was therefore reasonable to hypothesize that the psychiatric and neurological 

aspects of fragile X syndrome are a consequence of exaggerated responses to group 1 mGluR 

activation (Bear et al., 2004). 

 

Figure IV. (Left) In a wild type spine, stimulation of mGluRs enhances the synthesis of FMRP, which could act 
to negatively regulate the translation of proteins that are involved in ionotropic receptor internalization during 
LTD and of proteins that regulate the cytoskeleton. This signaling pathway might also be responsible for FMRP 
phosphorylation and the consequent release of mRNAs from translational inhibition and/or the activation of 
translation of other specific dendritic mRNAs. The correct balance between synthesis and degradation of these 
proteins would promote and maintain the mature shape of the synapse. (Middle) In a spine of a patient with 
fragile X syndrome, the absence of FMRP would lead to an increase and/or decrease in the translation of protein 
regulators of the cytoskeleton, both of which might have an effect on the lengthening of dendritic spines. 
(Right) The absence of FMRP could also lead to an increase in the translation of proteins that are involved in 
AMPA receptor internalization as well as and NMDA receptor lateral movement during LTD, which could lead 
to fewer receptors being present on the postsynaptic membrane and to thinner spines. (Adapted from Bagni & 
Greenough, 2005). 
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GABAergic deficits. 

GABA is the main inhibitory neurotransmitter in the brain. It exerts its effect through binding 

to ionotropic GABAA receptors and to metabotropic GABAB receptors, which results in 

hyperpolarization of the membrane potential of the neuron, reducing the probability of 

generation of an action potential. Upon activation, GABAA receptors open their pore, which 

are mostly permeable to Cl-, allowing influx of negative current into the neuron (reviewed 

by Farrant & Nusser, 2005; Jacob et al., 2008). GABAB receptors, by contrast, are coupled to 

G-proteins, which in turn activate postsynaptic K+ channels or inhibit presynaptic Ca2+ 

channels, allowing efflux of positive current from the neuron or blocking influx of positive 

current into the neuron, respectively (reviewed by Bettler et al., 2004; Gassmann & Bettler, 

2012). 

 

The GABAA receptor is a heteropentamer assembled from a range of homologous 

subunits (α1-6, β1-3, γ1-3, δ, ε1-3, θ y π), although most of them are composed of two α, two β 

and one γ (or δ) subunits (reviewed by Jacob et al., 2008). The GABAB receptor, on the other 

hand, is a heterodimer composed of one B1 and one B2 subunits (reviewed by Benarroch, 

2012). Importantly, absence of FMRP leads to a reduction in expression of some of the GABAA 

receptor subunits (D'Hulst et al., 2006; Curia et al., 2009; Adusei et al., 2010; Hong et al., 

2012; Gatto et al., 2014) as well as the GABAB receptor B1 subunit (Pacey et al., 2011). 

Moreover, expression of other proteins that are important for GABAergic transmission is 

also reduced in the absence of FMRP (D'Hulst et al., 2009; Adusei et al., 2010). These include 

the GABA synthesizing enzyme (GAD), the GABA membrane transporter (GAT), an enzyme 

important in degradation of GABA (SSADH) and a protein involved in the clustering and 

targeting of GABAA receptors to the postsynaptic membrane (gephyrin). 

 

Downregulation of RGS4, a protein that negatively regulates GABAB receptor 

signaling, was reported to rescue some of the phenotypes observed in fragile X syndrome, 

such as altered synaptic protein expression, abnormal social behaviors, susceptibility to 

audiogenic seizures and increased body weight (Pacey et al., 2009; Pacey et al., 2011). 

Conversely, combined pharmacological upregulation of group 1 mGluR signaling and 

downregulation of GABAB receptor signaling was found to mimic the effect of the absence of 
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FMRP on audiogenic seizures (Pacey et al., 2009). Hence, enhancement of GABAB receptor 

signaling represents a potential therapeutic strategy for the treatment of fragile X syndrome. 

 

 During development, GABA has a depolarizing action and activates GABAA receptors 

to increase Ca2+ influx through NMDA receptors which promotes maturation of 

glutamatergic synapses (Akerman & Cline, 2006; Wang & Kriegstein, 2008). In fact, in the 

absence of this early GABA depolarizing action, neuronal circuits exhibit imbalances in 

excitatory and inhibitory transmission and disrupted dendrite maturation (Akerman & 

Cline, 2006; Wang & Kriegstein, 2008), which is consistent with the physiological and 

anatomical alterations observed in cortical neurons of mouse models of fragile X syndrome 

(Nimchinsky et al., 2001; Gibson et al., 2008). Moreover, GABA also participates in 

maturation of inhibitory synapses during development (Chattopadhyaya et al., 2007). 

Interestingly, mouse models of fragile X syndrome exhibit reduced expression of GAD, the 

enzyme that synthesizes GABA (D'Hulst et al., 2009; Adusei et al., 2010), as well as reduced 

number of inhibitory synapses (Centonze et al., 2008; Olmos-Serrano et al., 2010). Therefore, 

it is likely that both pathways, increased group 1 mGluR signaling and reduced GABAergic 

transmission, affect the development of neuronal circuits in fragile X syndrome. 

 

Hyperexcitability 

One remarkable feature of fragile X syndrome is the occurrence of behaviors that reflect 

neuronal hyperexcitability, such as hypersensitivity, hyperarousal, hyperactivity, anxiety or 

epilepsy (Hagerman et al., 2009; Tranfaglia, 2011). In consonance with this, it has been 

reported that cortical excitatory neurons harbor an intrinsic increased excitability (Gibson 

et al., 2008; Hays et al., 2011; Goncalves et al., 2013). Moreover, excitatory drive onto 

inhibitory interneurons was found to be reduced in cortical circuits (Gibson et al., 2008). 

Together, this evidence suggests that neuronal circuits are hyperexcitabile, which could 

explain the exaggerated responses to sensory stimuli observed in animal models of fragile X 

syndrome (Goncalves et al., 2013; Zhang et al., 2014). 

 

 The finding that principal neurons are intrinsically hyperexcitable indicates that, in 

addition to GABA and glutamate receptors, other channels might be affected by the absence 
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of FMRP. In fact, the conductances mediated by the voltage-gated potassium channels HCN 

and BKCa have been found to be reduced in the absence of FMRP (Brager & Johnston, 2007; 

Deng et al., 2013; Zhang et al., 2014). These channels are important for regulating neuronal 

excitability. HCN channels, for instance, are involved in generation of neuronal resonance, 

determination of the resting membrane potential and dendritic integration (Kole et al., 2006; 

Wahl-Schott & Biel, 2009). BKCa channels participate in establishing the threshold for distal 

action potential initiation, regulation of action potential repolarization and determination of 

action potential duration (Faber & Sah, 2003; Benhassine & Berger, 2009). In physiological 

conditions, the net effect of these channels is the reduction of neuronal excitability. However, 

in the absence of FMRP, their conductances are decreased, giving rise to hyperexcitable 

neurons (Zhang et al., 2014). 

 

Absence of FMRP results in downregulation of other potassium channels such as 

Kv4.2 and Kv3.1 (Strumbos et al., 2010; Gross et al., 2011; Lee et al., 2011). Kv4.2 channels 

decrease back-propagating action potentials in dendrites and are, thus, important for 

dampening neuronal firing (Birnbaum et al., 2004; Chen et al., 2006). Interestingly, a 

truncation mutation of Kv4.2 leads to epilepsy in humans (Singh et al., 2006), and mice 

lacking Kv4.2 exhibit increase sensitivity to convulsant stimuli (Barnwell et al., 2009). Kv4.2 

channels are, hence, important for regulating neuronal excitability. Kv3.1 channels produce 

fast delayed rectifier currents that permit neurons to fire prolonged trains of action 

potentials at very high frequencies with little adaptation (Gan & Kaczmarek, 1998; Rudy & 

McBain, 2001). Kv3.1 channels are particularly enriched in cortical GABAergic fast-spiking 

interneurons (Weiser et al., 1995). Downregulation of Kv3.1 channels in cortical inhibitory 

interneurons is likely to contribute to neuronal circuits with increased excitability. 

 

 Activation of the group 1 mGluR signaling pathway leads to neuronal epileptiform 

burst firing (Merlin et al., 1998; Stoop et al., 2003), which is, at least in part, caused by 

reduction of potassium conductances (Sourdet et al., 2003). Therefore, the abnormal and 

constitutive enhanced group 1 mGluR signaling observed in fragile X syndrome (Bear et al., 

2004), additionally participates in increasing neuronal excitability. Furthermore, 

downregulation of GABAA receptor subunits (Curia et al., 2009) as well as reduced GABAB 
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signaling (Pacey et al., 2011) possibly result in decreased neuronal inhibitory dynamics in 

fragile X syndrome. Taken together, this evidence supports a model in which an imbalance 

of neuronal excitation and inhibition leads to circuit hyperexcitability (Gibson et al., 2008), 

giving rise to neurons with a lower dynamic range to process sensory stimuli, which could 

be responsible for the alterations in neuronal computations related to fragile X syndrome. In 

fact, autism, a disorder whose behavioral phenotypes highly overlap with those of fragile X 

syndrome, as well as epilepsy, present in a subpopulation of patients with fragile X 

syndrome, have been associated with excitation/inhibition imbalance in key neuronal 

circuits (Rubenstein & Merzenich, 2003; Belmonte & Bourgeron, 2006).  

 

Hyperconnectivity 

Initial neuroanatomical studies of patients with intellectual disability revealed alterations in 

dendritic spine structure (Marin-Padilla, 1972; Purpura, 1974). In fact, dendritic 

abnormalities are the most consistent anatomical correlates of intellectual disability 

(Kaufmann & Moser, 2000). In the case of fragile X syndrome, the first evidence of altered 

synaptic structure came from postmortem studies, which revealed an increased number of 

dendritic spines in cortical tissue (Rudelli et al., 1985; Hinton et al., 1991; Wisniewski et al., 

1991; Irwin et al., 2001). Moreover, a large proportion of spines appeared abnormally long, 

thin and tortuous, a phenotype reminiscent of the immature spine precursors, filopodia, and 

indicative of alterations in synapse development (Fiala et al., 1998). Nevertheless, the 

mechanism by which these changes occur is not fully understood. 

 

 For instance, it is known that at early stages in development an overproduction of 

synapses takes place. However, at later stages, some synapses are eliminated, a physiological 

process called pruning (reviewed by Bagni & Greenough, 2005; Pfeiffer & Huber, 2009). 

Importantly, further research has provided evidence that FMRP promotes synapse pruning 

(Pfeiffer & Huber, 2007; Patel et al., 2014), suggesting that absence of FMRP leads to 

defective spine removal (see Figure V). 
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Figure V. Under this hypothetical paradigm, absence of FMRP leads to failure of synapse pruning and, as a 
consequence, dendrite pruning. This model assumes that FRMP regulates the synthesis of structural proteins, 
such as PSD-95, or signaling proteins that form part of a complex that is important for stabilizing and maturing 
developing synapses. When FMRP is present, this stabilization complex (carried by the transport granule) is 
selectively targeted to active synapses (upper left), which results in selective maturation and stabilization of 
spines (upper right) and pruning of non-stabilized synapses. In the absence of FMRP (lower left), the 
stabilization complex is equally targeted to active and inactive synapses, which results in a weaker form of 
maturation and stabilization, giving rise to greater numbers of synapses as well as an immature morphology 
(lower right). (Adapted from Bagni & Greenough, 2005). 

 

 

Animal models of fragile X syndrome 

The discovery of the FMR1 gene has greatly facilitated the study of the pathogenesis of fragile 

X syndrome. Its protein product, FMRP, possesses a high extent of functional homology to 

the mouse FMRP (Ashley et al., 1993) and to the Drosophila melanogaster dFMRP (Wan et al., 

2000; Ishizuka et al., 2002). Hence, knockout animal models have been generated for both, 

the mouse (Bakker et al., 1994) and the fruit fly (Zhang et al., 2001). These models present 

several behavioral, anatomical and cognitive phenotypes that are comparable to those of 

human fragile X syndrome, therefore representing valuable tools to study this disease and to 

identify potential routes for therapeutic intervention (reviewed by Bhogal & Jongens, 2010). 

In addition, a zebrafish model has been generated, which also displays similarities to the 

human disease (Tucker et al., 2006; den Broeder et al., 2009). The fact that FMR1 is so well 

conserved across phylogeny reflects the importance this gene has for animal biology. 
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 Due to the consistency between human phenotypes and those displayed by animal 

models, animal research has provided mechanistic explanations of how the absence of FMRP 

gives rise to the cognitive problems associated with fragile X syndrome. These models have 

also been useful for exploring pharmacological approaches that eventually have led to 

clinical trials on human patients (Bhogal & Jongens, 2010). As a consequence, alterations in 

mGluR signaling (Bear et al., 2004) as well as GABA transmission deficiencies (Braat & Kooy, 

2015b) have been proposed to account for the cognitive impairment observed in fragile X 

syndrome patients. Nevertheless, further investigation is needed in order to understand how 

the affected cellular pathways impact neuronal circuit computations. 

 

The Drosophila melanogaster model of fragile X syndrome 

Several strong hypomorphic and null alleles of the dfmr1 gene have been generated and 

characterized in Drosophila melanogaster (Wan et al., 2000; Zhang et al., 2001; Dockendorff 

et al., 2002; Inoue et al., 2002; Ishizuka et al., 2002; Morales et al., 2002; Lee et al., 2003; 

Michel et al., 2004; Pan et al., 2004; Zhang et al., 2004; McBride et al., 2005; Reeve et al., 2005; 

Pan & Broadie, 2007; Bolduc et al., 2008; Gatto & Broadie, 2008; Pan et al., 2008; Reeve et al., 

2008; Gatto et al., 2014). These flies present abnormalities in axonal and dendritic branching 

as well as in synaptic architecture and transmission. Physically, male flies are reported to 

have enlarged testes. Behaviorally, it has been found that mutant dfmr1 flies lack the ability 

to maintain a normal circadian rhythm and to exhibit erratic patterns of locomotor activity. 

Alterations in courtship activity as well as in short-term and long-term memory have also 

been described. Thus, the fly model of fragile X syndrome displays significant social and 

cognitive deficits that can be used to examine the underlying mechanisms that cause fragile 

X syndrome symptoms (reviewed by Pfeiffer & Huber, 2009; Bhogal & Jongens, 2010). 

Furthermore, some neuronal alterations can be comparable to those of human subjects, and 

therefore useful in elucidating the associated emerging neuronal circuit deficits. 

 

 Although different Drosophila melanogaster neuronal strains have been 

characterized in the context of fragile X syndrome, no apparent common phenotype has been 

found to arise from the absence of dFMRP. Thus, it is possible that particular neurons are 

affected differently when dFMRP is not expressed. For instance, neuromuscular junction 
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terminals display pronounced synaptic overgrowth and overelaboration (Zhang et al., 2001), 

whereas dorsal cluster neurons, which form part of the fly visual system, exhibit strong loss 

of neurite extension and irregular branching (Morales et al., 2002). Ventrolateral neurons, 

another component of the fly visual system, present aberrant collateral branching and 

defasiculation (Reeve et al., 2005; Reeve et al., 2008). Therefore, in order to understand how 

neuronal circuit function is affected by the absence of dFMRP, it is firstly necessary to define 

a circuit, preferentially one that has been widely studied and whose functions are 

considerably well-understood. In this regard, it is worth mentioning that the antennal lobe, 

which forms part of the Drosophila melanogaster olfactory system, is one of the most studied 

and understood neuronal circuits (Wilson, 2013). Moreover, since the antennal lobe 

presents a high level of anatomical stereotypy (Vosshall et al., 2000; Fishilevich & Vosshall, 

2005) and its functional connectivity as well as the computations it carries out are 

considerably well-understood (Masse et al., 2009; Wilson, 2013), the antennal lobe 

represents an excellent substrate to study neuronal circuit function in fine detail in the 

context of fragile X syndrome.  
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The Drosophila melanogaster olfactory system 

 

The olfactory sensory organs of Drosophila melanogaster are the antennae and the maxillary 

palps (see Figure VI). These organs contain a large number of small hairs known as sensilla, 

which house and protect the olfactory receptor neurons. Other antenna sensilla contain 

neurons involved in processing thermosensation, mechanosensation and hygrosensation 

(Stocker, 1994). Nevertheless, only olfactory sensilla contain pores along their shaft, which 

are thought to allow access to odors. A total of about 410 olfactory sensilla cover the antenna, 

while the maxillary palp has about 60 olfactory sensilla. Sensilla are divided in three distinct 

morphological and functional classes: club-shaped basiconic sensilla, sharp-tipped trichoid 

sensilla and short, peg-shaped coeloconic sensilla (Laissue & Vosshall, 2008; see Figure VI). 

 

 

Figure VI. (Left) Scanning electron micrograph of a Drosophila melanogaster head indicating the two major 
olfactory sensory organs, the antenna and the maxillary palp. These organs are covered with a large number of 
sensory hairs, called sensilla. (Adapted from Laissue & Vosshall, 2008). (Middle) Micrograph of the funiculus, 
also known as third antennal segment, depicting the three principal types of sensilla: the sharp-tipped trichoid 
(asterisks), the translucent, club-shaped basiconic (arrowheads) and the short, peg-shaped coeloconic with 
prominent sockets (arrows). The basis of the arista (Ar) and the sacculus (S) are also indicated. (Adapted from 
Stocker, 2001). (Right) Images of the olfactory organs showing the distribution of four representative 
sensillum types from the different classes of sensilla, respectively. Blue, antennal trichoids (Or88a-GAL4); 
yellow, antennal basiconics (Or47a-GAL4); green, antennal coeloconics (Ir92a-GAL4); and red, maxillary palp 
basiconics (Or42a-GAL4). (Adapted from Grabe et al., 2015). 
 
 

Each antenna and each maxillary palp contain approximately 1 200 and 120 olfactory 

receptor neurons, respectively (Stocker, 1994), while each sensillum houses the dendrites 
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of 1 to 4 olfactory receptor neurons (de Bruyne et al., 1999; Shanbhag et al., 1999; de Bruyne 

et al., 2001). Olfactory receptor neurons generally express only 1 odorant receptor, with a 

unique molecular receptive range, from a repertoire of 62 different odorant receptors (Gao 

et al., 2000; Vosshall et al., 2000; Robertson et al., 2003; Couto et al., 2005; Hallem & Carlson, 

2006). However, in some cases, 2 or even 3 odorant receptors are expressed by the same 

olfactory receptor neuron (Couto et al., 2005; Fishilevich et al., 2005; Fishilevich & Vosshall, 

2005; Vosshall & Stocker, 2007). Moreover, the co-receptor encoded by the Or83b gene is co-

expressed in most olfactory receptor neurons and is essential for olfaction (Larsson et al., 

2004; Benton et al., 2006). 

 

 Odorant receptors, which are proteins comprising seven membrane-spanning 

domains, but with inverted topology relative to that of G-protein-coupled receptors (Benton 

et al., 2006), are expressed by the majority of olfactory receptor neurons. Nevertheless, 

approximately 25 % of olfactory receptor neurons do not express odorant receptors (Couto 

et al., 2005; Fishilevich & Vosshall, 2005). Instead, these neurons express a second family of 

olfactory receptors called ionotropic receptors, which bear structural homology to 

ionotropic glutamate receptors (Benton et al., 2009; Abuin et al., 2011), and display a 

particular odorant receptive range (Silbering et al., 2011). Interestingly, whereas odorant 

receptors are, in general, more broadly tuned to esters, aldehydes and alcohols (Hallem & 

Carlson, 2006), ionotropic receptors are more broadly tuned to amines and acids (Silbering 

et al., 2011). 

 

Olfactory receptor neurons project their axons to the antennal lobe, where they 

innervate specific clusters of neuropil called glomeruli (Stocker et al., 1983; Naresh Singh & 

Nayak, 1985; Stocker et al., 1990). Olfactory receptor neurons expressing the same collection 

of odorant or ionotropic receptors innervate a particular glomerulus (Figure VII) This 

innervation pattern is bilaterally symmetric and invariant across different animals (Stocker 

et al., 1990; Gao et al., 2000; Vosshall et al., 2000; Silbering et al., 2011). Conventionally, it is 

agreed that there are approximately 54 olfactory receptor neuron types, which map to their 

cognate 54 glomeruli in the antennal lobe (Laissue et al., 1999; Couto et al., 2005; Laissue & 

Vosshall, 2008; Grabe et al., 2015). 
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Figure VII. Axons of olfactory receptor neurons expressing the same collection of olfactory receptors (colored 
equally) converge onto the same glomerulus in the antennal lobe. (Adapted from Adrian Moore, RIKEN Brain 
Science Institute). 
 

Neuronal populations in the antennal lobe 

Olfactory receptor neurons establish cholinergic excitatory synapses in the antennal lobe 

with excitatory second-order neurons called projection neurons and with inhibitory neurons 

called local interneurons (Stocker, 1994; Ng et al., 2002; Wilson et al., 2004; Kazama & 

Wilson, 2008; see Figure VIII). Typically, the dendrites of a single projection neuron 

innervate only 1 glomerulus (Stocker, 1994; Jefferis et al., 2001; Marin et al., 2002; see Figure 

VIII), whereas the dendrites of a single local interneuron innervate many or all glomeruli 

(Stocker, 1994; Chou et al., 2010; Seki et al., 2010; see Figure VIII). There are approximately 

150 projection neurons as well as 200 local interneurons per antennal lobe (Ng et al., 2002; 

Seki et al., 2010). Projection neurons extend their axons to higher brain centers in the 

Drosophila protocerebrum, namely the mushroom body and the lateral horn (Jefferis et al., 

2001; Marin et al., 2002; Wong et al., 2002). Local interneurons, by contrast, lack axons and 

release GABA from their dendrites instead (Ng et al., 2002; Wilson & Laurent, 2005; Das et 

al., 2008; Seki et al., 2010). 

 

Almost all projection neurons are cholinergic (Yasuyama & Salvaterra, 1999). They 

release acetylcholine from their axonal arbors in higher brain regions and from their 

dendrites in the antennal lobe (Ng et al., 2002; Wilson et al., 2004; Kazama & Wilson, 2008; 

Yaksi & Wilson, 2010). Within the antennal lobe, projection neurons excite other sister 
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projection neurons innervating the same glomerulus, as well as target lateral interneurons 

(Wilson, 2013). 

 

 

Figure VIII. Connectivity of the Drosophila antennal lobe. The cell body and dendrites of olfactory receptor 
neurons (ORNs) reside in the peripheral olfactory organs, namely antennae and maxillary palps. All of the ORNs 
that express a given odorant receptor converge onto the same glomerulus in the antennal lobe, schematized 
here as a single ORN per glomerulus. The dendrites of individual projection neurons (PNs) arborize in specific 
glomeruli, where they receive monosynaptic input from their cognate ORNs. Although each glomerulus 
contains dendrites of several sister PNs, only one PN for each glomerulus is shown here. Glomeruli are laterally 
interconnected by a network of local interneurons (LNs), which interact with PNs, ORNs, and other LNs. Many 
individual LNs innervate most or all glomeruli, but some are more selective. (Adapted from Wilson, 2013). 

 

Local interneurons mediate lateral inhibition of projection neurons in the antennal 

lobe. This inhibition is predominantly presynaptic, occurring at axon terminals of olfactory 

receptor neurons. In fact, when olfactory receptor neurons are silent, most lateral inhibition 

disappears (Olsen & Wilson, 2008). Moreover, olfactory receptor neuron terminals show 

immunoreactivity for GABA receptors (Root et al., 2008), and iontophoretic GABA inhibits 

synaptic transmission between olfactory receptor neurons and projection neurons at a 

presynaptic locus (Olsen & Wilson, 2008; Root et al., 2008). Similarly, activating local 

interneurons with odor stimuli also inhibits synaptic currents in projection neurons at a 

presynaptic locus (Olsen & Wilson, 2008). 

 

Although presynaptic inhibition is perhaps the most functionally important target of 

inhibition in the antennal lobe, projection neurons also receive synaptic inhibition. 

Iontophoretic GABA hyperpolarizes projection neurons through GABAA and GABAB 

receptors (Wilson & Laurent, 2005). Moreover, in paired recordings, injecting depolarizing 

current into local interneurons produces a train of spikes in local interneurons and a weak 

hyperpolarization of projection neurons (Yaksi & Wilson, 2010). Nevertheless, clear unitary 

synaptic currents are never observed in these paired recordings. Instead, a train of spikes in 
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local interneurons is always required to see any measurable inhibitory response in 

projection neurons, which grows slowly throughout the train. This suggests that these 

connections might represent volume transmission rather than true synapses (Wilson, 2013). 

Similarly, local interneurons are themselves targets of inhibition. Local interneurons are 

hyperpolarized by iontophoretic GABA (Wilson & Laurent, 2005), and paired recordings 

from connected local interneurons reveal inhibitory connections (Huang et al., 2010; Yaksi 

& Wilson, 2010). However, as for projection neurons, these connections seem to be weak and 

slow (Wilson, 2013). 

 

 In addition to lateral inhibition, projection neurons receive lateral excitatory inputs 

(Olsen et al., 2007; Shang et al., 2007; Root et al., 2008). These connections transmit both 

hyperpolarizing and depolarizing voltage steps (Huang et al., 2010; Yaksi & Wilson, 2010). 

Moreover, these connections are abolished by a mutation in a gap junction subunit, and the 

same mutation abolishes odor-evoked lateral excitation (Yaksi & Wilson, 2010), implying 

that lateral excitation is attributable to electrical connections formed by excitatory local 

interneurons onto projection neurons (Wilson, 2013). Complementarily, it has been 

reported that some excitatory local interneurons are cholinergic (Shang et al., 2007) and 

some are glutamatergic (Chou et al., 2010; Das et al., 2011). Nonetheless, since lateral 

excitation is essentially unaffected by pharmacological blockade of nicotinic acetylcholine 

receptors or voltage-dependent calcium channels, and it is blocked by a gap junction 

mutation (Yaksi & Wilson, 2010), the contribution of acetylcholine and glutamate to lateral 

excitation in the antennal lobe is small as compared to electrical excitation. 

 

Olfactory computations in the antennal lobe 

All of the olfactory receptor neurons that express the same olfactory receptor wire precisely 

to the same projection neurons (Gao et al., 2000; Vosshall et al., 2000). Computationally, this 

connectivity arrangement has the advantage of favoring summation of synchronous 

presynaptic inputs to effectively drive a projection neuron above its spike threshold (Wilson, 

2013). This is especially important for the Drosophila melanogaster olfactory system, as the 

antennal lobe receives approximately 20 000 spikes/s from the total population of 

approximately 2 500 olfactory receptor neurons, even when no odor is present (Stocker, 
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1994; de Bruyne et al., 1999; de Bruyne et al., 2001). Hence, summation provides an efficient 

mechanism for projection neurons to integrate even small increases in the firing rates of 

olfactory receptor neurons. If, for instance, olfactory receptor neurons of the same type 

would randomly connect with projection neurons innervating different glomeruli, detection 

of increases in the firing rate of olfactory receptor neurons by projection neurons would be 

much more difficult, given the elevated background activity of the population of olfactory 

receptor neurons (Wilson, 2013). 

 

 Projection neurons respond most strongly at the onset of olfactory receptor neuron 

spiking (Wilson et al., 2004; Bhandawat et al., 2007). Two mechanisms are responsible for 

this: lateral inhibition (Wilson & Laurent, 2005; Olsen & Wilson, 2008) and synaptic 

depression (Kazama & Wilson, 2008). This response profile is functionally important 

because it predicts that projection neurons should respond better to fluctuating inputs than 

to sustained inputs (Wilson, 2013). Since natural odor plumes produce large fluctuations in 

odor concentration (Murlis et al., 1992), onset-oriented projection neuron responses may be 

an adaptation to the natural distribution of odors in the environment as well as a selective 

pressure for speed in olfactory behaviors. In fact, olfactory behaviors in Drosophila can be 

observed within 100 ms of the onset of olfactory receptor neuron activity (Bhandawat et al., 

2010; Gaudry et al., 2013). Moreover, as olfactory receptor neurons spike most strongly at 

the onset of transduction, and projection neurons spike most strongly at the onset of 

olfactory receptor neurons spiking, the Drosophila olfactory system promotes rapid 

olfactory perception by an iterative process of response speeding (Wilson, 2013). 

 

 Another important property of projection neurons is their high sensitivity to small 

increases in the firing rates of olfactory receptor neurons (Wilson, 2013). When sister 

olfactory receptor neurons fire at a low rate, they produce relatively large increases in the 

firing rates of their postsynaptic projection neurons. By contrast, when olfactory receptor 

neurons fire at high rates, they tend to saturate their postsynaptic projection neurons 

(Bhandawat et al., 2007; Olsen et al., 2010). Consequently, odor stimuli that elicit low firing 

rates in olfactory receptor neurons occupy the major part of the dynamic range of a 

projection neuron. Furthermore, since most odor-evoked firing rates of olfactory receptor 
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neurons are low, below 50 spikes/s, as compared to their maximum firing rate, 

approximately 300 spikes/s (Hallem & Carlson, 2006), most of the dynamic range of a 

projection neuron may be devoted to the most common odor stimuli. Thus, this property of 

projection neuron should maximize rates of information transmission (Wilson, 2013). In 

fact, in computational simulations, the compressive nonlinearity in the relationship between 

the firing rates of olfactory receptor neurons and projection neurons substantially improves 

odor discrimination (Luo et al., 2010; Olsen et al., 2010). 

 

 Lateral inhibition adjusts projection neuron sensitivity to the level of total activity of 

olfactory receptor neurons (see Figure IX). Local interneurons collectively pool input from 

all glomeruli and inhibit neurotransmitter release as the activity of olfactory receptor 

neurons increases. This mechanism renders projection neurons less sensitive to the firing 

rates of their cognate olfactory receptor neurons (Olsen & Wilson, 2008; Root et al., 2008; 

Olsen et al., 2010). As a consequence of inhibition, firing rates of projection neurons do not 

saturate as easily as they would otherwise, and their dynamic range becomes more closely 

matched to that of their inputs (Wilson, 2013). In simulations, this type of lateral inhibition 

substantially improves odor discrimination by a linear decoder. In particular, it improves the 

ability of a decoder to identify an odor over a broader range of concentrations (Luo et al., 

2010; Olsen et al., 2010), implying that lateral inhibition may help flies to identify odors in 

spite of natural variations in odor concentration (Wilson, 2013). 

 

 Lateral inhibition is also important for decorrelating the activity of different 

projection neurons (see Figure IX). Indeed, different types of olfactory receptor neurons 

provide a highly correlated input to projection neurons, which could easily lead to network 

saturation at high firing rates in the absence of the gain control provided by local 

interneurons (Haddad et al., 2010; Luo et al., 2010; Olsen et al., 2010). The computation 

implemented by this type of lateral inhibition has been called divisive normalization, and it 

appears to be present in a wide variety of sensory systems (Carandini & Heeger, 2012). 
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Figure IX. Lateral inhibition mediates gain control in the Drosophila melanogaster antennal lobe. Olfactory 
stimuli activate multiple classes of olfactory receptor neurons (ORNs) that each express a single receptor 
protein subtype. Since receptor proteins are broadly tuned, even simple olfactory stimuli activate many 
different classes of receptor cells (red, blue and green). This organization is continued at the next processing 
step, in which one receptor subtype (for example, red) activates antennal lobe projection neurons (PNs) with 
dendrites that innervate the red glomerular input station. Presynaptic lateral inhibition attenuates signal 
transfer from ORN to PN, resulting in less firing in downstream PNs (bottom row of simulated recordings) than 
in the ORNs (top row) that originate olfactory signals. The magnitude of presynaptic inhibition reflects the 
overall drive to the antennal lobe, allowing this local circuitry to regulate gain and to prevent input saturation 
when animals are exposed to strong stimuli. (Adapted from Strowbridge, 2008). 
 

 It has been recently reported that lateral inhibition increases with odor 

concentration, is almost completely untuned to odor identity, and that specific glomeruli 

exhibit different sensitivities to inhibition (Hong & Wilson, 2015). This organization may 

represent a way to effectively implement lateral inhibition while minimizing some of the 

associated problems, such as noise and ambiguity. In fact, projection neuron activity is noisy, 

and most of this noise is attributable to the high level of background activity of their cognate 

olfactory receptor neurons (Bhandawat et al., 2007; Kazama & Wilson, 2009). Since noise in 

different olfactory receptor neurons is independent (Kazama & Wilson, 2009), pooling 

signals over many glomeruli may provide an avenue for local interneurons to reduce the 

noise that they re-inject into the circuit (Hong & Wilson, 2015). Moreover, glomeruli that are 

insensitive to inhibition would be immune to this noise and, therefore, better able to convey 

information to higher brain areas even when odor signals are weak and near the noise 

threshold for detection. Glomeruli that are insensitive to inhibition are also potentially useful 
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encoders of absolute odor concentration. This is particularly relevant for the antennal lobe, 

as inhibition increases with stimulus intensity and could potentially create ambiguity about 

odor concentration (Hong & Wilson, 2015). 

 

Olfactory computations in the absence of dFMRP: hypotheses 

One of the most known effects of absence of FMRP is that neurons experience constitutively 

enhanced mGluR signaling, which is probably the cause of the observed neuronal 

hyperexcitability associated with fragile X syndrome (Bear et al., 2004). In the antennal lobe 

of Drosophila melanogaster, excitatory transmission is cholinergic, although few 

interneurons are glutamatergic (Wilson, 2013). Hence, it is unlikely that elevated mGluR 

produced by absence of dFMRP would impact on olfactory computations in the antennal 

lobe. Nevertheless, neuronal hyperexcitability could potentially be produced by 

downregulation of potassium channels occurring in the absence of dFMRP (Contractor et al., 

2015). 

 

 In the antennal lobe of Drosophila melanogaster, lateral inhibition mediated by local 

interneurons is GABAergic (Wilson, 2013). Increasing evidence obtained during the last 

decade has pointed towards GABAergic deficits as an important component of the 

neurophysiology related to fragile X syndrome (reviewed by Belmonte & Bourgeron, 2006; 

Braat & Kooy, 2015b). As described above, lateral inhibition participates in important 

olfactory computations, such as shaping the response dynamic range of projection neurons, 

reducing populational background noise of projection neurons due to constant input from 

olfactory receptor neurons, gain control of olfactory receptor neuron input upon olfactory 

stimulation, and, along with the differential glomerular sensitivity to inhibition, providing a 

mechanism for odor concentration encoding (Wilson, 2013). Therefore, downregulation of 

proteins involved in GABAergic transmission resulting from the absence of dFMRP (D'Hulst 

et al., 2006; D'Hulst et al., 2009) is likely to produce reduced inhibition in the antennal lobe, 

which would lead to neuronal computation as well as behavioral alterations in fruit flies. 

 

 Odor discrimination, which relies on an appropriate level of network lateral 

inhibition so that specific projection neurons carrying information about odor identity can 
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reliably convey this information to higher brain centers (Wilson, 2013), would be most likely 

affected by downregulation of proteins involved in GABAergic transmission. In this sense, 

reduced inhibition could lead to less specific projection neuron responses, rendering 

representations of different odors more similar to each other, thus, reducing the 

computational power of the antennal lobe to identify particular odors. Furthermore, since 

activation of specific glomeruli can be sufficient to elicit attraction (Semmelhack & Wang, 

2009) or aversion (Suh et al., 2007) behaviors in Drosophila melanogaster, it is possible that 

reduced odor discriminability in the antennal lobe would have an impact on olfactory 

behaviors. 

 

 Another possible consequence of the absence of dFMRP in the fruit fly antennal lobe 

is that odor concentration encoding would be impaired. According to recent evidence, 

concentration encoding requires that specific projection neurons are less sensitive to 

inhibition, whereas the rest of projection neurons are more sensitive to inhibition (Hong & 

Wilson, 2015). If inhibition is decreased, the whole population of projection neurons would 

be equally insensitive to inhibition, reducing the capacity of the antennal lobe to encode 

concentration. 

 

 Nonetheless, there is no physiological evidence that inhibitory synapses are affected 

in the absence of FMRP. Studying how neuronal computations are affected in the antennal 

lobe of fruit flies not expressing dFMRP could provide mechanistic principles that might help 

to better understand the neurophysiological implications of fragile X syndrome in humans. 
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Hypothesis 

 

In the absence of dFMRP, the antennal lobe neuronal circuit will have altered olfactory 

information processing and exhibit less specificity to odors due to reduced inhibition. These 

alterations in odor processing will result in aberrant olfactory behaviors. 

 

 

Objectives 

 

1. Generate dfmr1- flies that express GCaMP6, ChR2 or GFP under specific promoter control. 

These flies will be used in behavioral, electrophysiological and functional imaging 

experiments. 

 

2. Test whether dfmr1- flies exhibit reduced performance in olfactory attraction or aversion 

assays.  

 

3. Evaluate whether odor representations are altered in the antennal lobe of dfmr1- flies by 

recording calcium responses to a number of odors in flies expressing GCaMP6. Moreover, 

I will study whether lateral interactions are affected by analyzing the calcium responses 

to odor mixtures. 

 

4. Investigate whether the morphology of specific projection neurons expressing GFP 

undergoes modifications in dfmr1- flies by examining their neurite branching. 

 

5. Examine whether inhibitory GABAergic transmission is affected in dfmr1- flies by 

recording whole cell patch-clamp responses in projection neurons to light stimulation of 

lateral neurons expressing ChR2. 
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Methods 

 

Flies 

For behavioral assays, 3-5 days post eclosion flies were used. Their genotypes are w1118;; 

(WT), w1118;;dfmr1B55 (dfmr1-), w1118;dfmr1;dfmr1B55 (dfmr1-rescue), ;GH146-GAL4/UAS-

dfmr1-RNAi; (dfmr1-RNAi) and ;GH146-GAL4/+; (control-RNAi). This control RNAi fly 

results from the cross between the same GAL4 line used to produce the dfmr1-RNAi fly and 

a WT fly with the same genetic background as the UAS fly used to produce the dfmr1-RNAi. 

Calcium imaging experiments were conducted on 5-10 days post eclosion female flies. Their 

genotypes are ;GH146-GAL4/UAS-GCaMP6m;+/+ (WT) and ;GH146-GAL4/UAS-

GCaMP6m;dfmr1B55/dfmr1Δ113 (dfmr1-). Patch-clamp experiments were conducted in 2 days 

post eclosion female flies. Their genotypes are NP2426-GAL4;UAS-ChR2/+;+/+ (WT) and 

NP2426-GAL4;UAS-ChR2/+;dfmr1B55/dfmr1Δ113 (dfmr1-). The NP2426-GAL4 insertion 

drives expression in a population of GABAergic local interneurons (Das et al., 2008; Okada 

et al., 2009).  Anatomical study of specific glomeruli was assessed in 3-5 days post eclosion 

female flies. Their genotypes are ;NP5221-GAL4,UAS-mCD8-GFP; (WT), NP3062-GAL4,UAS- 

mCD8-GFP;; (WT), ;NP5221-GAL4,UAS- mCD8-GFP; dfmr1B55/dfmr1Δ113 (dfmr1-) and 

NP3062-GAL4,UAS- mCD8-GFP;; dfmr1B55/dfmr1Δ113 (dfmr1-). 

 

Olfactory stimulation 

All odors were diluted 1:100 v/v in paraffin oil, except p-cresol which was diluted 1:100 w/v 

in water. Odors were delivered through a custom-built mechanism (for details, see Figures 

2 and 6A), which dilutes the headspace of the odor vial a further 10-fold in clean air. The flow 

rate of odor delivery was 2.2 L/min. For physiological experiments, odor stimuli were 

applied for 500 ms every 15 s for 3 trials per odor. The stimulation protocol was controlled 

by a Master-8 stimulator (A.M.P.I.).  

 

Behavioral assays 

For each experimental session, ~50 flies were starved for 18-20 h at 25 ⁰C in scintillation 

vials containing a piece of humidified filter paper. Flies were then transferred to a custom 



Biomedical Sciences – Cognitive and Molecular Neurosciences  
   

  33 
 

made four-quadrant arena and filmed from the top of the arena for trials with a duration of 

10 min (2 min, clean air; 3 min, odor exposure; 5 min, clean air). An automated mechanism 

was used to inject odors to the arena (for details, see Figure 1). The flow rate of odor delivery 

was 0.5 L/min. 

 

 

 
Figure 1. Experimental setup used for behavioral assays. Four quadrant arena used for evaluating innate 
olfactory behaviors in fruit flies (Semmelhack & Wang, 2009). Odors are injected independently to any of the 
four corners of the arena. A vacuum in the center (arrow) acts as a sink and constantly extracts air from the 
arena. This configuration favors separated air profiles in each of the four quadrants of the arena. Carrier air 
stream (C1+C2) is 0.35 L/min. Secondary air stream (S1+S2+S3+S4) or odor stream (O1+O2+O3+O4) is 0.15 
L/min. Electronically controlled valves (arrowheads) precisely control switching between secondary air 
stream and odor stream for a programmed amount of time. Flies are imaged from the top using a standard 
webcam.  

 

Calcium imaging 

For each experiment, a fly was secured to an aluminum chamber with wax and the cuticle 

above the antennal lobes was removed (Figure 2). The antennal lobes were imaged in vivo 

from the dorsal side while constantly perfusing the brain with oxygenated saline. The saline 

contained (in mM): 103 NaCl, 3 KCl, 1 NaH2PO4, 1.5 CaCl2, 4 MgCl2, 26 NaHCO3, 5 TES, 10 

glucose and 8 trehalose. GCaMP6 fluorescence was imaged using an EMCCD camera 

(Hamamatsu Photonics) installed on an Olympus BX51 fluorescence microscope (Olympus 

Corporation).  
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Figure 2. Experimental setup used for in vivo imaging of calcium responses to odors in the antennal lobe 
of Drosophila melanogaster. Experimental setup used to record calcium responses to odors in the antennal 
lobe of Drosophila melanogaster. After opening a small window on top of the antennal lobes, the fly is secured 
to an aluminum foil and placed in front of a clean air stream (2 200 L/min) that is constantly delivered to the 
antennae of the fly. To apply the odor stimuli, a pulse is sent from a computer to a stimulator (MASTER-8, 
A.M.P.I.), which in turn switches (black arrow) a relay station to the ‘on’ position (green). This activates a pinch 
valve (Bio-Chem Fluidics) that changes the direction of the secondary air flux, which pushes odor contained in 
a vial to the carrier air stream. An EMMCD camera simultaneously records GCaMP6m fluorescence from the 
antennal lobes and send them to the computer to be stored for offline analyses. 

 

Immunohistochemistry 

Brains were extracted from flies expressing either GCaMP6m or GFP and fixated in 4 % 

formaldehyde PBS solution. PBS contained (in mM): 137 NaCl, 2.7 KCl, 10 Na2HPO4 and 1.8 

KH2PO4. Brains were incubated in primary antibody cocktails for ~24 h and then incubated 

in secondary antibody cocktails for ~2 h. Primary antibodies anti-GFP (A-11222, Life 

Technologies, dilution 1:500), anti-dFMRP (20E4, specifically generated for our lab by 

EMBL-MACF Hybridoma, dilution 1:50), anti-ELAV (7E8A10, Hybridoma Bank, dilution 

1:100) and Alexa Fluor® secondary antibodies (Life Technologies) were dissolved in 5 % 

bovine serum albumin PBS solution. After each step, brains were washed 3 times in 0.1 % 

Triton PBS solution. Images of stained brains were visualized by confocal microscopy using 

a Nikon A1R+ confocal unit mounted on a Nikon Eclipse Ti-E inverted microscope (Nikon 

Corporation). Confocal stacks were preprocessed and exported using Fiji (ImageJ). 
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Electrophysiology 

Flies were prepared similarly as for calcium imaging experiments. Although, for 

electrophysiology, the sheath covering the antennal lobes was carefully removed. In vivo, 

whole-cell patch-clamp recordings were performed from the somata of projection neurons 

and local interneurons. The external saline solution was identical to the one used for calcium 

imaging experiments. Patch-clamp electrodes were filled with an internal solution 

containing (in mM): 1 KCl, 140 potassium aspartate, 10 HEPES, 1 EGTA, 4 MgATP and 0.5 

Na3GTP. Recordings were performed in current-clamp mode with an Axopatch 200B 

amplifier (Molecular Devices). Recorded voltages were low-pass filtered at 1 kHz and 

digitalized at 10 kHz. Data acquisition was performed with a custom code written in MATLAB 

(MathWorks). Blue light for optogenetic stimulation of local interneurons was delivered via 

the fluorescence lamp HXP 120 C. 

 

Data analysis 

Fluorescence imaging stacks were processed by independent component analysis. This 

method allows automated detection of individual glomeruli (Mukamel et al., 2009; Strauch 

& Galizia, 2012; for details, see Figure 3). Time series of detected glomeruli were then 

reconstructed from original fluorescence stacks. Behavior movies were binarized and 

numbers of flies per quadrant were calculated based on pixels occupied by flies (Figure 4). 

All quantifications and statistical tests of all the data obtained from the different experiments 

were performed using custom made codes written in MATLAB (MathWorks). Sparseness 

was calculated using the formula (Rolls & Tovee, 1995; Vinje & Gallant, 2000):  

𝑆 =

1 −
(
∑𝑟𝑖
𝑛
)
2

∑(
𝑟𝑖
2

𝑛 )

1 −
1
𝑛

 

For lifetime sparseness, 𝑟𝑖 is the response of a particular glomerulus to the 𝑖𝑡ℎ odor and 𝑛 is 

the total number of odors. For population sparseness, 𝑟𝑖 is the response of the 𝑖𝑡ℎ glomerulus 

to a particular odor and 𝑛 is the total number of glomeruli per fly. Values near 0 indicate low 

selectivity whereas values near 1 indicate high selectivity of a particular glomerulus for a 
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given odor set (lifetime sparseness), or, of a population of glomeruli for a particular odor 

(population sparseness). 
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Figure 3. Automated extraction of glomerular activity by independent component analysis. A. To 
perform automated detection of glomeruli, raw florescence stacks are split into two so that each antennal lobe 
is processed by separate. This facilitates detection of sister glomeruli, which present very similar activity.  B. 
Glomeruli map of detected glomeruli for one fly. Example glomeruli shown in C are highlighted in color. Other 
detected glomeruli are shown in gray contours. Scale bar = 10 μm. C. Individual glomeruli are detected by 
independent component analysis (Mukamel et al., 2009; Strauch & Galizia, 2012). First, frame-based principal 
components are calculated from raw fluorescence stacks. Principal components contain different features of 
often more than one glomerulus. In the next step, independent components are calculated from principal 
components. Independent components bring together the different features of single glomerulus contained in 
several principal components. Independent components represent isolated single glomerulus. This 
information was then used to construct activity time series from raw fluorescence stacks. 

 

 

 

 

Figure 4. Estimation of number of flies per quadrant. A. Individual raw video frames (top) collected by the 
webcam are binarized (bottom) by MATLAB functions, so that pixels occupied by flies can be delineated. B. 
Binarized frames allow precise identification of number of flies in each quadrant in every video frame (top). 
Automated processing of binarized frames yields time series with the number of flies in each quadrant. 
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Results 

 

dfmr1- flies exhibit deficits in odor induced attraction and aversion 

It was previously shown that dfmr1- flies present learning deficits in olfactory behavioral 

assays (Bolduc et al., 2008). However, it was not clear whether this was a consequence of 

deficits in olfactory processing itself or in associative learning. In order to evaluate whether 

the olfactory system of Drosophila melanogaster is affected by the absence of FMRP, I 

conducted olfactory attraction and aversion assays (Figure 5; for details, see Figures 1 and 

4). Some odors such as ethyl acetate are known to induce attraction in fruit flies, whereas 

others such as benzaldehyde induce aversion (Steck et al., 2012; Farhan et al., 2013). I 

presented these odors to freely walking starved fruit flies and quantified attraction and 

aversion by counting the number of flies in odorized and non-odorized sections of the 

behavioral arena, before, during and after odor delivery. I found that dfmr1- flies exhibit 

significantly weaker odor induced attraction and aversion as compared to WT flies (Figure 

5B-C,H-I,L-M). In particular, I observed that dfmr1- flies spend less time exploring the 

quadrant odorized with the attractive odor ethyl acetate (Figure 5B,H,L). Similarly, dfmr1- 

flies were not repelled as much as WT flies were by the aversive odor benzaldehyde (Figure 

5C,I,M). Furthermore, impaired olfactory performance in dfmr1- flies can be restored by the 

genomic rescue of dFMRP, demonstrating specificity (Figure 5D-E,H-I,L-M). To test whether 

reduced olfactory performance was due to the absence of dFMRP in the antennal lobe circuit, 

I knocked down dFMRP expression specifically in excitatory antennal lobe projection 

neurons. Downregulation of dFMRP in the antennal lobe projection neurons also led to a 

significant impairment of olfactory behaviors (Figure 5F-G,J-K,L-M), confirming the 

prominent role of dFMRP for antennal lobe circuit function and odor induced behaviors in 

fruit flies. 

Figure 5. Absence of dFMRP results in deficits in olfactory attraction and aversion. A. Scheme of the 
olfactory behavior arena with 4 input ports. A vacuum in the center generates a 4-quadrant air profile 
(humidified air pressure = 500 ml/min). In olfactory attraction assays, the attractive odor ethyl acetate was 
delivered from a single port of the 4 quadrant arena (arrowhead) and clean air (white quadrants) was delivered 
through the remaining three ports. In olfactory aversion assays, the aversive odor benzaldehyde was delivered 
from three ports (arrowheads) of the 4 quadrant arena while clean air (white quadrant) was delivered through 
the remaining single port. For these experiments, the arena is populated with fifty 20h-starved flies. Flies were 
recorded during 10 min (odorless air = 2 min, odor = 3 min, odorless air = 5 min). Continued on next page. 
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Figure 5 (continued). B-G. Heat maps showing the density of flies across all trials from all experimental 
sessions during the last minute of odor exposure. Note that WT, dfmr1-rescue and control-RNAi flies cluster in 
the ethyl acetate quadrant (dotted quadrant) in olfactory attraction assays and in the clean air quadrant (dotted 
quadrant) in olfactory aversion assays using benzaldehyde. dfmr1- and dfmr1-RNAi flies, by contrast, are more 
distributed across all quadrants and, hence, exhibited a poorer performance in olfactory attraction or olfactory 
aversion assays. H-K. Temporal course showing the change in number of flies in the odorized quadrant for 
olfactory attraction assays and in the clean air quadrant for olfactory aversion assays depicted by a dotted line 
in B-D. Note that WT flies (black) and dfmr1-rescue flies (green) performed better than dfmr1- flies (red). Also 
note that flies expressing RNAi against the RNA product of dfmr1 in projection neurons (yellow) performed 
significantly worse than flies of the same genetic background (cyan), but that do express dFMRP (for details, 
see Experimental Procedures). Shadowed traces represent s.e.m. for the number of flies (n = ~200 flies per 
genotype tested across 4 experimental sessions representing 3 repetitions of each odor per session). L-M. 
Preference index defined by the fraction of flies being present in the corresponding odorized (for ethyl acetate) 
or clean air (for benzaldehyde) quadrant during the last minute of odor exposure (4 to 5 min). Note that both, 
full mutants dfmr1- flies and flies expressing RNAi against dfmr1 in projection neurons (dfmr1-RNAi), exhibited 
a lower performance in ethyl acetate-guided attraction (n = 12 trials, Wilcoxon rank-sum test; WT vs dfmr1-, p 
= 3.0x10-5; dfmr1-rescue vs dfmr1-, p = 6.2x10-5; dfmr1-control vs dfmr1-RNAi, p = 1.8x10-2) as well as in 
benzaldehyde-guided aversion (n = 12 trials, Wilcoxon rank-sum test; WT vs dfmr1-,  p = 1.8x10-5; dfmr1-rescue 
vs dfmr1-, p = 3.7x10-4; dfmr1-control vs dfmr1-RNAi, p = 3.4x10-2). 
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Broader odor response tuning in projection neurons leads to less selective olfactory 

representations in dfmr1- flies 

Reduced performance of dfmr1- flies in odor-induced behaviors suggests that olfactory 

coding is compromised in these animals. In order to evaluate whether olfactory 

computations are affected by the absence of dFMRP, I measured glomerular responses of 

antennal lobe projection neurons to different odors using fluorescence calcium imaging 

(Figure 6A-B; for details, see Figure 2) in WT and dfmr1- flies (Figure 6D). To extract the 

location of individual glomeruli, I adopted a previously described method called 

independent component analysis (Mukamel et al., 2009; Strauch & Galizia, 2012). I show that 

this method performs very well for identifying even the sister glomeruli across antennal 

lobes with very similar locations and response profiles (Figure 6C; for details, see Figure 3). 

 

Using this approach, I investigated the combinatorial glomerular activation patterns 

of antennal lobe projection neurons, and compared the neuronal representations of 24 odors 

in WT and dfmr1- flies. I observed that overall responsiveness of olfactory glomeruli is 

significantly altered, with more excitatory and fewer inhibitory odor responses in dfmr1- 

flies (Figure 7A-C). In order to evaluate olfactory coding in the antennal lobe, I carried out a 

pairwise comparison of odor evoked glomerular activation patterns using two commonly 

used and complementary measures of similarity, cosine distance and Euclidean distance. 

Cosine distance is a measure to compare odor responses irrespective of their amplitude. 

Euclidean distance, by contrast, takes the strength of odor responses into account. In general, 

high cosine and Euclidean distances indicate increased difference among odor 

representations, and vice versa. Hence, high cosine and Euclidean distances describe greater 

specificity in odor encoding. These results show significantly lower cosine and Euclidean 

distance values between pairs of odors in dfmr1- flies (Figures 8A-D). This indicates that loss 

of dfmr1 causes odor evoked glomerular activation patterns to become less distinct from 

each other and, therefore, harder to discriminate. Reduced odor specificity of glomerular 

activation patterns could, in principle, explain why dfmr1- flies are impaired in both 

attractive and aversive olfactory behavioral tasks. 
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Figure 6. Odor representations in the antennal lobe of WT and dfmr1- flies. A. Experimental setup 
depicting a fly expressing the transgenic calcium indicator GCaMP6 in projection neurons. Briefly, the fly is 
secured to a chamber and the cuticle above the antennal lobes is removed, which allows imaging of the antennal 
lobes from the dorsal side. A tube is placed in front of its antennae for odors to be delivered (for details, see 
Figure 2). B. Activity maps elicited by different odors in the antennal lobes of WT and dfmr1- flies. These maps 
are obtained by calculating the percent change of fluorescence intensity (ΔF/F) during 1 s after response onset. 
Warmer colors signify strong responses. Note that glomerular responses are more dispersed and localized in 
WT than in dfmr1- flies. Scale bar = 20 μm. C. Examples for the location and the response time course of antennal 
lobe glomeruli in WT and in dfmr1- flies. Different activity dynamics can be observed in response to different 
odors in different glomeruli. Please note that potential sister glomeruli identified via our detection algorithm 
(for details, see Figure 3) exhibit similar response profiles. Scale bar = 10 μm. D. Immunostainings on brains 
obtained from flies used in calcium imaging experiments confirmed expression of dFMRP in WT flies (left) and 
lack of dFMRP in dfmr1- flies (right). Scale bar = 50 μm. 
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Figure 7. Olfactory glomeruli in dfmr1- flies are broadly tuned and have narrower dynamic response 
range. A. Examples of glomerular response profiles obtained from one WT fly and one dfmr1- fly, respectively. 
Black contour lines mark the location of the displayed glomeruli within the antennal lobes. Calibration bar = 10 
μm. B. Responses of individual glomeruli to 24 different odors. The responses are sorted so that the most 
preferred odor of a given glomerulus is always on the left and the least preferred odor is on the right. Note that 
odor responses in WT flies are sparser than dfmr1- flies. Also note that there are little or no inhibitory odor 
responses in dfmr1- flies, whereas most WT glomeruli would display some inhibition in response to its least 
preferred odor. Responses are sorted equally for sister glomeruli. C. Cumulative distribution showing the 
response amplitudes of all glomeruli to all presented odors. dfmr1- glomeruli exhibited increased number of 
weak odor responses as well as reduced number of high amplitude odor responses and less inhibitory odor 
responses. This indicates significantly different and narrower dynamic range for odor responses in dfmr1- flies 
(WT, n = 10 flies, 492 glomeruli; dfmr1-, n = 12 flies, 560 glomeruli; Kolmogorov-Smirnov test, p = 1.1x10-30). 
D. Histogram illustrating the probability of glomerular response amplitudes for the assessed population of flies 
(WT, n = 10 flies, 492 glomeruli; dfmr1-, n = 12 flies, 560 glomeruli). WT flies exhibited increased number of 
inhibitory odor responses, silent glomeruli and strong excitatory responses (black arrows) as compared to 
dfmr1- flies. By contrast, dfmr1- glomeruli were more likely to produce weak excitatory responses to odor 
stimulation (red arrows). E. Cumulative distribution of odor response to background activity ratios. Glomerular 
activity above one standard deviation from the mean antennal lobe activity was considered a response. The 
mean antennal lobe activity was taken as background. dfmr1- flies exhibited reduced response to background 
activity ratios, indicating nosier odor representations (WT, n = 10 flies, 492 glomeruli; dfmr1-, n = 12 flies, 560 
glomeruli; Kolmogorov-Smirnov test, p = 6.0x10-65). F. Correlation of glomerular odor response profiles versus 
their physical distance within the antennal lobes (mean ± s.e.m.; Wilcoxon rank-sum test; WT, n = 10 flies, 492 
glomeruli; dfmr1-, n = 12 flies, 560 glomeruli; 10 μm, p = 4.2x10-24; 20 μm, p = 8.4x10-65; 30 μm, p = 4.9x10-38; 
40 μm, p = 1.3x10-8; 50 μm, p = 7.6x10-43; 60 μm, p = 6.5x10-30; 70 μm, p = 9.4x10-12; 80 μm, p = 3.8x10-6). 
Increased correlation indicates that dfmr1- glomeruli are more similar in their odor responses and exhibit less 
specific responses for encoding particular odors. 

 

 

What underlies the increased similarity among odor representations in dfmr1- flies? 

To answer this question, I visualized odor response selectivity by plotting the odor responses 

of each individual glomerulus normalized to its maximum odor response. I qualitatively 

observed that dfmr1- glomeruli have broader response profiles, and thus reduced odor 

selectivity, represented by warmer colors (Figure 8E).  To quantify this effect, I calculated 

the lifetime sparseness, a measure of response selectivity (Yaksi et al., 2007), of all recorded 

glomeruli. A glomerulus with a high sparseness value responds to only one or very few odors. 

Conversely, a glomerulus with a low sparseness value responds to many odors equally. I 

found that dfmr1- glomeruli have lower lifetime sparseness values (Figure 8F), suggesting 

they are less selective to odors. Complementary to these analyses, I computed the population 

sparseness, which is a measure of the number of glomeruli activated by a single odor. A high 

population sparseness value signifies that few glomeruli were activated by a given odor, 

whereas a low population sparseness value signifies that many glomeruli were activated. I 

found that the antennal lobe circuit of dfmr1- flies has lower population sparseness values 
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(Figure 8G), which is consistent with a complementary analysis showing reduced response 

to background (signal to noise) ratios (Figure 7D-E) and increased correlations across 

antennal lobe glomeruli in dfmr1- flies (Figure 7F). 
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Figure 8. Broader glomerular odor tuning leads to less specific odor representations in dfmr1- flies. A. 
Cosine distance matrices representing pairwise similarities among representations of 24 different odors in 
glomerular responses of WT and dfmr1- flies (WT, n = 10 flies, 492 glomeruli; dfmr1-, n = 12, 560 glomeruli). 
Lower cosines distances (cooler colors) indicate that different odors are encoded more similarly in the antennal 
lobes of dfmr1- flies. B. Cumulative distribution of cosine distances in WT (black) and in dfmr1- flies (red). 
Significantly lower cosine distance values in dfmr1- flies show that odors are represented more similarly in the 
antennal lobes of dfmr1- flies as compared to WT flies (WT, n = 10 flies, 492 glomeruli; dfmr1-, n = 12 flies, 560 
glomeruli; Kolmogorov-Smirnov test, p = 7.4x10-16). C. Euclidean distance matrices representing pairwise 
similarities among representations of 24 different odors in glomerular responses of WT and dfmr1- flies (WT, 
n = 10 flies, 492 glomeruli; dfmr1-, n = 12 flies, 560 glomeruli). Reduced Euclidean distances (cooler colors) 
indicate that different odors are encoded more similarly in the antennal lobes of dfmr1- flies. D. Cumulative 
distribution of Euclidean distances in WT (black) and in dfmr1- flies (red). Significantly lower Euclidean 
distance values in dfmr1- flies show that odors are represented more similarly in the antennal lobes of dfmr1- 
flies as compared to WT flies (WT, n = 10 flies, 492 glomeruli; dfmr1-, n = 12 flies, 560 glomeruli; Kolmogorov-
Smirnov test, p = 4.1x10-7). E. Normalized odor responses of all individual WT and dfmr1- glomeruli (WT, n = 
10 flies, 492 glomeruli; dfmr1-, n = 12 flies, 560 glomeruli). Glomeruli on the ordinates are sorted on the basis 
of their response selectivity. The least selective glomeruli are located at the top, whereas the most selective 
glomeruli are located at the bottom. Odor responses on the abscissas are sorted on the basis of the response 
strength, after normalizing to the strongest odor response of individual glomeruli (warmest colors) on the left 
side. A dashed white line was added to help with the comparison of WT versus dfmr1- glomeruli. F. Cumulative 
distribution of glomerulus lifetime sparseness for all recorded glomeruli in WT (black) and dfmr1- (red) flies. 
Reduced lifetime sparseness indicates that dfmr1- glomeruli exhibited broader tuning to odors, reflecting 
reduced specificity (WT, n = 10 flies, 492 glomeruli; dfmr1-, n = 12 flies, 560 glomeruli; Kolmogorov-Smirnov 
test, p = 9.8x10-14). G. Cumulative distribution of population sparseness for all measured odors in WT (black) 
and dfmr1- (red) flies. Lower population sparseness indicates that odors activate more glomeruli equally in 
dfmr1- flies. By contrast, odors activate fewer odor specific glomeruli in WT flies (WT, n = 10 flies, 492 
glomeruli; dfmr1-, n = 12 flies, 560 glomeruli; Kolmogorov-Smirnov test, p = 8.4x10-22). 

 

 

These results thus far reveal impairment in olfactory coding and odor selectivity in 

dfmr1- flies due to broader response tuning and reduced odor selectivity of antennal lobe 

projection neurons. This reduced odor selectivity can, in principle, arise from less selective 

glomerular innervation patterns of individual antennal lobe projection neurons in dfmr1-

flies. However, I did not observe any significant changes in glomerular morphology or size in 

any of the genetically identified projection neurons that I tested in dfmr1- flies (Figure 9). 
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Figure 9. Glomerular innervation patterns of antennal lobe projection neurons are not affected in 
dfmr1- flies. A. Maximum intensity projections of representative WT and dfmr1- flies expressing GFP in 
projection neurons innervating glomeruli DM1, VC1 and VA4. Calibration bar = 20 μm. B. Maximum intensity 
projections of representative WT and dfmr1- flies expressing GFP in projection neurons innervating glomeruli 
DL5 and DM4. Calibration bar = 20 μm. C. Scatter plots showing the calculated volumes for glomeruli DM1, VC1 
and VA4. No significant differences were found between WT and dfmr1- flies (WT, n = 16 flies; dfmr1-, n = 16 
flies; Wilcoxon rank-sum test). D. Scatter plots showing the calculated volumes for glomeruli DL5 and DM4. No 
significant differences were found between WT and dfmr1- flies (WT, n = 15 flies; dfmr1-, n = 15 flies; Wilcoxon 
rank-sum test). 

 

 

Impaired lateral interactions alter olfactory information processing in dfmr1- flies 

The lack of gross morphological alterations in antennal lobe projection neurons, combined 

with the observations of increased excitatory and reduced inhibitory odor responses, 

suggests that defective lateral interactions among antennal lobe neurons are responsible for 

the reduced specificity of olfactory representations in dfmr1-flies. In the fruit fly antennal 

lobe, lateral interactions across olfactory glomeruli were shown to mediate the spread of 

both excitation (Olsen et al., 2007), through gap junctions (Yaksi & Wilson, 2010), and 

inhibition, through local interneurons (Wilson & Laurent, 2005; Olsen & Wilson, 2008; Root 

et al., 2008). 

It was previously shown that when odors are mixed, lateral interactions across 

antennal lobe glomeruli can alter odor representations, both through lateral excitation and 

lateral inhibition (Olsen et al., 2010). In order to compare the level of lateral interactions in 

WT and dfmr1- flies, I applied mixtures of odorants, in which the concentration of one of the 

components is kept constant while the concentration of the other mixture component is 
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gradually increased (Figure 10A; see also Figure 11). This experimental design is based on 

the fact that different odors recruit different subsets of projection neurons and different local 

interneurons. This, in turn, will change the odor evoked activity patterns, creating new odor 

representations depending on the degree of lateral interactions among all recruited neurons 

(Olsen et al., 2007; Hong & Wilson, 2015).  

 

I observed that the odor representation of the component with fixed concentration 

became progressively different with increasing concentrations of the second mixture 

component. These mixing related changes in odor representations were more pronounced 

in WT flies than in dfmr1- flies (Figure 10A-C, see also Figure 11). Next, I quantified the 

changes in response amplitudes in individual glomeruli. These results showed that, on 

average, WT flies exhibited significantly more mixture related suppression whereas dfmr1- 

flies exhibited significantly more mixture related excitation (Figure 10D,E). This suggests 

that while lateral inhibition is impaired in dfmr1- flies, the later excitatory interactions might 

be spared (see also Figure 15). These lateral inhibitory and lateral excitatory effects were 

variable across populations of projection neurons. In line with this, these results suggest that 

populations of individual glomeruli in WT flies have a significantly larger variety of both 

inhibitory and excitatory effects at all mixture concentrations, when compared to dfmr1- flies 

(Figure 10F; see also Figure 11). Altogether, these results further support the idea that 

lateral inhibitory interactions are impaired in the antennal lobe of dfmr1- flies, which 

eventually results in reduced contrast across odor evoked activity patterns and, therefore, 

poorer performance in olfactory behavioral assays. 
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Figure 10. Lateral interactions across olfactory glomeruli are reduced in dfmr1- flies. A. Activity maps 
elicited by odor mixtures of a constant concentration of 4-methylcyclohexanol and a progressively increasing 
concentration of geranyl acetate in the antennal lobes of representative WT and dfmr1- flies. These activity 
maps are obtained by calculating the percent change of fluorescence intensity (ΔF/F) during 1 s after response 
onset. Warmer colors signify strong responses. Single odors are circumscribed by a dashed black box. Mixtures 
are circumscribed by a dashed gray box. Scale bar = 20 μm. B. Cosine distances representing pairwise 
similarities among representations of the indicated odor mixtures. Note that the representations of 4-
methylcyclohexanol become progressively different as the concentration of geranyl acetate increases. These 
changes are reduced in dfmr1- flies (mean ± s.e.m.; WT, n = 6 flies, 298 glomeruli; dfmr1-, n = 7 flies, 345 
glomeruli; Wilcoxon rank-sum test; [10-5], p = 6.9x10-2; [10-4], p = 3.7x10-2; [10-3], p = 5.1x10-2; [10-2], p = 1.1x10-

2). C. Euclidean distances representing pairwise similarities among representations of the indicated odor 
mixtures. Note that the representations of 4-methylcyclohexanol become progressively different as the 
concentration of geranyl acetate increases. These changes are reduced in dfmr1- flies (mean ± s.e.m.; WT, n = 6 
flies, 298 glomeruli; dfmr1-, n = 7 flies, 345 glomeruli; Wilcoxon rank-sum test; [10-5], p = 5.8x10-4; [10-4], p = 
2.3x10-3; [10-3], p = 6.9x10-2; [10-2], p = 4.1x10-3). D. Average change in 4-methylcyclohexanol responses of all 
individual glomeruli when mixed with different concentrations of geranyl acetate. On average, WT glomeruli 
(black) decreased the amplitude of their 4-methylcyclohexanol responses when geranyl acetate was added in 
the mixture. By contrast, dfmr1- glomeruli (red) increase their amplitude when geranyl acetate was added in 
the mixture(mean ± s.e.m.; WT, n = 6 flies, 298 glomeruli; dfmr1-, n = 7 flies, 345 glomeruli; Wilcoxon rank-sum 
test; [10-5], p = 7.5x10-16; [10-4], p = 6.4x10-11; [10-3], p = 7.9x10-46; [10-2], p = 3.7x10-7). E. Histograms illustrating 
the distribution of response changes for all recorded glomeruli in WT (black, n = 6 flies, 298 glomeruli) and 
dfmr1-flies, (red, n = 7 flies, 345 glomeruli). Note that WT glomeruli exhibited more prominent decrease in their 
4-methylcyclohexanol responses after geranyl acetate is added to the mixture (black arrows). By contrast, 
dfmr1- glomeruli showed more increase or no change in their 4-methylcyclohexanol responses (red arrows). F. 
Scatter plots depicting the response changes in every individual glomeruli when 4-methylcyclohexanol is 
mixed with the indicated concentrations of geranyl acetate in WT (black) and dfmr1- (red) flies. Larger 
variability in response changes is observed for WT glomeruli (mean ± std.; WT, n = 6; dfmr1-, n = 7; F-test; [10-

5], p = 1.6x10-7; [10-4], p = 1.4x10-8; [10-3], p = 1.5x10-10; [10-2], p = 2.6x10-15). 
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Figure 11. Lateral interactions across olfactory glomeruli are reduced in dfmr1- flies. A. Activity maps 
elicited by odor mixtures of a constant concentration of 3-octanol and a progressively increasing concentration 
of 2-butanone in the antennal lobes of representative WT and dfmr1- flies. These activity maps are obtained by 
calculating the percent change of fluorescence intensity (ΔF/F) during 1 s after response onset. Warmer colors 
signify strong responses. Single odors are circumscribed by a dashed black box. Mixtures are circumscribed by 
a dashed gray box. Scale bar = 20 μm. B. Cosine distances representing pairwise similarities among 
representations of the indicated odor mixtures. Note that the representations of 3-octanol become 
progressively different as the concentration of 2-butanone increases. These changes are reduced in dfmr1- flies 
(mean ± s.e.m.; WT, n = 6 flies, 298 glomeruli; dfmr1-, n = 7 flies, 345 glomeruli; Wilcoxon rank-sum test; [10-5], 
p = 3.7x10-2; [10-4], p = 3.7x10-2; [10-3], p = 2.6x10-2; [10-2], p = 4.7x10-1). C. Euclidean distances representing 
pairwise similarities among representations of the indicated odor mixtures. Note that the representations of 3-
octanol become progressively different as the concentration of 2-butanone increases. These changes are 
reduced in dfmr1- flies (mean ± s.e.m.; WT, n = 6 flies, 298 glomeruli; dfmr1-, n = 7 flies, 345 glomeruli; Wilcoxon 
rank-sum test; [10-5], p = 6.9x10-2; [10-4], p = 7.0x10-3; [10-3], p = 2.3x10-3; [10-2], p = 1.5x10-1). D. Average change 
in 3-octanol responses of all individual glomeruli when mixed with different concentrations of 2-butanone. On 
average, WT glomeruli (black) decreased the amplitude of their 3-octanol responses when 2-butanone was 
added in the mixture. By contrast, dfmr1- glomeruli (red) increase their amplitude when 2-butanone was added 
in the mixture(mean ± s.e.m.; WT, n = 6 flies, 298 glomeruli; dfmr1-, n = 7 flies, 345 glomeruli; Wilcoxon rank-
sum test; [10-5], p = 1.3x10-1; [10-4], p = 3.6x10-11; [10-3], p = 6.3x10-5; [10-2], p = 9.9x10-1). E. Histograms 
illustrating the distribution of response changes for all recorded glomeruli in WT (black, n = 6 flies, 298 
glomeruli) and dfmr1-flies, (red, n = 7 flies, 345 glomeruli). Note that WT glomeruli exhibited more prominent 
decrease in their 3-octanol responses after 2-butanone is added to the mixture (black arrows). By contrast, 
dfmr1- glomeruli showed more increase or no change in their 3-octanol responses (red arrows). F. Scatter plots 
depicting the response changes in every individual glomeruli when 3-octanol is mixed with the indicated 
concentrations of 2-butanone in WT (black) and dfmr1- (red) flies. Larger variability in response changes is 
observed for WT glomeruli (mean ± std.; WT, n = 6; dfmr1-, n = 7; F-test; [10-5], p = 2.4x10-13; [10-4], p = 1.5x10-

25; [10-3], p = 2.1x10-47; [10-2], p = 5.1x10-15). 
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Lateral inhibition is impaired in the antennal lobe of dfmr1- flies 

The findings using odor mixtures point to reduced lateral inhibition among olfactory 

glomeruli in dfmr1- flies. In consonance with this idea, it has been reported that several 

components of the GABAergic transmission machinery are downregulated, both in mouse 

and in fruit fly models of fragile X syndrome (D'Hulst et al., 2006; Curia et al., 2009; D'Hulst 

et al., 2009; Adusei et al., 2010; Hong et al., 2012). Moreover, GABAergic signaling appears to 

be disrupted in the brains of patients with autism (Robertson et al., 2016), a recurrent 

phenotype in fragile X syndrome. All this evidence led to the hypothesis that reduced 

inhibition may be a major mechanism underlying neuronal deficits in fragile X syndrome 

(Braat & Kooy, 2015b). However, direct in vivo physiological evidence that inhibitory 

connections between neurons are impaired in any in vivo model of fragile X syndrome is 

lacking. 

 

In the fruit fly antennal lobe, lateral inhibition across olfactory glomeruli is mediated 

by a large population of GABAergic local interneurons that can act on both olfactory receptor 

neuron terminals and on antennal lobe projection neurons (Wilson & Laurent, 2005; Olsen 

& Wilson, 2008; Chou et al., 2010). In order to directly test the action of local interneurons 

on the activity of projection neurons, I performed intracellular recordings of projection 

neurons while optogenetically stimulating a large population of GABAergic local 

interneurons expressing channelrhodopsin-2 (Figure 12A; Das et al., 2008; Okada et al., 

2009; Hong & Wilson, 2015). Optogenetic activation of local interneurons consistently 

hyperpolarized the membrane potential of WT projection neurons (Figure 12B-D). Instead, 

dfmr1- projection neurons exhibited significantly smaller or no hyperpolarization in their 

membrane potential (Figure 12B-D). Importantly, I observed a prominent initial excitation 

upon optogenetic local interneuron stimulation (Figure 12C), which is mediated by the gap 

junctions established between local interneurons and projection neurons (Yaksi & Wilson, 

2010). 

 

During these recordings, I kept the antennae dry and the olfactory nerve intact, which 

ensures that the olfactory receptor neurons are undamaged and sustain a healthy level of 

background activity. As previously shown (Kazama & Wilson, 2009), this remaining olfactory 
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receptor neuron background firing results in prominent subthreshold synaptic activity and 

spontaneous action potential firing in the recorded projection neurons (Figure 12 B,E,G). I 

tested whether activating local interneurons can reduce the firing rate of projection neurons, 

and thus, influence the strength of their output onto the next stage of olfactory processing, 

the mushroom body and the lateral horn neurons. In fact, optogenetic activation of local 

interneurons reduced the spontaneous firing of WT projection neurons significantly more 

than that of dfmr1- projection neurons (Figure 12E-H). In line with the remaining gap 

junction mediated lateral excitation, I observed a slight initial increase in projection neuron 

firing rates of dfmr1- flies (Figure 12E-F). 
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Figure 12. Lateral inhibition of projection neurons is impaired in dfmr1- flies. A. Experimental setup 
depicting a fly expressing the light inducible channel ChR2 in GABAergic (Das et al., 2008; Okada et al., 2009) 
local interneurons (LN). Patch clamp recordings were conducted in projection neurons (PN), while stimulating 
a large group of local interneurons with a flash of blue light. B. Representative voltage traces of projection 
neurons (PN). In response to optogenetic activation of local interneurons, WT projection neurons typically 
show a hyperpolarization of their membrane potential accompanied by inhibition of action potentials. By 
contrast, dfmr1- projection neurons exhibit little hyperpolarization and mild suppression of action potentials. 
Blue shade depicts the period of 500 ms blue light stimulation. C. Membrane potential of every individual 
projection neuron averaged over 50 trials (transparent traces) in response to optogenetic activation of local 
interneurons in WT and dfmr1- flies (WT, n = 16 cells; dfmr1-, n = 16 cells). On average (full color traces), 
optogenetic activation of local interneurons drives a brief initial depolarization followed by a more pronounced 
hyperpolarization in WT flies. By contrast, in dfmr1- flies, activation of local interneurons drives a more 
pronounced initial depolarization followed by little or no hyperpolarization. D. Scatter plot depicting the light 
evoked changes in the membrane potential of projection neurons calculated during a 1 s window after stimulus 
onset. Inhibitory responses in WT projection neurons were found to be larger than in dfmr1- projection neurons 
(mean ± s.e.m.; WT, n = 16 cells; dfmr1-, n = 16 cells; Wilcoxon rank-sum test, p = 7.6x10-5). E. Firing rates 
(above) and raster plots (below) of two representative projection neurons from a WT and a dfmr1- fly, 
respectively. Note that optogenetic activation of local interneurons effectively suppresses action potential 
firing in the WT projection neuron. This effect is reduced in this dfmr1- projection neuron example. F. Firing 
rates (transparent traces) of all recorded WT and dfmr1- projection neurons (WT, n = 16 cells; dfmr1-, n = 16 
cells). On average (full color traces), activation of local interneurons consistently decreases the spontaneous 
firing of WT projection neurons. By contrast, spontaneous firing of dfmr1- projection neurons is slightly 
increased, albeit some delayed suppression. G. Scatter plot illustrating the basal spontaneous firing of all 
recorded WT and dfmr1- projection neurons, quantified during a 500 ms window before the onset of the light 
stimulus. No differences were found between the basal spontaneous firing of WT and that of dfmr1- projection 
neurons (mean ± s.e.m.; WT, n = 16 cells; dfmr1-, n = 16 cells; Wilcoxon rank-sum test, p = 8.0x10-2). H. Scatter 
plot showing the suppression in the spontaneous firing of all recorded WT and dfmr1- projection neurons by 
optogenetic activation of local interneurons, calculated as the difference between the basal spontaneous firing 
(G) and the firing during the 500 ms window of blue light stimulation. The  firing rates of WT projection neurons 
was observed to be significantly more suppressed when compared to dfmr1- projection neurons (mean ± s.e.m.; 
WT, n = 16 cells; dfmr1-, n = 16 cells; Wilcoxon rank-sum test, p = 4.3x10-4). 

 

 The observed impaired inhibition in the projection neurons of dfmr1- flies could, in 

principle, be the consequence of a less effective optogenetic activation of local interneurons. 

In order to rule out this possibility, I recorded the responses to optogenetic activation in local 

interneurons expressing channelrhodopsin-2, both in WT and dfmr1- flies (Figure 13A-B). 

Optogenetic stimulation elicited significantly larger membrane depolarization and higher 

firing rates in dfmr1- local interneurons, when compared to WT local interneurons (Figure 

13C-H). Furthermore, optogenetic stimulation of local interneurons expressing 

channelrhodopsin-2 consistently hyperpolarized the membrane potential of local 

interneurons not expressing channelrhodopsin-2 in WT flies (Figure 14). By contrast, little 

or no hyperpolarization was observed in dfmr1- local interneurons not expressing 

channelrhodopsin-2 (Figure 14). Altogether, these results indicate that the reduced 

inhibition observed in dfmr1- projection neurons (Figure 12) cannot be due to less effective 
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optogenetic activation of dfmr1- local interneurons. One the contrary, these results suggest 

that optogenetic stimulation is more effective in activating populations of dfmr1- local 

interneurons, especially at the late stage of the stimulation (Figure 13B-C,E-F), presumably, 

due to less effective GABAergic inhibition across dfmr1- local interneurons. In summary, 

these experiments revealed that deficient inhibition of dfmr1- projection neurons (Figure 12) 

is due to less effective GABAergic inhibition from local interneurons onto the whole antennal 

lobe circuit, both at the level of projections neurons and local interneurons.  

 

 

 

 



Biomedical Sciences – Cognitive and Molecular Neurosciences  
   

56 
 

Figure 13. Local interneurons are hyperexcitable in dfmr1- flies. A. Experimental setup depicting a fly 
expressing the light inducible channel ChR2 in GABAergic (Das et al., 2008; Okada et al., 2009) local 
interneurons (LN). Patch clamp recordings were conducted in local interneurons (LN) expressing Ch2, while 
stimulating them with a flash of blue light. B. Representative voltage traces of local interneurons (LN). In 
response to optogenetic, WT local interneurons typically show a transient depolarization of their membrane 
potential accompanied by the firing of action potentials, followed by a period of hyperpolarization and the 
suppression of action potentials. By contrast, dfmr1- projection neurons exhibit a sustained depolarization 
accompanied by the firing of action potentials. Blue shade depicts the period of 500 ms blue light stimulation. 
C. Membrane potential of every individual local interneuron averaged over 50 trials (transparent traces) in 
response to optogenetic activation in WT and dfmr1- flies (WT, n = 10 cells; dfmr1-, n = 16 cells). On average 
(full color traces), optogenetic activation of local interneurons drives an initial depolarization followed by a 
hyperpolarization of the membrane potential in WT flies. By contrast, in dfmr1- flies, activation of local 
interneurons drives a sustained depolarization with little or no inhibition. D. Scatter plot depicting the light 
evoked changes in the membrane potential of WT and dfmr1- local interneurons calculated during a 500 ms 
window after the onset of the blue light stimulation. dfmr1- local interneurons exhibited a larger depolarization 
as compared to WT local interneurons (mean ± s.e.m.; WT, n = 10 cells; dfmr1-, n = 16 cells; Wilcoxon rank-sum 
test, p = 2.3x10-4). E. Firing rates (above) and raster plots (below) of two representative local interneurons 
from a WT and a dfmr1- fly, respectively. Note that the initial firing of action potentials is effectively suppressed 
after 250 ms in the WT local interneuron. This effect is reduced in this dfmr1- projection neuron example. F. 
Firing rates (transparent traces) of all recorded WT and dfmr1- local interneurons (WT, n = 10 cells; dfmr1-, n 
= 16 cells). On average (full color traces), the initial firing evoked by light stimulation is suppressed after 250 
ms in WT local interneurons. By contrast, the initial firing of dfmr1- local interneurons is only slightly decreased. 
G. Scatter plot illustrating the basal spontaneous firing of all recorded WT and dfmr1- local interneurons, 
quantified during a 500 ms window before the onset of the light stimulus. No differences were found between 
the basal spontaneous firing of  WT and dfmr1- local interneurons (mean ± s.e.m.; WT, n = 10 cells; dfmr1-, n = 
16 cells; Wilcoxon rank-sum test, p = 1.9x10-1). H. Scatter plot showing the changes in the firing of 
optogenetically activated WT and dfmr1- local interneurons, calculated as the difference between the basal 
spontaneous firing (G) and the evoked firing during the 500 ms window of the light stimulation. The firing of 
action potentials evoked by light stimulation was observed to be significantly higher in dfmr1- local 
interneurons as compared to the firing of WT local interneurons (mean ± s.e.m.; WT, n = 10 cells; dfmr1-, n = 16 
cells; Wilcoxon rank-sum test, p = 8.2x10-5). 

 

 One interesting observation is that dfmr1- flies present less strongly activated 

glomeruli (Figure 7A-D). This suggests that lateral excitation might be affected in the absence 

of dFMRP. I, therefore, recorded lateral excitatory responses in projection neurons not 

exhibiting spontaneous activity to optogenetic stimulation of local interneurons expressing 

channelrhodopsin-2 (Figure 15A). This experimental arrangement minimizes the effects 

produced by lateral inhibition, as most of the lateral inhibition in the antennal lobe is 

presynaptic (Olsen & Wilson, 2008). Optogenetic activation of local inteneurons produced 

an excitatory response in both, WT and dfmr1- projection neurons (Figure 15B-C). However, 

lateral excitatory responses tended to decay faster in dfmr1- projection neurons (Figure 15B-

C) and therefore were slightly, but significantly, smaller in amplitude (Figure 15D). This 

observation could, in principle, explain the lower incidence of strongly activated glomeruli 

upon odor stimulation in dfmr1- flies (Figure 7A-D). 
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Figure 14. Lateral inhibition of local interneurons is impaired in dfmr1- flies 
A. Experimental setup depicting a fly expressing the light inducible channel ChR2 in GABAergic (Das et al., 2008; 
Okada et al., 2009) local interneurons (LN). Patch clamp recordings were conducted in local interneurons (LN) 
not expressing Ch2, while stimulating the subpopulation of local interneurons expressing ChR2 with a flash of 
blue light. B. Representative voltage traces of local interneurons (LN) not expressing ChR2. In response to 
optogenetic stimulation, WT local interneurons typically show a hyperpolarization of their membrane 
potential. By contrast, dfmr1- projection neurons exhibit little or no hyperpolarization. Blue shade depicts the 
period of 500 ms blue light stimulation. C. Membrane potential of every individual local interneuron not 
expressing ChR2 averaged over 50 trials (transparent traces) in response to optogenetic activation of local 
interneurons expressing ChR2 in WT and dfmr1- flies (WT, n = 7 cells; dfmr1-, n = 8 cells). On average (full color 
traces), optogenetic activation of local interneurons expressing ChR2 drives a hyperpolarization of the 
membrane potential in WT local interneurons not expressing ChR2. By contrast, in dfmr1- flies, activation of 
local interneurons expressing ChR2 drives little or no inhibition in local interneurons not expressing ChR2. D. 
Scatter plot depicting the light evoked changes in the membrane potential of WT and dfmr1- local interneurons 
not expressing ChR2 calculated during a 1 s window after the onset of the blue light stimulation. WT local 
interneurons exhibited a larger hyperpolarization as compared to dfmr1- local interneurons (mean ± s.e.m.; 
WT, n = 8 cells; dfmr1-, n = 8 cells; Wilcoxon rank-sum test, p = 9.3x10-4). 
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Figure 15. Lateral excitation of projection neurons is slightly reduced in dfmr1- flies 
A. Experimental setup depicting a fly expressing the light inducible channel ChR2 in GABAergic (Das et al., 2008; 
Okada et al., 2009) local interneurons (LN). Patch clamp recordings were conducted in projection neurons (PN) 
not receiving constant synaptic input from olfactory receptor neurons (ORN), while stimulating a large group 
of local interneurons with a flash of blue light. B. Representative voltage traces of projection neurons (PN). In 
response to optogenetic stimulation, and in the absence of spontaneous activity, WT and dfmr1- projection 
neurons typically show a depolarization of their membrane potential. However, dfmr1- projection neuron 
responses decay faster. Blue shade depicts the period of 500 ms blue light stimulation. C. Membrane potential 
of every individual projection neuron averaged over 50 trials (transparent traces) in response to optogenetic 
activation of local interneurons in WT and dfmr1- flies (WT, n = 10 cells; dfmr1-, n = 10 cells). On average (full 
color traces), in the absence of spontaneous activity, optogenetic activation of local interneurons drives a 
depolarization of the membrane potential in WT and dfmr1- projection neurons. However, in dfmr1- flies, these 
responses decay faster. D. Scatter plot depicting the light evoked changes in the membrane potential of WT and 
dfmr1- projection neurons calculated during a 500 ms window after the onset of the blue light stimulation. WT 
projection neurons exhibited a slightly larger depolarization as compared to dfmr1- projection neurons (mean 
± s.e.m.; WT, n = 10 cells; dfmr1-, n = 10 cells; Wilcoxon rank-sum test, p = 2.6x10-2). 

 



Biomedical Sciences – Cognitive and Molecular Neurosciences  
   

  59 
 

Discussion 

 

Deficient lateral inhibition leads to circuit hyperexcitability 

Since the discovery of reduced GABAA receptor subunit expression in the absence of FMRP 

(D'Hulst et al., 2006), accumulated evidence over the past decade has pointed towards 

alterations in GABAergic transmission as a key component in the neurophysiology of fragile 

X syndrome (reviewed by Braat & Kooy, 2015b; Contractor et al., 2015). In fact, in vitro 

intracellular recordings on acute brain slices suggested that reduced inhibitory input from 

interneurons onto pyramidal neurons could result in an excitation/inhibition imbalance 

(Gibson et al., 2008; Curia et al., 2009). Whether this is true in vivo and how it might impact 

neuronal circuit function and behavior remained unclear. The findings reported in this thesis 

demonstrate that GABAergic connections established by local interneurons, which mediate 

lateral inhibition across antennal lobe glomeruli (Olsen & Wilson, 2008; Chou et al., 2010; 

Hong & Wilson, 2015), are impaired in a Drosophila melanogaster model of fragile X 

syndrome. This could be a consequence of decreased GABA release from presynaptic 

terminals of local interneurons, reduced expression of postsynaptic GABA receptors, or both. 

Expression analyses support both views, as the GABA synthesizing enzyme (D'Hulst et al., 

2009) as well as GABA receptor subunits (D'Hulst et al., 2006) are downregulated in the 

brain of Drosophila melanogaster in the absence of dFMRP. Although, further studies 

focusing on the particular protein expression profiles for the specific types of antennal lobe 

neurons are needed to elucidate this. 

 

In addition, I show that excitatory projection neurons are hyperexcitable and exhibit 

reduced stimulus selectivity, which, in turn, leads to impaired olfactory computations. 

Importantly, the fact that less inhibitory responses are observed when parallel olfactory 

channels are activated by odor mixtures, which is known to activate local interneurons, 

indicates that impaired lateral inhibition is responsible for the hyperexitability of the 

antennal lobe in dfmr1- flies. Moreover, since lateral inhibition is a general information 

processing tool ubiquitously present in many different neuronal circuits, it is possible that 

absence of FMRP can produce similar deficits in lateral inhibition that impact on circuit 
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excitability, and thus, neuronal computations, in other sensory modalities. In consonance 

with this, it has been reported that circuit hyperexcitability leads to behavioral alterations 

in tactile, auditory and olfactory tasks in mouse models of fragile X syndrome (Rotschafer & 

Razak, 2013; Zhang et al., 2014; Schilit Nitenson et al., 2015). 

 

Previous studies have shown that neurons are hyperexcitable in the absence of FMRP 

(Gibson et al., 2008; Olmos-Serrano et al., 2010; Goncalves et al., 2013; Zhang et al., 2014). 

However, since activation of the group 1 mGluR signaling pathway results in increased 

neuronal excitability (Sourdet et al., 2003; Brager & Johnston, 2007), circuit 

hyperexcitability has been mostly attributed to the constitutively enhanced group 1 mGluR 

signaling observed in mouse models of fragile X syndrome (reviewed by Bear et al., 2004; 

Dolen & Bear, 2008). Here, I show that defects in lateral GABAergic inhibition significantly 

contribute to circuit hyperexcitability in the fruit fly model of fragile X syndrome, which is 

consistent with downregulation of proteins involved in GABAergic transmission both in fruit 

flies and in rodents (D'Hulst et al., 2006; D'Hulst et al., 2009). This mechanism might explain 

phenotypes observed in patients with fragile X syndrome such as hypersensitivity, 

hyperarousal and hyperactivity, all of which reflect hyperexcitable brain states, although 

more studies are needed in order to validate this. Additionally, epilepsy, present in about 10-

20 % of patients with fragile X syndrome (Berry-Kravis, 2002; Incorpora et al., 2002; 

Hagerman & Stafstrom, 2009), could also be a consequence of reduced inhibition between 

neurons. 

 

Absence of dFMRP does not alter the anatomical stereotypy in the antennal lobe 

Every projection neuron in the fruit fly antennal lobe specifically innervates one antennal 

lobe glomeruli, which corresponds to a single olfactory receptor neuron type. This precise 

targeting of projection neuron dendrites to individual olfactory glomeruli is crucial for their 

odor response profiles and specificity (Wilson, 2013). Previous studies reported anatomical 

alterations in the branching of axons and dendrites in dfmr1- flies (Zhang et al., 2001; Morales 

et al., 2002; Galvez et al., 2003; Pan et al., 2004; Reeve et al., 2005; Reeve et al., 2008; Patel 

et al., 2014). A potential explanation for the reduced odor specificity of projection neurons 

and the associated impaired olfactory coding in the antennal lobe of dfmr1- flies could be that 



Biomedical Sciences – Cognitive and Molecular Neurosciences  
   

  61 
 

projection neurons present aberrant dendritic processes, innervating more than one 

glomerulus or a larger area within the antennal lobe. However, I did not find changes in the 

morphology, innervation pattern and dendritic size of identified projection neurons in 

dfmr1- flies. 

 

Functional implications of deficient lateral inhibition 

It has been proposed that lateral inhibition across olfactory glomeruli is important for 

increasing contrast among odor representations, which is important for discriminating 

odors (Wilson & Laurent, 2005; Olsen & Wilson, 2008; Root et al., 2008; Olsen et al., 2010). 

Interestingly, classic studies have suggested such a mechanism to be relevant for several 

other sensory modalities (Kuffler, 1953; Barlow et al., 1957; v. Békésy, 1958; Mountcastle & 

Powell, 1959; Katsuki et al., 1962; Rupert et al., 1963; Furman, 1965). In this winner-takes-

it-all model, glomeruli with most prominent odor responses would strongly activate 

surrounding interneurons, spreading inhibition to nearby weakly activated glomeruli. The 

spread of lateral inhibition, in turn, would inhibit the odor responses of weakly activated 

glomeruli, while strongly activated glomeruli remain as the unique encoder of the particular 

odor. This model also suggests that the lack of many weakly activated glomeruli, in addition 

to few strongly responding but very odor specific glomeruli enhances the separation of odor 

response patterns from one another. In line with this model, I observed that lack of lateral 

inhibition in the antennal lobe of dfmr1- flies indeed leads to an increase in the number of 

weakly activated and less odor specific glomeruli. By contrast, WT flies present more 

inhibitory and less weak excitatory responses, sparing strongly responding olfactory 

glomeruli that are more odor specific. Importantly, defects in olfactory processing have been 

observed in other animal models of fragile X syndrome (Schilit Nitenson et al., 2015), as well 

as in human patients, which display hypersensitivity to smells (Rogers et al., 2003), and to 

other sensory modalities involving lateral inhibitory mechanisms such as tactility and 

audition (Rogers et al., 2003). 

 

Here, I demonstrate that lateral inhibition within the antennal lobe is strongly 

affected in dfmr1- flies due to impaired inhibitory connections from local interneurons onto 

projection neurons and onto other local interneurons. The lack of this lateral inhibition on 
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projection neurons is probably the major cause for the increased excitability and reduced 

specificity in their odor responses. I propose that this compromised olfactory coding 

consequently leads to impaired olfactory behaviors in dfmr1- flies. More generally, I provide 

the missing in vivo evidence that the lack of dFMRP has a direct impact on sensory processing 

and animal behavior through a weakening of lateral inhibitory connections, which broadens 

response tuning of principal neurons. This mechanism might be ubiquitously present in the 

brain of patients with fragile X syndrome. Given the overlap between the phenotypes of 

fragile X syndrome and those of other neurological diseases, such as autism, Rett syndrome 

or Dravet syndrome and their corresponding perturbations in GABAergic transmission 

(Braat & Kooy, 2015a; Abdala et al., 2016; Robertson et al., 2016), it is possible that similar 

mechanisms involving reduced lateral inhibition are also present in these neurological 

syndromes, which are yet to be discovered. 
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Conclusions 

 

Towards a unified theory of fragile X syndrome 

Fragile X syndrome is a neurodevelopmental disorder whose behavioral phenotype 

spectrum has been attributed to a lack of maturation in the anatomy of neurons, particularly 

in their synapses (Irwin et al., 2000). These neuronal alterations have been found to 

originate, at least in part, from exacerbated group 1 mGluR signaling (Bear et al., 2004; Bagni 

& Greenough, 2005). Interestingly, it has been reported that fragile X syndrome phenotypes 

could be rescued by administration of group 1 mGluR antagonists, both in mice (Yan et al., 

2005) and in fruit flies (McBride et al., 2005). Nevertheless, clinical trials on human patients 

using drugs that target the group 1 mGluR signaling pathway have not shown significant 

results so far (Braat & Kooy, 2014; Mullard, 2015). 

 

 It is possible that the observed alterations in the group 1 mGluR signaling pathway 

constitute just one of the components of the pathophysiology associated with fragile X 

syndrome. In this regard, deficits in GABAergic transmission may also play an important part 

in producing neurophysiological changes that underlie behavioral alterations in patients 

with fragile X syndrome (Braat & Kooy, 2015b). In fact, several reports indicate that absence 

of FMRP results in downregulation of proteins involved in GABAergic transmission (Curia et 

al., 2009; D'Hulst et al., 2009; Adusei et al., 2010; Hong et al., 2012; Gatto et al., 2014), and, 

consistent with a lower inhibitory tone, that neurons are hyperexcitable in animal models of 

fragile X syndrome (Gibson et al., 2008; Hays et al., 2011; Goncalves et al., 2013). The results 

reported in this thesis provide the missing physiological evidence showing that absence of 

FMRP leads to an impairment in GABAergic transmission, which further supports the idea of 

an inhibition impairment in fragile X syndrome. Additionally, it is likely that increased group 

1 mGluR signaling (Bear et al., 2004) as well as reduced GABAergic transmission 

(Paluszkiewicz et al., 2011), both of which occur during development in the absence of FMRP, 

produce neuronal circuits with immature anatomy and physiological properties. Taken 

together, this evidence invites to consider a more integrative perspective of the 

pathophysiology associated with fragile X syndrome involving impaired group 1 mGluR 
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signaling and GABAergic transmission, which could eventually help to design effective 

therapies to treat this disorder. 

 

 Notably, other neurodevelopmental disorders, such as autism, Rett syndrome and 

Dravet syndrome have been shown to present deficits in GABAergic transmission and to 

share similarities in behavioral alterations (Braat & Kooy, 2015a), arguing that impaired 

inhibition might be an ubiquitous mechanism related to autistic disorders and epilepsy. 

 

Neuronal computations in the absence of FMRP 

One of the main consequences of the absence of FMRP is the development of neuronal 

circuits that are hyperexcitable (Gibson et al., 2008; Hays et al., 2011; Goncalves et al., 2013; 

Zhang et al., 2014). This could be either a consequence of exaggerated group 1 mGluR 

signaling (Merlin et al., 1998; Sourdet et al., 2003; Stoop et al., 2003; Hays et al., 2011) or 

reduced GABAergic transmission (this thesis; D'Hulst et al., 2006; D'Hulst et al., 2009), or 

both. 

 

 How hyperexcitability affects neuronal computations in the absence of FMRP is not 

fully understood. In this thesis, I present calcium imaging and electrophysiological evidence 

indicating that neuronal circuits exhibit a reduced computational power as a consequence of 

impaired lateral inhibition. This is reflected in a larger number of neurons recruited to 

encode a particular piece of information, which, probably, convey aberrant, not fully 

processed, information to downstream neuronal circuits. Moreover, given the increased 

overlap in the particular subsets of neurons needed to encode different pieces of 

information, neuronal representations are more similar to each other, which possibly 

influences how the brain understands its surrounding environment. In the case of patients 

with fragile X syndrome, this could explain not only their lower intelligence quotient, but 

also their particular propensity to exhibit behaviors such as hypersensitivity, hyperarousal, 

hyperactivity or anxiety (Hagerman et al., 2009; Tranfaglia, 2011). 

 

Another consequence of reduced inhibition is the generation of neuronal circuits that 

exhibit an excitation/inhibition imbalance (Paluszkiewicz et al., 2011; Cea-Del Rio & 
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Huntsman, 2014). Importantly, it has been proposed that disruption of the 

excitation/inhibition balance in the brain reduces neuronal coding efficiency, deteriorating 

the statistics of spike trains by reducing signal entropy and increasing noise entropy. 

Furthermore, energy efficiency also deteriorates due to an increase in spike rates. Therefore, 

intact inhibitory connections are important for making spikes more informative (Sengupta 

et al., 2013). In this regard, it is important to mention that neuronal excitation/inhibition 

imbalances have been associated with different types of autistic disorders, including fragile 

X syndrome (Rubenstein & Merzenich, 2003; Belmonte & Bourgeron, 2006). 
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Appendix 

 

In vivo 3D map of the antennal lobe 

For the in vivo calcium imaging experiments reported in this thesis, I employed fruit flies 

expressing the transgenic calcium indicator GCaMP6m under genetic control of the GH146 

promoter. The GH146 promoter drives expression in projection neurons innervating 39 out 

of the 54 glomeruli of the antennal lobe (Figure A1; Grabe et al., 2015). 

 

 

Figure A1. Innervation pattern of GH146 projection neurons. In vivo 3D reconstruction of the antennal lobe 
showing the glomerular innervations of projection neurons in which the GH146 promoter is active. Green, 
innervated; transparent, not innervated. Scale bar = 20 μm. (Adapted from Grabe et al., 2015). 
 

 The antennal lobes were imaged dorsally using a widefield microscope. However, the 

focal plane was adjusted to cover as many glomeruli as possible, usually at a depth of 35 to 

45 μm from the dorsal surface of the antennal lobes (Figure A2). Compare, for instance, the 

example map obtained by independent component analysis (Figure 3) and the map obtained 

by confocal microscopy at 45 μm (Figure A2). 

Figure A2. In vivo 3D atlas of the Drosophila antennal lobe. A. Representative confocal stack of an in vivo 
antennal lobe expressing the END1-2 neuropil labeling. Eight planes from dorsal to ventral (top to bottom) 
through a female antennal lobe are shown at 10 μm intervals displayed in an inverted gray scale. B. Identified 
and reconstructed glomeruli of the confocal stack shown in A. C. Dorsal view on the 3D reconstruction of the 
labels shown in B. The glomeruli are successively removed as the scan moves from dorsal to ventral through 
the antennal lobe. The color code indicates the classes of sensilla as shown in Figure VI, extended by glomeruli 
that receive input from the grooved coeloconic sensilla of the sacculus and the aristal shaft (shown in gray).  
Scale bar = 20 μm. (Adapted from Grabe et al., 2015). 
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Pairwise distances 

In this thesis, I compare olfactory neuronal representations by calculating the pairwise 

distances between them. Different metrics have been developed for this. However, I only 

focused on two of them, Euclidean and cosine. The main difference between them is that the 

Euclidean metric takes the amplitude of the responses into account, whereas the cosine 

metric focuses on the given direction of the representation. 

 

The Euclidean distance between two vectors 𝑝 and 𝑞 in a 𝑛-space is defined as: 

𝑑(𝑝, 𝑞) = √∑(𝑞𝑖 − 𝑝𝑖)2
𝑛

𝑖=1

 

 

In turn, the cosine distance between two vectors 𝑝 and 𝑞 in a 𝑛-space is: 

𝑑(𝑝, 𝑞) = 1 − cos 𝜃 = 1 −
∑ 𝑝𝑖𝑞𝑖
𝑛
𝑖=1

√∑ 𝑝𝑖
2𝑛

𝑖=1 √∑ 𝑞𝑛
𝑖=1 𝑖

2
 

 

In the particular case of the olfactory computations studied in this thesis, these 

equations describe how similar odors (vectors) are represented by the 𝑛 glomeruli (space) 

of the antennal lobe. 

 

Consider, for instance, that three odors, A, B and C, are encoded by the calcium 

responses (ΔF/F) of three glomeruli, 1, 2 and 3: 

 

 odor A odor B odor C 

glomerulus 1 8 0 0 
glomerulus 2 0 6 3 
glomerulus 3 4 8 4 

 

The Euclidean distances among the vectors representing the neuronal encoding of 

odors A, B and C are the geometrical distances among them in the space denoted by glomeruli 

1, 2 and 3 (see Figure A3A): 
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 odor A odor B odor C 

odor A 0 10.8 8.5 
odor B 10.8 0 5 
odor C 8.5 5 0 

 

Additionally, their corresponding cosine distances are the complement of the cosine 

of the angles among such vectors (see Figure A3B): 

 

 odor A odor B odor C 

odor A 0 0.6 0.6 
odor B 0.6 0 0 
odor C 0.6 0 0 

 

It is important to mention when two vectors of different magnitude project to the 

same space, in this particular example odors B and C, they might be separated by a given 

Euclidean distance, but they might not be separated by a cosine distance (Figure A3). In the 

case of the calcium glomerular representations reported in this thesis, this signifies that the 

cosine metric is a more robust metric better positioned to compare odor representations 

based on the particular olfactory channels (glomeruli) being activated or inhibited by the 

different odors. By contrast, the Euclidean metric is a more sensible metric better position 

to measure differences in odor representations encoded by similar subsets of glomeruli 

displaying similar response profiles. 

 

 

Figure A3. Euclidean and cosine distances. A. The Euclidean distance between two vectors is the geometrical 
distance between them. B. The cosine distance between two vectors is the complement of the cosine of the 
angle between them, or, 1-cos(θ). 
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Physiological identification of projection neurons and local interneurons 

For the electrophysiological experiments reported in this thesis, proper discrimination of 

projection neurons and local interneurons was required. In this regard, it is worth 

mentioning that projection neuron somas are relatively smaller than lateral interneuron 

somas. Moreover, projection neuron action potentials are typically lower than 10 mV in 

amplitude whereas local interneuron action potentials usually present an amplitude of 40 

mV (Figure A4; Wilson et al., 2004). 

 

 

Figure A4. Projection neuron and lateral interneuron. A. Voltage steps corresponding to a projection 
neuron. B. Voltage steps corresponding to a lateral interneuron. Note that action potentials fired by projection 
neurons present a lower amplitude than action potentials fired by local interneurons. 
 

 Additionally, and for the particular conditions of the optogenetics experiments 

carried out in this thesis, identification of projection neurons and local interneurons was 

possible via their corresponding characteristic responses to the light stimulation of local 

interneurons expressing channelrhodopsin-2. Projection neurons typically show a 

hyperpolarization of their membrane potential accompanied by a decrease in their 

spontaneous firing of action potentials. Local interneurons, by contrast, exhibit an initial 

depolarization accompanied by the firing of action potentials, which is followed by a 

hyperpolarization of their membrane potential and the cessation of firing of action potentials 

(Figure A5). The hyperpolarization of both projection neurons and local interneurons 

reflects the inhibition driven by GABAergic lateral connections established by local 

interneurons on sister local interneurons as well as on olfactory receptor neuron 

presynaptic terminals (Okada et al., 2009; Tanaka et al., 2011). 
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Figure A5. Projection neuron and local interneuron responses to light stimulation. Upon light stimulation 
of local interneurons expressing channelrhodopsin-2, projection neurons typically show hyperpolarization of 
their membrane potential as well as a decrease in their spontaneous firing of action potentials. By contrast, 
light stimulation of those local interneurons expressing channelrhodopsin-2 results in an initial depolarization 
accompanied by the firing of action potentials, which is followed by a hyperpolarization of their membrane 
potential. The latter hyperpolarization reflects lateral inhibition from other local interneurons expressing 
channelrhodopsin-2.  
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Publications 

 

In addition to the study of neuronal circuit mechanisms related to fragile X syndrome, I 

collaborated with other laboratories at KU Leuven in different projects. These collaborations 

have given rise to three publications, which I describe in the following sections. 

 

The Fungal Aroma Gene ATF1 Promotes Dispersal of Yeast Cells through Insect Vectors 

Yeast cells spend considerable amount of energy to produce esters, which are aromatic 

compounds that are pleasant for some animals. For instance, the particular smell of wine and 

beer is in part due to the presence of esters. Yet, little is known about the role of esters in the 

biology of yeast cells. An interesting hypothesis proposes that these esters are molecular 

cues that attract insects, such as Drosophila melanogaster, which, in turn, can act as vectors 

to disperse yeast cells throughout the environment. In this regard, it is important to mention 

that yeast cells lack motile mechanisms such as cilia and flagella. Therefore, the contribution 

of insect vectors for their dispersal seem to be crucial in the biology of yeast cells. 

 

For this project, I performed olfactory behavioral assays and showed that Drosophila 

melanogaster is preferentially attracted to yeast colonies that produce acetate esters when 

competed with colonies of the same yeast strain in which the ATF1 gene, whose protein 

product is a key acetate ester synthase, has been deleted. Furthermore, I carried out in vivo 

functional imaging in the antennal lobe, which is the first neuronal circuit in the Drosophila 

melanogaster brain that processes olfactory information, and showed that the aroma of yeast 

colonies that produce acetate esters is encoded differently from the aroma of yeast cells that 

do not produce acetate esters. This is probably due to the extent of activation of the DM1 

glomerulus, which is strongly activated by esters. In fact, activation of DM1 alone has been 

shown to be enough to drive attraction in Drosophila melanogaster (Semmelhack & Wang, 

2009). Altogether, these results suggest an interesting mutualism between yeast cells and 

fruit flies based on chemical communication that help fruit flies to locate food sources but 

also yeast cells to colonize other substrates. 
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Gustatory-mediated avoidance of bacterial lipopolysaccharides via TRPA1 activation 

in Drosophila 

 

Detection of pathogens is crucial for animal health. However, immune responses require a 

high metabolic demand, not to mention that it can be potentially dangerous if the immune 

system becomes too active. In this regard, a mechanism that allows an early detection of 

pathogens can be advantageous. Such mechanism could, in principle, involve the neural 

system to alert the animal of potential danger.  

 

The bacterial endotoxins lipopolysaccharides (LPS) are cues that are recognized by 

the immune system. Interestingly, previous studies have shown that when fruit flies get in 

contact with LPS they begin cleaning themselves, which might help prevent infection. 

Nevertheless, it was not clear whether fruit flies can actually detect LPS. In this project, I 

performed in vivo functional imaging and showed that gustatory neurons that are normally 

activated by bitter compounds are also activated by LPS in Drosophila melanogaster (Figure 

P1). Furthermore, unlike bitter compounds such as caffeine, which activate these neurons 

via the Gr66a gustatory receptor, LPS seems to drive excitation of these gustatory neurons 

through the membrane protein TRPA1. These findings suggest that fruit flies detect bacterial 

endotoxins via a gustatory pathway, which might help them to avoid contaminated food. 

Moreover, as TRPA1 has also been associated with mediating detection of pungent chemicals 

contained in ordinary food items such as mustard, garlic and wasabi in humans, it is likely 

that a conserved mechanism involving TRPA1 has been preserved throughout evolution to 

help animals identify potential dangerous toxins in their food. 

 

The results of the experiments I carried out for this project were initially included in 

the manuscript (Figure P1). Nevertheless, due to editorial decision, these results were 

excluded in the final version of the manuscript. 

 

 

 

 



Biomedical Sciences – Cognitive and Molecular Neurosciences  
   

  99 
 

 

 

 

 

 

 

 

Figure P1. LPS activates neuronal populations in SOG. A,D. Time course of the percentage of fluorescence 
intensity (ΔF/F) in the projections of Gr66a positive (A) and TRPA1 positive (D) gustatory neurons, 
respectively, imaged in the subesophageal ganglion. Dashed lines indicate the start of drug application. The 
neurons were stimulated with 100 mM caffeine, 300 μM allyl isothiocyanate (AITC) or 500 μg/mL 
lipopolysaccharide (LPS). B-C,E-F. Activity maps obtained by calculating the percentage of fluorescence 
intensity (ΔF/F) during the time window denoted by contour gray boxes in A and D. Scale bar = 20 μm. 
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Neural circuits mediating olfactory-driven behavior in fish 

 

Danio rerio has become increasingly important as animal model for brain research during 

the last decade. This is mostly due to the increasing number of genetic lines that permit the 

manipulation of its neuronal circuits. Danio rerio is a vertebrate with a brain that features 

several structural and functional similarities with other vertebrates, such as mammals, but 

with the advantage of being more genetically tractable. Importantly, Danio rerio allows the 

recording of neuronal activity in the intact animal while its behavior is simultaneously 

monitored. These characteristics have helped to consolidate Danio rerio as a useful animal 

model in Neuroscience. For this manuscript, I contributed to review the anatomy, physiology 

and behavioral output of neuronal circuits involved in olfactory information processing in 

Danio rerio and other vertebrates, and to discuss how recent technological advancements 

could help to elucidate the function of brain target areas of the olfactory system. 
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