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ABSTRACT 

 

Fragile X Syndrome (FXS) is a neurodevelopmental disorder characterized by intellectual 

disability, sensory hypersensitivity, and high incidences of autism spectrum disorders (ASD) and 

epilepsy. These phenotypes are suggestive of defects in neural circuit development and 

imbalances in excitatory glutamatergic and inhibitory GABAergic neurotransmission in a 

number of brain regions. While alterations in excitatory synapse function and plasticity are well-

established in Fmr1 knockout (KO) mouse models of FXS, considerably less is known about the 

state of inhibitory neurotransmission. In order to address the question of inhibitory dysfunction 

in FXS, we conducted electrophysiological studies of synaptic inhibition in Fmr1 KO mice in 

two highly relevant brain regions: the basolateral (BL) nucleus of the amygdala and primary 

somatosensory cortex. The studies described herein reveal profound, region-specific deficits in 

inhibitory neurotransmission. The Fmr1 KO BL amygdala is characterized by a pronounced 

reduction in synaptic inhibition onto excitatory projection neurons that is largely suggestive of 

presynaptic dysfunction. We observe decreases in the frequency and amplitude of spontaneous 

and miniature inhibitory postsynaptic currents (sIPSCs and mIPSCs), decreased GAD levels and 

vesicular GABA content, reduced inhibitory synapse number and strength, and increased 

projection neuron excitability. These inhibitory deficits are proposed to contribute to amygdala 

dysfunction in FXS. In experiments conducted in layer II/III of primary somatosensory cortex, 



 

iii 

 

we observe impaired activation of a specific inhibitory interneuron subtype, the low-threshold-

spiking (LTS) neuron in Fmr1 KO mice, which results in dampened synaptic inhibition.  

Furthermore, paired recordings from layer II/III pyramidal neurons reveal reductions in 

synchronized synaptic inhibition and coordinated spike synchrony in response to LTS neuron 

activation, indicating a weakened LTS interneuron network in Fmr1 KO mice, and providing a 

cellular link to altered cortical network function in line with the FXS phenotype. Together, these 

findings in the BL amygdala and somatosensory cortex reveal prominent inhibitory deficits in 

two brain regions that are central to the FXS phenotype, and provide novel evidence for the 

GABAergic system as an important target in understanding the etiology – and potential 

pharmacological approaches for treatment – of FXS. 
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CHAPTER 1: INTRODUCTION 

A. FRAGILE X SYNDROME 

 Fragile X Syndrome (FXS) is the leading known inherited cause of intellectual disability, 

with an incidence rate of approximately 1:3600 in the general population (Hagerman et al., 

2009). In addition to cognitive impairment, individuals with FXS are characterized by a wide 

array of neuropsychiatric phenotypes, including attention deficit hyperactivity disorder (ADHD) 

(Sullivan et al., 2006), sensory hypersensitivity (Miller et al., 1999), and behavioral 

manifestations consistent with autism spectrum disorders (ASD), such as social anxiety, gaze 

avoidance, delayed speech development, and stereotyped behaviors (Belmonte and Bourgeron, 

2006). FXS is, in fact, a leading genetic cause of autism, with the prevalence of autism in FXS 

individuals estimated to be between 18% and 33% (Clifford et al., 2007; Rogers et al., 2001). In 

addition to these prominent behavioral disturbances, FXS patients are characterized by a high 

incidence of cortical EEG abnormalities and seizure syndromes resembling benign childhood 

epilepsy with centrotemporal spikes, also known as “Rolandic” epilepsy (Berry-Kravis, 2002; 

Berry-Kravis et al., 2010; Musumeci et al., 1994; Musumeci et al., 1999).  Together, these FXS 

phenotypes are indicative of neural circuit dysfunction in a number of key brain regions, and in 

particular, imbalances in excitatory and inhibitory neurotransmission. Excitatory-inhibitory 

imbalances and synaptic dysfunction are proposed to play a central role in a number of brain 

disorders, including developmental disorders such as FXS and ASD (Belmonte and Bourgeron, 

2006; Moy and Nadler, 2008; Rubenstein and Merzenich, 2003; Zoghbi, 2003). 

 FXS is caused by a CGG repeat expansion mutation in the 5’ untranslated region of the 

Fragile X Mental Retardation 1 (Fmr1) gene, which is found at the Xq27.3 site on the human X 
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chromosome (Verkerk et al., 1991). Whereas a normal Fmr1 allele generally includes up to ~55 

CGG repeats, mutations of this domain such that repeat number exceeds ~200 lead to 

hypermethylation of the Fmr1 gene and a pronounced reduction in the expression of Fragile X 

Mental Retardation Protein (FMRP), a protein that is expressed in a number of tissues, including 

the brain, where levels are particularly abundant (Devys et al., 1993; Tamanini et al., 1997). 

  

B. FMRP FUNCTION 

FMRP is a highly-conserved mRNA binding protein, found both pre- and 

postsynaptically (Antar et al., 2006), that is estimated to selectively bind and regulate the 

translation of up to 4% of mRNAs in the mammalian brain (Ashley et al., 1993). FMRP contains 

both nuclear localization and nuclear export signals (Eberhart et al., 1996; Sittler et al., 1996) 

and interacts with nuclear and cytoplasmic proteins (Bagni and Greenough, 2005), consistent 

with the observation that it is able to shuttle between these two cellular compartments (Fridell et 

al., 1996). Two primary mRNA-binding motifs have been identified in FMRP: the hnRNP-K-

homology (KH) domain (of which there are two) and the arginine-glycine-glycine domain, or 

RGG box (see (Bassell and Warren, 2008)). FMRP’s KH domains appear to be important for 

ribosomal interactions (Darnell et al., 2005), while the RGG box motif interacts with guanine 

(G)-rich mRNA regions, including the stem-G-quartet loop, which is found in a number of 

mRNA cargoes of FMRP, including MAP1b, a microtubule-associated protein important for 

axonal development, semaphorin 3F, a cellular signaling molecule, and Munc 13, a SNARE-

associated protein involved in neurotransmitter release (Brown et al., 2001; Darnell et al., 2001; 

Miyashiro et al., 2003).  
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The role of FMRP as a regulator of mRNA translation is based on a number findings, 

including its ability to associate with both messenger ribonucleoprotein (mRNP) complexes 

(Zalfa et al., 2003) and actively-translating polyribosomes (Feng et al., 1997b; Khandjian et al., 

2004; Stefani et al., 2004). In agreement with its proposed role as both a repressor and promoter 

of mRNA translation, the absence of FMRP leads to both up- and downregulation of its 

associated mRNA cargoes (Brown et al., 2001; Miyashiro et al., 2003), as well as numerous 

synaptic proteins (Liao et al., 2008; Schütt et al., 2009). Evidence that postsynaptic receptor 

activation leads to an upregularion of FMRP expression (Weiler et al., 1997), as well as 

increased shuttling of FMRP and its associated mRNA cargoes into the dendritic compartment 

(Antar et al., 2004; Dictenberg et al., 2008), implicates FMRP in activity-dependent regulation of 

protein synthesis and mRNA transport. A number of FMRP targets are crucial components of the 

pre- and postsynaptic assembly (Brown et al., 2001; Darnell et al., 2001; Miyashiro et al., 2003), 

indicating that at the circuit level, the FXS brain is likely to be characterized by impairments in 

synaptic function and maturation. 

 

C. THE FMR1 KNOCKOUT MOUSE MODEL OF FXS 

The study of the cellular and synaptic features of FXS was advanced in 1994 with the 

generation of the Fmr1 knockout (KO) mouse, the first animal model of FXS (The Dutch-

Belgian Fragile X Consortium, 1994). Fmr1 KO mice do not express FMRP and importantly, 

they exhibit a number of cellular and behavioral phenotypes consistent with clinical 

manifestations in FXS patients, making them a reliable model of the disease. At the cellular 

level, for example, neurons from FXS individuals and Fmr1 KO mice alike are characterized by 
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the presence of immature, dysmorphic dendritic spines, as well as elevated spine density 

(Comery et al., 1997; Irwin et al., 2001; McKinney et al., 2005), consistent with the known role 

of FMRP in the regulation of translation of synaptic proteins, and thus, spine maturation.  

Behaviorally, Fmr1 KO mice have been shown to exhibit a number of phenotypes in line 

with human FXS patients, including hyperactivity, stereotyped behaviors, abnormal sensorimotor 

gating, and impairments in fear and spatial learning and social behavior (Dolen et al., 2007; 

Hayashi et al., 2007; Kooy et al., 1996; McNaughton et al., 2008; Moy et al., 2009; Paradee et 

al., 1999; Paylor et al., 2008; Zhao et al., 2005). Furthermore, Fmr1 KO mice exhibit a low 

threshold for audiogenic seizures (Chen and Toth, 2001; Musumeci et al., 2000), indicating their 

susceptibility to circuit hyperexcitability and hyper-responsiveness to sensory stimuli, in 

accordance with known phenotypes in FXS individuals (Berry-Kravis et al., 2010; Hagerman et 

al., 2009).  

While a complete elimination of FMRP expression in the mouse represents a sound 

model for FXS, it is important to note that studies from male FXS patients with fully methylated 

Fmr1 mutant alleles reveal, for reasons that are not clearly understood, incomplete Fmr1 gene 

silencing at both the mRNA and protein level (Kaufmann et al., 1999; Tassone et al., 2001). 

From a genetic and molecular point of view, therefore, the ideal model of FXS is might be one in 

which a large CGG repeat expansion is inserted into the Fmr1 gene. Indeed, attempts have been 

made to study FXS using knockin (KI) mouse models with expanded CGG regions in the Fmr1 

gene (Brouwer et al., 2007). These expanded CGG regions exhibit intergenerational repeat 

instability, and thus allow the study of mice with CGG repeat expansion regions that mirror those 

observed in humans with FXS. While this expansion was found to decrease FMRP expression, it 
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also - in contrast to what is observed in FXS patients and Fmr1 KO mice - significantly 

increased expression of Fmr1 mRNA (Brouwer et al., 2007). Furthermore, there is a complete 

absence of CGG repeat hypermethylation in these mice. Thus, while Fmr1 KO does not make 

use of the same genetic alteration that leads to FXS in humans, it does adequately mimic the loss 

of Fmr1 and FMRP expression typically seen in these individuals. Based on this mRNA and 

protein expression profile, as well as the numerous cellular and behavioral correlates between 

Fmr1 KOs and humans with FXS, the Fmr1 KO mouse certainly represents a strong, reliable 

model for FXS. 

 

D. THEORIES OF FXS 

While FMRP influences the expression of a wide array of cellular mRNAs and proteins, 

the majority of studies of Fmr1 KO mice to date have focused on the function and plasticity of 

excitatory glutamatergic synapses, and in particular, transmission mediated by group I 

metabotropic glutamate receptors (mGluRs). Group I mGluRs (subtypes 1 and 5) were first 

implicated in FXS when it was observed that FMRP expression is upregulated in response to 

selective stimulation of these receptors using the agonist 3,5-Dihydroxyphenylglycine (DHPG) 

(Weiler et al., 1997). This finding indicated that FMRP was likely to play a key role in activity-

dependent regulation of protein synthesis downstream of group I mGluR signaling. Thus, when 

exaggerated group I mGluR-dependent synaptic long-term-depression (mGluR-LTD) – a protein 

synthesis-dependent process - was identified in the Fmr1 KO hippocampus (Huber et al., 2002), 

it was proposed that excessive translation of FMRP-regulated mRNAs in response to group I 

mGluR activation was at the root of synaptic defects in FXS (the “mGluR hypothesis” of FXS 
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(Bear et al., 2004)). The mGluR hypothesis is supported by subsequent findings that cellular 

phenotypes associated with excessive plasticity in Fmr1 KOs can be attenuated by inhibiting or 

reducing signaling via group I mGluRs (Chuang et al., 2005; Dolen et al., 2007). It is important 

to note, however, that Fmr1 KO models are not characterized by increased, but rather reduced, 

mGluR-dependent synaptic mRNA translation (Muddashetty et al., 2007; Todd et al., 2003; 

Weiler et al., 2004; Westmark and Malter, 2007). In contrast, basal cellular protein levels are 

largely elevated in the Fmr1 KO brain (Dolen et al., 2007; Qin et al., 2005), as are basal levels of 

proteins such as Map1b and the cytoskeleton-associated protein Arc/Arg3.1 in 

synaptoneurosomes (Zalfa et al., 2003). Arc/Arg3.1 is of particular interest in this respect, as it is 

implicated in AMPA receptor endocytosis and mGluR-LTD (Chowdhury et al., 2006; Park et al., 

2008; Ronesi and Huber, 2008; Waung et al., 2008), and its overexpression in Fmr1 KOs 

suggests that altered group I mGluR-dependent processes in these animals might actually be a 

result of broad changes in the expression of synaptic proteins. This notion is supported by the 

finding that enhancement of mGluR-LTD in Fmr1 KOs persists in the presence of a protein 

synthesis inhibitor, and thus is not dependent on de novo protein synthesis in the absence of 

FMRP (Hou et al., 2006; Nosyreva and Huber, 2006). 

Based on the above observations, it is now largely thought that altered basal protein 

expression and localization are primary contributors to synaptic defects in FXS. Indeed, a 

number of key cellular and synaptic processes that depend on appropriate regulation of protein 

expression and mRNA transport appear to be disrupted in Fmr1 KOs, including both mGluR-

dependent and –independent forms of long-term potentiation (LTP) in brain regions such as the 

cerebral cortex (Desai et al., 2006; Larson et al., 2005; Wilson and Cox, 2007), amygdala (Li et 
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al., 2002; Suvrathan et al., 2010), and hippocampus (Lauterborn et al., 2007; Shang et al., 2009), 

as well as dendritic spine pruning and stabilization (Bagni and Greenough, 2005; Galvez et al., 

2003). 

 While studies of the structure and plasticity and of excitatory synapses, as well as group I 

mGluR function, have provided important insights into the nature of excitatory synaptic 

dysfunction in FXS, there is now accumulating molecular and functional evidence for 

dysfunction in inhibitory GABAergic transmission. Sections E-G provide an introduction to 

inhibitory neurotransmission and summarize the current evidence for alterations in GABAergic 

function in FXS. 

 

E. GABAERGIC NEURONS AND INHIBITORY TRANSMISSION 

Inhibitory neurotransmission in the CNS is mediated by populations of neurons that 

synthesize and release GABA, which exerts its effects through two subtypes of receptor: the 

ionotropic GABAA receptors and the metabotropic G-protein-coupled GABAB receptors. In 

mature neurons, GABAA receptors mediate postsynaptic membrane hyperpolarization by 

permitting intracellular Cl
-
 influx in the presence of GABA. These postsynaptic receptors 

comprise two categories: synaptic receptors, which produce fast, phasic inhibition in response to 

relatively high concentrations (mM) of synaptically-released neurotransmitter, and high-affinity 

extrasynaptic receptors that produce a slow, persistent tonic conductance in response to low 

neurotransmitter concentrations (nM to low µM) in the extrasynaptic space (Farrant and Nusser, 

2005). GABAB receptor activation likewise hyperpolarizes the postsynaptic membrane by 

activating G-protein-coupled inwardly rectifying K
+
 channels (GIRKs) to produce slow 
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inhibitory currents (Padgett and Slesinger, 2010). In addition to its role as a postsynaptic 

inhibitory neurotransmitter, GABA can also modulate neurotransmitter release in an autocrine or 

paracrine fashion, via distinct mechanisms at presynaptic GABAA and GABAB receptors (Bettler 

et al., 2004; Trigo et al., 2008). 

GABAergic neurons exhibit striking morphological, biochemical, and physiological 

diversity (Kawaguchi and Kubota, 1997; Markram et al., 2004; Somogyi and Klausberger, 

2005). These populations are further defined by their tendency to form distinct inhibitory circuits 

based on reciprocal electrical connectivity (Beierlein et al., 2003; Galarreta and Hestrin, 1999; 

Gibson et al., 1999), as well as their propensity to synapse onto a specific subcellular 

compartment of target neurons (Kawaguchi and Kubota, 1997; Muller et al., 2006, 2007; 

Somogyi et al., 1998), indicating a high degree of circuit refinement in the mature brain. This 

refinement is further indicated by the fact that inhibitory synapses at different subcellular 

compartments are defined by the expression of different GABAA receptor subunits (Fritschy and 

Brunig, 2003; Fritschy et al., 1998; Klausberger et al., 2002; Nusser et al., 1996; Nyiri et al., 

2001). Thus, GABAergic inhibitory neurons comprise highly specific circuits acting to control 

cellular and network excitability, direct the flow of information, and generate neural synchrony 

and oscillations involved in a number of cognitive processes (Cardin et al., 2009; Porter et al., 

2001; Sohal et al., 2009; Wang, 2010). Given these crucial roles of inhibitory neurons in normal 

circuit function, it is not surprising that interneuron loss or dysfunction has been implicated in a 

number of disease states, including FXS, ASD, Rett Syndrome, schizophrenia, and epilepsy 

(Buckmaster and Jongen-Rêlo, 1999; Chao et al., 2010; Cossart et al., 2001; Gogolla et al., 2009; 

Lewis et al., 2005; Selby et al., 2007).  
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F. THE GABERGIC SYSTEM IN FXS: MOLECULAR STUDIES 

FMRP is widely expressed throughout the brain, in both neurons and glia (Devys et al., 

1993; Feng et al., 1997a; Wang et al., 2004a), and deletion of FMRP results in widespread 

alterations in the expression of mRNA and proteins from a number of functional categories, 

including cation channels, adhesion molecules, neurotransmitter receptors, and components of 

the vesicular transport and release machinery (Brown et al., 2001; Liao et al., 2008; Schütt et al., 

2009), suggesting broad cellular and synaptic alterations in the FXS brain. Importantly, there is 

evidence that FMRP is broadly expressed in GABAergic neuron populations (Feng et al., 1997a), 

indicating that it is involved in normal interneuron maturation and function. 

The GABAergic system was first implicated in the pathogenesis of FXS based on studies 

of GABAA receptor expression in Fmr1 KO mice.  Functional GABAA receptors are 

heteropentamers, and subunit composition is an important determinant of inhibitory 

transmission, dictating receptor characteristics such as response kinetics, subcellular localization, 

and sensitivity to a number of clinically important compounds (Hevers and Lüddens, 1998; 

Rudolph and Möhler, 2006; Sieghart and Sperk, 2002).  Following the initial finding that FMRP 

can bind GABAA receptor δ subunit mRNA (Miyashiro et al., 2003), a number of studies of 

mRNA expression in the brains of Fmr1 KO mice revealed prominent reductions in the 

expression of δ, as well as α, β, and γ subunits in behaviorally relevant brain regions such as the 

cortex and hippocampus (D'Hulst et al., 2006; Gantois et al., 2006). Complementing these 

changes in receptor subunit mRNA expression, decreases in α1, α5, β, and δ subunit protein 

expression (Adusei et al., 2010; Curia et al., 2008; El Idrissi et al., 2005) have been reported, as 
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well as a reduction in gephyrin mRNA (D'Hulst et al., 2009), providing molecular evidence for 

alterations in inhibitory postsynaptic function in the FXS brain. 

On the presynaptic side, where FMRP is also expressed (Antar et al., 2006; Christie et al., 

2009), both increases and decreases in the expression of the rate-limiting GABA-synthesizing 

enzyme GAD have been reported in Fmr1 KOs (Adusei et al., 2010; D'Hulst et al., 2009; El 

Idrissi et al., 2005), with the nature of the change relying, at least in part, on brain region, as well 

as whether mRNA or protein levels were examined (for example, D’Hulst et al. report a 

pronounced decrease in GAD65/67 mRNA expression in the cerebral cortex and cerebellum, 

whereas El Idrissi et al. describe increased GAD65/67 protein levels in the cortex, hippocampus, 

brainstem, and diencephalon, in conjunction with reduced GABAA receptor β subunit 

expression). Furthermore, proteins required for GABA transport (GAT) and catabolism (GABA-

T, SSADH) also exhibit decreased expression in a number of regions (Adusei et al., 2010; 

D'Hulst et al., 2009; Liao et al., 2008). 

Taken together, the general picture provided by these studies is one of extensive 

dampening of the GABAergic system in FXS, wherein prominent changes in postsynaptic 

GABAA receptor expression act in combination with alterations in GABA production, 

metabolism, and release to significantly modify GABAergic function (Figure 1; Table 1). 

 

G. THE GABAERGIC SYSTEM IN FXS: FUNCTIONAL STUDIES  

In spite of the evidence of extensive changes in the expression of crucial components of 

the GABAergic system in Fmr1 KO mice, only a handful of studies of inhibitory 

neurotransmission have to date been conducted in Fmr1 KO mice. Still, in accordance with 
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findings from molecular studies, Fmr1 KOs exhibit broad, yet distinct disruptions in functional 

inhibitory transmission in a number of key brain regions. These alterations appear to be highly 

region-specific, in accordance with the unique functions and circuit properties of these individual 

structures (Figure 2).  

In line with evidence suggesting reduced GABA production and GABAA receptor 

expression, recordings from subicular neurons in Fmr1 KOs reveal a prominent decrease in tonic 

inhibition (Curia et al., 2008), a major form of GABAergic inhibition in the CNS that relies on 

GABA availability (determined in part by GABA synthesis, release, uptake, and metabolism), as 

well as the expression of perisynaptic and extrasynaptic GABAA receptors containing subunits 

with a high affinity for GABA, such as δ and α5 (Farrant and Nusser, 2005; Semyanov et al., 

2004). The strong, persistent inhibitory conductance provided by tonic inhibition acts to reduce 

membrane excitability, and thus is an important determinant of cellular output (Semyanov et al., 

2004), as illustrated by the occurrence of epileptiform hyperexcitability in the CA3 region of the 

hippocampus of GABAA receptor α5 subunit KO mice, for example (Glykys and Mody, 2006). 

The observed decrease in tonic inhibitory tone in the subiculum of Fmr1 KOs is concurrent with 

regional reduction in δ and α5 mRNA and protein expression (Curia et al., 2008), and indicates a 

link between postsynaptic molecular alterations and disrupted inhibitory transmission. Given the 

evidence from molecular studies for altered GABA levels and reduced expression of δ and α5 

GABAA receptor subunits in Fmr1 KOs, tonic inhibition is expected to be broadly compromised 

in the FXS brain. Furthermore, it suggests that dampened inhibitory transmission may indeed be 

a hallmark of the FXS brain. This, however, does not appear to be the case in all brain regions. A 

recent study of striatal neurons in Fmr1 KOs demonstrates an increase in synaptic inhibitory 
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transmission driven by increased GABA release (Centonze et al., 2008). This unique alteration is 

suggested to contribute to the frontostriatal dysfunction that is frequently observed in FXS 

patients (Hoeft et al., 2007; Menon et al., 2004), and may be involved in FXS-associated 

phenotypes such as attention deficit hyperactivity disorder (ADHD) and repetitive behaviors 

(Reiss et al., 1995). As further evidence of the bidirectional nature of inhibitory alterations in 

Fmr1 KOs, Centonze et al. identify a decrease in the number of inhibitory synapses in the 

striatum of Fmr1 KOs, while recent evidence from the CA1 region of the hippocampus identifies 

increased numbers of inhibitory synapses (Dahlhaus and El-Husseini, 2010). 

 Together, studies in the striatum and subiculum reveal specific alterations in inhibitory 

transmission in Fmr1 KO mice that are suggestive of alterations in both pre- and postsynaptic 

function. It is important to keep in mind, however, that normal inhibitory circuit function not 

only requires that interneurons form appropriate synaptic contacts onto their targets, as well as 

synthesize, release, and metabolize GABA in a dynamic way, but also that they receive 

appropriate excitatory input and respond normally to network activity. A study of PV-expressing 

fast-spiking (FS) interneurons in primary somatosensory (barrel) cortex and their integration 

with regular spiking (RS) excitatory neurons reveals normal FS to RS transmission in Fmr1 

KOs, but deficits in RS to FS transmission (Gibson et al., 2008). This was found to be 

accompanied by an increase in the duration of stimulus-induced coordinated increases in network 

activity (UP states), as well as a decrease in gamma-frequency synchronization, illustrating 

important downstream effects of impaired activity-dependent interneuron activation at the 

cortical circuit level. These inhibitory circuit defects in Fmr1 KOs provide electrophysiological 

evidence that is in line with common FXS phenotypes such as cognitive impairment, sensory 
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hypersensitivity, epilepsy, and abnormal cortical EEG patterns (Berry-Kravis, 2002; Berry-

Kravis et al., 2010; Hagerman and Stafstrom, 2009; Miller et al., 1999; Musumeci et al., 1988; 

Musumeci et al., 1999) that likewise suggest excitatory/inhibitory imbalances in the cerebral 

cortex. 

 In addition to these alterations in basic inhibitory neurotransmission, two recent studies 

implicate aberrant modulation of transmission in the pathogenesis of FXS. GABA release is 

modulated by signaling through a number of presynaptic receptors, including the GABAB and 

cannabinoid (CB) receptors, which act to reduce GABA release (Bacci et al., 2005; Misgeld et 

al., 1995; Wilson and Nicoll, 2002). A recent study in the CA1 region of the hippocampus 

indicates that there is enhanced coupling of group I mGluR signaling and endocannabinoid 

(eCB) mobilization in Fmr1 KOs, which results in enhanced suppression of inhibitory 

transmission (Zhang and Alger, 2010). This increase in the suppression of inhibition is proposed 

as a potential contributor to the enhanced mGluR-dependent synaptic plasticity previously 

observed in the Fmr1 KO hippocampus (Huber et al., 2002) and cognitive impairment in FXS. 

Importantly, this finding not only suggests a link between excessive group I mGluR signaling 

and hyperplasticity of excitatory synapses in FXS, but also between mGluRs and alterations in 

inhibitory function, an important consideration, given that group I mGluRs are differentially 

expressed in a number of inhibitory neuron subtypes (Kerner et al., 1997; Stinehelfer et al., 2000; 

Sun et al., 2009). Interestingly, excessive group I mGluR-eCB-dependent suppression of 

inhibitory transmission has also been observed in the striatum (Maccarrone et al., 2010), 

indicating that exaggeration of this signaling pathway may be disrupting inhibitory transmission 

in other brain regions, as well. In contrast, it is not yet known whether other signaling pathways 
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affecting GABA release, such as presynaptic GABAB receptor-mediated transmission, are 

similarly enhanced or disrupted in Fmr1 KOs, but given the evidence for altered GABAergic 

transmission and presynaptic function, these receptors present another intriguing candidate for 

investigation. 

 

H. THE BASOLATERAL AMYGDALA 

One particularly relevant and intriguing brain region with regard to the behavioral 

phenotype of FXS is the amygdala, a temporal structure composed of 13 structurally and 

cellularly diverse nuclei, that is involved in the processing of emotionally salient information and 

in the acquisition, storage, and extinction of fear memories (Ehrlich et al., 2009; Ledoux, 2003; 

Sah et al., 2003). It is well-established that sensory information from cortical and subcortical 

regions enters the amygdala at the level of the basolateral (BL) nucleus, where it is processed 

and transmitted to regions such as the prefrontal cortex and hippocampus, as well as to the 

central (Ce) output nucleus of the amygdala, which mediates autonomic responses via 

projections to the brainstem and hypothalamus (Sah et al., 2003). While glutamatergic 

transmission is an important determinant of BL amygdala output, the processing of complex 

information from sensory regions within this structure also relies heavily on inhibitory circuit 

function (Ehrlich et al., 2009). This is illustrated by observations that modulation of GABAergic 

function in the BL amygdala influences anxiety and fear learning in rodent models (Harris and 

Westbrook, 1995; Pesold and Treit, 1995; Sanders and Shekhar, 1995a, b). Thus, anxiolytic 

compounds that enhance inhibitory transmission through actions at GABA receptors are largely 

thought to exert their effects in this region (Rudolph and Möhler, 2006). 



 

15 

 

As in brain regions such as the cortex and hippocampus, inhibitory transmission in the 

BL amygdala is mediated by populations of GABAergic neurons that exhibit great diversity in 

terms of their physiology, biochemistry, and connectivity (Jasnow et al., 2009; McDonald and 

Mascagni, 2001; Muller et al., 2006, 2007; Rainnie et al., 2006; Sah et al., 2003; Sosulina et al., 

2006; Woodruff and Sah, 2007a). These populations include interneurons that are distributed 

throughout the BL nucleus and provide both feedforward and feedback inhibition (Ehrlich et al., 

2009), as well as interneurons clustered in the lateral intercalated cell mass, which provide highly 

specific feedforward inhibition onto principal neurons of the BL nucleus in response to cortical 

input (Marowsky et al., 2005). 

Given that inhibitory transmission is a critical determinant of BL amygdala function, as 

well as the fact that FXS patients and mouse models alike exhibit behaviors consistent with 

amygdala dysfunction/hyperexcitability (Budimirovic et al., 2006; Hagerman et al., 2009; 

McNaughton et al., 2008; Paradee et al., 1999), the study of inhibition in the BL amygdala of 

Fmr1 KO mice is expected to provide valuable insight into highly important aspects of FXS, at 

both the neural circuit and organism level. 

 

I. PRIMARY SOMATOSENSORY CORTEX 

 As with the BL amygdala, the cerebral cortex is of primary importance in FXS, in light of 

the many phenotypes that are suggestive of cortical dysfunction, including cognitive impairment, 

sensory hypersensitivity, and elevated incidences of epileptic seizure syndromes (Berry-Kravis et 

al., 2010; Hagerman et al., 2009; Miller et al., 1999). The rodent primary somatosensory cortex 

is often referred to as the “barrel” cortex, based on the presence of the large, multicellular 
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structures that are visible in layer IV and comprise a somatotopic map of the whiskers on the 

contralateral snout (Woolsey and Van der Loos, 1970). In the first stages of cortical sensory 

processing, thalamic inputs synapse primarily onto neurons in layer IV, which in turn transmit 

information vertically and horizontally within the cortical structure. Diverse populations of 

inhibitory interneurons control the flow of excitation between cortical layers and across radial 

cortical columns via powerful and dynamic feedforward and feedback inhibition (Markram et al., 

2004; Porter et al., 2001; Silberberg and Markram, 2007; Wang et al., 2004b), and thus are 

crucial determinants of normal cortical function. In addition, the cortex is characterized by neural 

synchrony and oscillations that are crucial for cognition, and are likewise governed by inhibitory 

interneurons (Bartos et al., 2007; Blatow et al., 2003; Cardin et al., 2009; Sohal et al., 2009; 

Szabadics et al., 2001; Tamás et al., 2004; Wang, 2010). Finally, this region exhibits a great 

degree of experience-dependent plasticity early in development (see (Feldman and Brecht, 

2005)). Synaptic inhibition has been demonstrated to be a crucial determinant of this form of 

plasticity in the visual cortex (Hensch, 2005), and as such, is expected to contribute to this 

process in somatosensory cortex as well. Given the importance of inhibition for normal cortical 

function and plasticity, and the numerous phenotypes associated with FXS that are suggestive of 

increased circuit excitability, it is expected that the somatosensory cortex exhibits profound 

alterations in inhibitory function. While studies of synaptic inhibition in the Fmr1 KO cortex are 

currently sparse, recent evidence does implicate a deficit in inhibitory drive as a contributor to 

cortical hyperexcitability in FXS (Gibson et al., 2008). 
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J. SIGNIFICANCE AND AIMS 

 While there is accumulating evidence to suggest that GABAergic dysfunction is a crucial 

component of the neuropathology of FXS, comprehensive studies of inhibitory function in Fmr1 

KO mice remain sparse. The purpose of the studies described herein was to examine the state of 

synaptic inhibition in Fmr1 KOs, with a particular focus on presynaptic mechanisms of 

inhibitory dysfunction. Specifically, we aimed to identify: 1) changes in basal and AP-dependent 

inhibition, synaptic connectivity, and GABA production/release, which are suggestive of altered 

inhibitory circuit development; and 2) alterations in synaptic inhibition during periods of 

elevated network activity, thus identifying potential changes in circuit dynamics and broad 

network function. Most importantly, these studies were conducted in two brain regions whose 

dysfunction is tightly associated with the FXS phenotype, the BL amygdala and somatosensory 

cortex. Thus, our wider aim was to examine aberrant inhibitory transmission as a functional basis 

of altered circuit function and behavior in FXS.  

 

K. GENERAL METHODS 

Animal use: Wild-type (WT) and Fmr1 KO mice (FVB.129P2 genetic background, Jackson 

Laboratories) were maintained and all experiments were conducted according to protocols 

approved by Children’s National Medical Center and Georgetown University Medical Center. 

Brain slice preparation for electrophysiology: For all studies described herein, male WT and 

Fmr1 KO mice at postnatal day 19-31 (P19-P31) were deeply anaesthetized with CO2 and then 

quickly decapitated. Brains were removed and placed in ice-cold, oxygenated (95% O2, 5% CO2) 

sucrose slicing solution for 2-4 min. Slicing solution was composed of (in mM): Sucrose (234), 
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Glucose (11), NaHCO3 (26), KCl (2.5), NaH2PO4*H2O (1.25), MgSO4*7H2O (10), and 

CaCl2*H2O (0.5). Coronal or thalamocortical brain slices were prepared in ice-cold slicing 

solution using a Leica Vibratome (details in Chapter II and III Methods). Slices were collected 

and incubated in pre-warmed (32ºC), oxygenated artificial cerebrospinal fluid (ACSF), 

composed of (in mM): NaCl (126), NaHCO3 (26), glucose (10), KCl (2.5), NaH2PO4·H2O (1.25), 

MgCl2·7H2O (2), and CaCl2·2H2O (2) for ~45 min before being allowed to return to room 

temperature (RT, ~23°C), and then transferred to the recording chamber, where they were 

continuously perfused with RT oxygenated ACSF at a rate of 3-4mL/min. 

Whole-cell electrophysiology: Live brain slices were visualized with a fixed-staged, upright 

Nikon E600 FM microscope equipped with 4x and 60x objective lenses, infrared (IR) 

illumination, Nomarski optics, and an infra-red (IR)-sensitive video camera (COHU). Single and 

dual recordings were collected in the whole-cell patch clamp configuration using recording 

pipettes pulled from borosilicate glass capillaries (King Precision Glass), with an access 

resistance (Ra) of 2.5-4.5 MΩ when filled with intracellular recording solution. The whole-cell 

recording configuration was acquired by applying negative pressure to the cell membrane, such 

that a tight, stable seal of at least 1 GΩ was established between the membrane and recording 

pipette tip, and then rupturing the membrane by applying brief suction pulses using a CPI pulse 

generator. Data were acquired using a Multiclamp 700A patch-clamp amplifier, Digidata 1322A 

digitizer, and pClamp 9.2 acquisition software (Molecular Devices). Data were analyzed offline, 

using pClamp and MiniAnalysis 6.0.7 software (Synaptosoft). 

Neuronal morphology: For post-hoc analysis of neuronal morphology, biocytin (0.5%, Sigma) 

was included in the intracellular recording solution. After recordings of a given neuron’s intrinsic 
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and firing properties, biocytin was injected by delivering a series of short depolarizing current 

pulses (1 nA amplitude). Slices were then removed from the recording chamber and fixed 

overnight in 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS). Subsequent 

processing details are indicated in Chapter II and III Methods. 

Statistical analysis: All data are presented as mean ± s.e.m., and statistical analyses were 

performed using Origin software (v.7) and MiniAnalysis. The normal distribution of data sets 

was verified using the Shapiro-Wilk test, and statistical comparisons were conducted using 

independent or paired two-tailed Student’s t-tests, as appropriate, or the nonparametric Mann-

Whitney U test, when applicable. Data distribution comparisons were conducted using the 

Kolmogorov-Smirnov (K-S) test. 
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Figure 1. Several GABAergic synapse components exhibit altered expression in the Fmr1 

KO mouse model of FXS.  Numbers identify key synaptic components disrupted in Fmr1 KOs, 

including GABAA receptors, enzymes involved in GABA production and catabolism (GAD, 

SSADH, GABA-T), and GAT (see inset legend and Table 1). 
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Table 1. GABAergic synapse components with altered expression in Fmr1 KO mice. 
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Figure 2. Alterations in inhibitory neurotransmission in the Fmr1 KO mouse brain are 

pervasive, but region-specific. Regional inhibitory deficits are associated with a number of 

common FXS phenotypes (see Table). Affected regions include the BL amygdala, cerebral 

cortex, striatum, and hippocampus/subiculum. Color coding in the illustration corresponds to the 

adjacent table. 
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CHAPTER 2: DEFECTIVE GABAERGIC NEUROTRANSMISSION AND 

PHARMACOLOGICAL RESCUE OF NEURONAL HYPEREXCITABILITY IN THE 

AMYGDALA IN A MOUSE MODEL OF FRAGILE X SYNDROME 

 

A. BRIEF OVERVIEW  

 The amygdala is a key brain structure involved in aspects of emotional processing within 

social and non-social behavioral contexts, as well as in the acquisition and storage of innate and 

acquired fear memories (Ledoux, 2003). Amygdala dysfunction in individuals with FXS is 

supported by structural and functional MRI studies, which indicate a reduction in amygdala 

volume (Gothelf et al., 2008) and increased amygdala activation during eye gaze processing 

(Watson et al., 2008). In addition, FXS individuals exhibit behaviors suggestive of amygdala 

dysfunction, such as gaze avoidance and elevated anxiety (Budimirovic et al., 2006; Hagerman et 

al., 2009; Hessl et al., 2004). Similarly, studies in Fmr1 KO mice have revealed abnormal social 

behavior and altered fear conditioning, both of which relate to alterations in amygdala function 

(McNaughton et al., 2008; Paradee et al., 1999), and are consistent with behaviors exhibited in 

humans with FXS. To date, however, experimental support for amygdala dysfunction has been 

provided by only two electrophysiological studies in Fmr1 KO mice, which identify deficiencies 

in long-term potentiation in the lateral (L) nucleus that are related to alterations in fear learning 

(Suvrathan et al., 2010; Zhao et al., 2005). These studies do not provide a full picture of circuit 

alterations in FXS, however, as inhibitory neurotransmission, a crucial determinant of amygdala 

function and output, has remained completely unexamined. In the present study, we examined 

cellular and synaptic GABAergic defects in the BL nucleus of the amygdala in Fmr1 KO mice. 

Using a combined electrophysiological, immunohistochemical, and structural approach, we 

demonstrate a marked reduction in inhibitory neurotransmission in BL amygdala circuits. 
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Underlying this reduction are fundamental abnormalities in phasic and tonic GABAergic 

transmission that are concurrent with reductions in the number of inhibitory synapses and GABA 

availability. In addition, we find that pharmacological augmentation of tonic inhibition rescues 

cellular hyperexcitability in the Fmr1 KO BL amygdala. These findings reveal specific defects in 

GABAergic neurotransmission in the Fmr1 KO amygdala, and provide strong evidence that 

pharmacological targeting of the GABAergic system may correct amygdala-based phenotypes in 

FXS. 

 

B. MATERIALS AND METHODS 

Slice Preparation for Electrophysiology: Following brain excision and incubation in ice-cold, 

oxygenated slicing solution, coronal brain slices were prepared by making a cut perpendicular to 

the rostrocaudal axis at the caudal end of the brain. Brains were then glued cut side down on a 

Vibratome stage, and 250 µm – 300 μm-thick slices containing the BL nucleus of the amygdala 

were collected. After incubation, slices were transferred to the recording chamber. 

Electrophysiology: Whole-cell recordings were obtained from visually identified principal 

excitatory neurons in the BL amygdala. The identity of these cells was confirmed by their 

responses to brief (600 ms) depolarizing and hyperpolarizing current pulses. Typically, principal 

excitatory neurons fire broad action potentials (APs), separated by long afterhyperpolarizing 

potentials (AHPs), and show significant AP frequency adaptation when firing continuously (Sah 

et al., 2003). When the voltage-gated Na
+
 channel blocker tetrodotoxin TTX was present in the 

slice and cells were unable to fire APs, excitatory cells were identified based on somatic 

morphology and their responses to hyperpolarizing current pulses. For F-I plots (AP frequency in 
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response to given depolarizing current pulses), the following intracellular solution was used (in 

mM): K-Gluconate (130), KCl (10), HEPES (10), EGTA (10), and MgCl2 (2); ECl ~ -60mV, pH 

7.3. Membrane potential was adjusted to -60 mV, and 600 ms depolarizing current pulses of 

increasing amplitude (10 pA interval) were applied. AP threshold was defined as the lowest 

current step for which an AP was generated. Threshold was measured under control conditions 

and in the presence of gaboxadol (THIP, 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol, 10 μM). 

Spontaneous synaptic currents: IPSCs were recorded in voltage-clamp (Vhold = -60mV), using 

one of two high-Cl
-
 intracellular solutions. sIPSCs and  mIPSCs were collected using the 

following intracellular solution, (in mM): K-Gluconate (70), KCl (70), HEPES (10), EGTA (10), 

MgCl2 (2), Mg-ATP (4), Na-GTP (0.3). Evoked IPSCs were collected using a Cs
+
-based solution 

(in mM): CsCl (135), HEPES (10), EGTA (10), QX-314 (5), MgCl2 (2), Mg-ATP (4), and Na-

GTP (0.3); pH 7.3, in order to block downstream effects of postsynaptic GABAB receptor 

activation. This solution was also used to collect mIPSCs in experiments in which the 

presynaptic effect of the GABAB receptor agonist Baclofen (1 µM, Tocris) on mIPSC frequency 

was tested. GABAA receptor-mediated inhibition was isolated by including the ionotropic 

glutamate receptor blockers 6,7-Dinitroquinoxaline-2,3-dione (DNQX, 20 μM Tocris) and DL-2-

Amino-5-phosphonopentanoic acid (APV, 50 μM, Tocris) in the ACSF. mIPSCs were collected 

in the added presence of TTX (1 μM, Alomone). The strength of the synaptic GABA synaptic 

transient in WT and Fmr1 KO mice was assessed by bath application of (1,2,5,6-

Tetrahydropiridin-4-yl) methylphosphonic acid (TPMPA, 200 M, Tocris). 

Averaged sIPSCs and mIPSCs were best fitted by the double-exponential function ƒ(t) = 

Afaste
-t/ fast

 + Aslowe
 -t/ slow

. Fitted IPSCs were used to determine the weighted time constant: d,w = 
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[(Afast fast) + (Aslow slow)]/( Afast + Aslow). Overall inhibitory efficacy was estimated by 

integrating total sIPSC charge per 1 s interval (Huntsman et al., 1999b).  

Tonic inhibitory currents: Tonic currents were measured using previously reported methods 

(Krook-Magnuson et al., 2008). Briefly, 10-second samples were taken from voltage clamp 

recordings (Vhold = -60 mV) before (IBSLN) and after application of gabazine (100 M, IGBZ), or 

TTX (1 M, ITTX) for ambient GABA source experiments. To minimize bias from phasic events, 

a Gaussian distribution was fit to the right side of an all-points histogram from each sample from 

a point 1 to 3 pA left of the peak. The peak of the distribution determined the mean current for 

that sample. Total tonic currents were calculated from the difference of baseline and Gabazine 

mean holding current (IGBZ- IBSLN) and action potential dependent tonic currents were calculated 

from the difference of baseline and TTX mean holding currents (ITTX- IBSLN). 

Evoked IPSCs: Evoked responses were elicited via a 25 μm-diameter concentric bipolar Pt-Ir 

external stimulating electrode (FHC). The electrode was positioned in the BL amygdala, adjacent 

to the amygdalar capsule and paired current pulses were delivered. These experiments were 

conducted in the presence of APV and DNQX, and only experiments in which fast, 

monosynaptic responses were evoked were included for analysis (average 10%-90% rise time of 

4.36 ± 0.42 ms, n=24). For each cell, IPSC threshold was established (the intensity at which 

failures were observed at a rate of approximately 50%), and stimulus intensity was then 

increased by 10%-20%, such that consistent, rapid, monosynaptic responses were generated. 

Paired stimuli were delivered at an interval of 200ms, once every 15 s. This interval was 

determined to be optimal, as it represented to the shortest interval tested (of 50, 100, and 200 ms) 

at which evoked events did not overlap, and was thus the interval at which the maximum short-
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term plasticity due to repetitive events could be observed. The paired-pulse ratio (PPR) was 

defined as the peak amplitude of the second response divided by that of the first. The coefficient 

of variation (CV) was defined as the standard deviation of the amplitude of a series of responses 

divided by the mean amplitude. PPR and CV measurements were made from 9-13 consecutive 

paired responses from each cell (mean=10.6 responses/cell), excluding traces in which events 

coincided with excessive spontaneous activity.  

Neuronal morphology: After overnight incubation of slices containing biocytin-filled cells in 

4% PFA in 0.1 M PBS, slices were incubated in 0.6% H2O2 for 30 min, and then twice in 50% 

ethanol for 10 min. After two washes in PBS, slices were incubated for 1 h in PBS containing 

fluorescein-tagged Avidin D (10 μL/mL, Vector Labs), 10% horse serum, 5% Triton X-100, and 

0.02 g/mL bovine serum albumin (Sigma). Following three more washes in PBS, slices were 

mounted and covered with Vectashield mounting medium. Filled cells were visualized using a 

Zeiss Axiovert M200 fluorescent microscope. 

Histology: Mice were transcardially perfused with 4% paraformaldehyde (PFA), or 4% PFA + 

0.2% glutaraldehyde in PBS. Brains were fixed overnight, then embedded in 4% agar. Following 

fixation, coronal brain sections were prepared. For immunohistochemistry, the following primary 

antibodies were used: mouse anti-FMRP (Developmental Studies Hybridoma Bank, NICHD), 

rabbit anti-GABA (Sigma), rabbit anti-GAD65/67 (Chemicon), and rabbit anti-VGAT (Synaptic 

Systems). Primary antibody incubation was followed by incubation in secondary antibodies for 

immunofluorescence (cy3 at 1:200 or FITC at 1:50; Jackson Immunoresearch) or peroxidase 

immunohistochemistry (biotinylated anti-IgG, (Jackson) and Streptavidin (Sigma)). For the latter 

technique, immunoreactive structures were visualized using nickel-intensified 3,3’-
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diaminobenzidine-4HCl (DAB, Sigma). Select sections were also Nissl stained with Cresyl 

Violet solution. Photomicrographs were obtained with a Zeiss LSM 510 confocal microscope or 

Olympus BX51 light microscope. Cell counting was carried out using nonstereological methods, 

using 50 m-thick sections from Bregma level -0.82 mm to Bregma level -1.82 mm (Paxinos and 

Franklin, 2001). Quantification of VGAT-positive puncta was carried out using Volocity 

software. Images of VGAT were thresholded to select objects displaying intensity levels above 

the mean. 

For electron microscopy, mice were transcardially perfused with 4% PFA + 0.2% 

glutaraldehyde in PBS. Brains were fixed overnight in 4% PFA. Coronal sections were postfixed 

with 1% osmium tetroxide, dehydrated in increasing grades of acetone, and embedded in araldite 

(Electron Microscopy Science). Sections were trimmed in the region of interest and ultrathin 

sections were cut (70nm) using an ultramicrotome (Leica). Images were acquired with a JEOL 

JEM 1200 EX electron microscope, at an accelerating voltage of 100kV. One section each from 

3 WT and 3 Fmr1 KO brains was analyzed, and for each section, 12 ultrathin sections were 

analyzed. For each ultrathin section, 10 consecutive images at 15,000 x magnification were 

collected, giving a total of 360 analyzed images per genotype. Asymmetric and symmetric 

synapses were identified by the presence of a postsynaptic density facing at least three 

presynaptic vesicles. Asymmetric synapses were recognized by thick postsynaptic densities, 

while symmetric synapses were recognized by the presence of equally thin pre- and postsynaptic 

specializations. 

Western Blotting: Finely dissected BL nuclei were homogenized in RIPA lysis buffer (Santa 

Cruz Biotechnology). Proteins were separated using Tris-glycine SDS-polyacrilamide gel 
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electrophoresis, and transferred onto 0.2 m-thick nitrocellulose membrane (Millipore). 

Transferred proteins were detected with either anti-GAD65/67 or anti-VGAT primary antibodies. 

Immunoreactivity was detected with appropriate HRP-conjugated secondary antibodies, and 

visualized with chemiluminescent ECL substrate (Pierce). Band intensity was measured using 

the ImageJ program (National Institutes of Health).  

 

C. RESULTS 

FMRP is expressed in BL amygdala inhibitory neurons  

FMRP is an mRNA-binding protein that is highly expressed in most neurons in the CNS 

(Bakker et al., 2000), and numerous studies have demonstrated the presence of FMRP in 

glutamatergic neurons (Antar et al., 2004; Huber et al., 2002; Tervonen et al., 2009), and in non-

neuronal cell types such as GFAP- or NG2-expressing glial cells (Pacey and Doering, 2007). In 

contrast, very little attention has been focused on FMRP expression in GABAergic neurons. To 

examine FMRP expression in the amygdala, we carried out single and dual 

immunohistochemical analyses of FMRP and the GABAergic inhibitory neuron marker 

GAD65/67 in the BL amygdala at P21 (Figure 3A). Our immunohistochemical analysis revealed 

strong FMRP expression in the cytoplasm of most cells in the BL nucleus (Figure 3B,C), 

consistent with similar observations in the cerebral cortex and cerebellum (Abitbol et al., 1993; 

Bakker et al., 2000; Devys et al., 1993). Interestingly, our analysis also indicated a remarkably 

higher intensity of FMRP expression in the BL nucleus, as compared to other nuclei of the 

amygdala, such as the central (Ce) nucleus (Figure 3C). Furthermore, colocalization analysis 

demonstrated that 74.6% (332 out of 445) of GAD65/67-positive cells also expressed FMRP 
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(Figure 3C-E). This novel finding, that FMRP is normally expressed in GABAergic cells in the 

BL amygdala, suggests a potential function of FMRP in this neuronal population.  

 

Inhibitory neurotransmission is impaired in Fmr1 KOs  

The amygdala is characterized by strong inhibitory tone, suggesting that GABAergic 

neurotransmission is a major determinant of network activity in this structure (Sah et al., 2003). 

Since most GABAergic neurons of the BL amygdala express FMRP, we reasoned that inhibitory 

drive might be impaired in Fmr1 KO mice. Such an alteration would be likely to have profound 

implications for amygdala function in FXS. We examined two forms of GABAA receptor-

mediated inhibition in BL amygdala excitatory principal neurons in Fmr1 KO mice: fast synaptic 

inhibition and tonic inhibition, which relies on high-affinity extrasynaptic receptors (Farrant and 

Nusser, 2005; Semyanov et al., 2004). Recordings were collected from excitatory principal 

neurons in the BL nucleus (Figure 4A). These neurons were identified primarily by their large, 

pyramidal-like soma and characteristic AP firing pattern in response to depolarizing current steps 

(Figure 5Ai,Bi). Additionally, post-hoc morphological analysis of biocytin-filled cells (n=8) 

revealed a prominent apical dendrite and dense dendritic spines, both characteristic of excitatory 

neurons in the BL amygdala (Sah et al., 2003) (Figure 4B). Recordings from these neurons 

revealed major reductions in synaptic and tonic inhibition in Fmr1 KO mice (Figure 5). 

Specifically, we observed significant decreases in the frequency (WT: 7.27  1.23 Hz, n=7; 

Fmr1
 
KO: 3.58  0.37 Hz, n=19, p = 0.0007; Figure 5D) and amplitude (WT: 40.49  11.04 pA, 

n =7; Fmr1
 
KO: 23.24  2.05 pA, n=19, p = 0.026; Figure 5C,E) of sIPSCs in Fmr1 KOs. In 

addition, we observed a slight prolongation of the sIPSC decay time constant (WT: 12.64  1.08 
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ms, n=7; Fmr1
 
KO: 16.10  0.41 ms, n=19, p = 0.001; Figure 5C,F). Even with prolonged decay 

kinetics, diminished amplitude and frequency contributed to a significant reduction in overall 

inhibitory efficacy in Fmr1 KOs (WT: 3706  1501 pC/s, n = 7; Fmr1
 
KO: 1398  181 pC/s, n = 

19, p = 0.020; Figure 5G). In addition, we recorded mIPSCs, which are AP-independent events.  

As observed with sIPSCs, there were significant reductions in mIPSC frequency (WT: 3.91  

0.28 Hz, n=21; Fmr1 KO: 3.01  0.25, n=23; p = 0.019; Figure 5D), amplitude (WT: 17.56  

0.67 pA, n =21; Fmr1 KO: 14.68  0.87 pA, n =23; p =0.0041; Figure 5E), and efficacy (WT: 

939  87 pC/s, n =21; Fmr1 KO: 650  73 pC/s, n = 23; p = 0.0015; Figure 5G), as well as a 

trend toward prolonged decay (WT: 13.76  0.37 ms, n = 21; Fmr1 KO: 14.78  0.48 ms, n = 23; 

p = 0.11; Figure 5F) in Fmr1 KOs.  

In addition to AP-dependent and -independent phasic inhibition described above, an 

additional form of inhibitory neurotransmission comes from tonically active GABAA receptors 

located peri- and extrasynaptically (Farrant and Nusser, 2005). Since tonic inhibition is a major 

source of inhibitory tone (Semyanov et al., 2004), we also measured tonic inhibitory currents in 

principal neurons by local application of the GABAA receptor antagonist gabazine. Tonic current 

was found to be significantly reduced in Fmr1 KO neurons (WT: 20.0  5.2 pA, n = 10; Fmr1 

KO: 4.9  1.4 pA, n = 8; p = 0.021; Figure 5H-J). Previous studies implicate AP-dependent 

release as a major source of ambient GABA required to act on perisynaptic and extrasynaptic 

GABA receptors mediating tonic currents (Brickley et al., 1996; Bright et al., 2007; Glykys and 

Mody, 2007). We therefore tested whether tonic inhibition in the BL amygdala similarly depends 

on AP-dependent GABA release. Bath application of TTX (1 M) eliminated nearly all of the 
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tonic inhibitory current in principal neurons in both WT and Fmr1 KO mice (WT: 102.95  

17.97%, n = 6; Fmr1 KO: 96.13  9.25%, n = 3; p = 0.81; Figure 5K,L), such that subsequent 

addition of gabazine had nearly no effect on holding current. Together, these findings indicate a 

global reduction in inhibitory neurotransmission in the BL amygdala of Fmr1 KO mice, as 

compared to WTs.  

 

GAD65/67 expression is reduced in Fmr1 KOs 

Given the broad reduction in GABAA receptor-mediated inhibition in the BL amygdala of 

Fmr1 KOs, we next investigated GABA levels by performing immunohistochemical and 

immunoblotting analyses of the major isoforms of the rate-limiting enzyme for GABA synthesis, 

GAD65/67, at P21. In WT brains, strong GAD65/67 immunostaining was observed in the entire 

amygdala, including the BL nucleus (Figure 6A,C). Compared to WTs, we observed a qualitative 

decrease in GAD65/67 immunostaining in the BL nucleus of Fmr1 KOs (Figure 6B,D), 

characterized by less staining in cell bodies, puncta rings around presumptive cell bodies, and 

neuropil. Consistent with this finding, Western blot analysis revealed a significant decrease in 

GAD65/67 protein levels in the BL amygdala of Fmr1 KOs (Figure 6E,F).  

To this point, the results presented herein demonstrate that the absence of FMRP results 

in a marked reduction in spontaneous and miniature synaptic IPSCs, tonic inhibition, and 

GAD65/67 levels in the BL amygdala. These findings suggest both pre- and postsynaptic 

alterations in Fmr1 KOs. At the presynaptic level, these changes might be explained by four 

broad, non-mutually exclusive mechanisms: 1) a decrease in the number of GABAergic neurons; 
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2) a decrease in neurotransmitter availability; 3) a decrease in the number of functional inhibitory 

synapses; and 4) a decrease in the activity of presynaptic inhibitory neurons.  

 

Numbers of inhibitory neurons are unaffected in Fmr1 KOs  

  To begin to distinguish between putative presynaptic mechanisms, we first examined 

Nissl-stained coronal brain sections to determine whether total cell number is altered in the BL 

amygdala of Fmr1 KOs at P21. At the gross morphological level, there was no difference in 

Nissl-positive cell numbers in Fmr1 KOs (Figure 7A,B). Cell counting analysis also revealed no 

difference in total cell numbers between WT and Fmr1 KOs (WT: 1132 ± 35 cell, n = 5 brains; 

Fmr1 KO: 1135 ± 34 cells, n = 5 brains; p = 0.95; Figure 7C). Cell counting analysis of GABA-

immunopositive cells in the BL nucleus similarly revealed no difference between genotypes 

(WT: 471 ± 68 cells, n = 3 brains; Fmr1 KO: 476 ± 59 cells, n = 3 brains; p = 0.96; Figure 7D-

F). These results suggest that the generation and survival of inhibitory neurons in the BL 

amygdala, up to at least P21, is unaffected by the absence of FMRP. 

 

Synaptic GABA is reduced in Fmr1 KOs
 

Given that decreased GAD65/67 expression in Fmr1 KOs is not accompanied by a 

reduction in the number of GABA-positive cells, we hypothesized that GABA production and/or 

availability might be decreased in the cytosol and/or terminals of GABAergic neurons. 

Additionally, since mIPSCs represent responses to single quanta of released GABA, the 

observed reduction in mIPSC amplitude (Figure 5E) suggests the possibility of decreased 

vesicular, and thus synaptic, GABA. To address this possibility more directly, we hypothesized 
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that the GABA transient might be decreased in Fmr1 KOs. In these experiments, we examined 

the effect of TPMPA, a low-affinity competitive GABAA receptor antagonist. The block of 

postsynaptic GABAA receptor-mediated responses by this compound is dependent upon GABA 

concentration at the synapse (Barberis et al., 2005; Szabadics et al., 2007). When synaptic 

GABA levels are low, TPMPA is displaced from postsynaptic receptors to a lesser extent, and 

thus IPSCs are more effectively blocked. Bath application of TPMPA at its IC50 concentration 

for GABAA receptor inhibition (200 μM) (Ragozzino et al., 1996) resulted in a greater reduction 

in mIPSC amplitude in Fmr1 KOs than in WT (WT: 32.98  4.52% reduction, n = 7; Fmr1 KO: 

42.28  1.80% reduction, n = 13; p = 0.034; Figure 8A-C), with no apparent effect on mIPSC 

decay kinetics (Control vs. TPMPA: WT: 14.66  0.70 ms vs. 14.93  0.80 ms, n = 7; p = 0.62: 

Fmr1 KO: 15.77  0.71 ms vs. 16.39  0.73 ms, n = 13; p = 0.14). This greater effect of TPMPA 

in Fmr1 KO mice was also observed using lower concentrations (100 µM: WT: 19.84 ± 4.32% 

reduction, n = 5; Fmr1 KO: 32.12 ± 2.98% reduction, n = 6; p = 0.040; 50 µM: WT: 15.91 ± 

4.90% reduction, n = 5; Fmr1 KO: 27.87 ± 3.19% reduction, n = 6; p = 0.063; Figure 8C). This 

finding illustrates reduced GABA concentration in the synaptic cleft in Fmr1 KOs.  

The observed reductions in the production and vesicular content of GABA suggest that 

AP-dependent release might also be reduced in Fmr1 KOs. We investigated this by evoking 

paired IPSCs in excitatory principal neurons and measuring the PPR. Under conditions in which 

GABA release is high, this form of synaptic plasticity results in the attenuation (depression) of 

the amplitude of the second IPSC. While inhibitory connections were strongly depressing in WT 

animals (Figure 9A,C), this effect was significantly attenuated in Fmr1 KOs, such that the PPR 

was greater (WT: 0.73 ± 0.04, n = 16; Fmr1 KO: 0.95 ± 0.05, n = 8, p = 0.004; Figure 9B,C). 
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This difference does not appear to be related to an alteration in the capacity for auto-inhibition 

mediated by presynaptic GABAB receptors at inhibitory terminals. Under conditions that 

permitted the presynaptic effect of the GABAB receptor agonist Baclofen (1 µM) to be isolated, 

mIPSC frequency in excitatory principal neurons was reduced to the same degree in WT and 

Fmr1 KO mice (WT: 64.91 ± 3.46% of control, n=7; Fmr1 KO: 65.12 ± 4.79% of control, n=3; p 

=0.97; Figure 10). Furthermore, the CV of the amplitude of the first response was also greater in 

Fmr1 KOs (WT: 0.28 ± 0.03, n=16; Fmr1 KO: 0. 41 ± 0.06, n=8, p=0.02; Figure 9D). These 

findings are consistent with decreased GABA release in Fmr1 KO mice and suggest that 

inhibitory synapses are weakened. 

 

Inhibitory synapse number is reduced in Fmr1 KOs  

As mentioned above, another potential mechanism to explain a decrease in inhibitory 

function is a decrease in inhibitory synaptic innervation. To assess inhibitory synapse numbers in 

the BL amygdala in Fmr1 KOs, we performed transmission electron microscopy (EM) 

experiments, and quantified symmetric (putative inhibitory) and asymmetric (putative excitatory) 

synapse density using electron micrographs from WT and Fmr1 KOs at P25 (Figure 11A-C). 

Our results revealed a striking decrease in the number of inhibitory synapses in Fmr1 KOs (WT: 

n = 3; Fmr1 KO: n = 3; p < 0.005; Figure 11D). Interestingly, excitatory synapse number was 

also reduced, although to a much lesser extent (WT: n = 3; Fmr1 KO: n = 3; p = 0.010; Figure 

11D). Interestingly, this finding contrasts with the finding that developing hippocampal Fmr1 

KO neurons in culture display increased numbers of synapses (Pfeiffer and Huber, 2007). 
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In spite of this marked reduction in inhibitory synapse number in Fmr1 KOs, as measured 

by EM, we surprisingly did not observe reductions in the expression of the vesicular GABA 

transporter (VGAT) (Figure 11E-I), which specifically labels GABAergic terminals (Chaudhry 

et al., 1998; Gibson et al., 2009). These results indicate that the absence of FMRP results in a 

dramatic, preferential reduction in the number of inhibitory synapses in the BL in Fmr1 KOs, 

without changes in the amount of VGAT protein. This decrease in the number of inhibitory 

synapses observed by EM is consistent with the finding that mIPSC frequency is decreased in 

Fmr1 KOs (Figure 5).  

 

THIP rescues neuronal hyperexcitability in the Fmr1 KO BL amygdala 

 

In addition to a dampening of inhibitory tone (Figure 5) in Fmr1 KO mice, we also 

observed increased principal neuron excitability. BL amygdala excitatory neurons from Fmr1 

KOs consistently fired a greater number of APs in response to a series of depolarizing current 

steps (WT: n = 29; Fmr1 KO: n = 44; Figure 12A,C). The threshold for AP generation was also 

significantly lower in Fmr1 KOs (WT Control ACSF: 39.0 pA  3.5, n = 10; Fmr1 KO Control 

ACSF: 23.3 pA  4.2, n = 15; p = 0.009; Figure 12D). Given the decreased GABA availability 

and reduced tonic currents in Fmr1 KOs, we hypothesized that augmentation of tonic inhibitory 

tone might alleviate this hyperexcitability. Activation of tonic inhibitory currents is highly 

dependent upon the availability of ambient GABA, and represents a means to decrease 

membrane excitability by decreasing input resistance and increasing conductance (Semyanov et 

al., 2004). In an attempt to rescue cellular hyperexcitability in Fmr1 KO principal neurons, we 

injected depolarizing currents steps in control ACSF, and then during bath application of THIP, a 
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superagonist at  subunit-containing perisynaptic and extrasynaptic GABAA receptors known to 

mediate a strong tonic inhibitory conductance (Brown et al., 2002; Glykys et al., 2007). As 

expected, significant increases in the AP threshold were observed in both WT and Fmr1 KO 

mice with THIP application. Strikingly, the AP threshold in Fmr1 KOs was restored to WT 

levels by THIP application (Fmr1 KO THIP: 40.7 pA  4.6, n = 15; p = 0.78; Figure 12B,D). 

Thus, the neuronal hyperexcitability in the Fmr1 KO BL amygdala can be dramatically rescued 

by augmenting tonic inhibitory tone. 

 

D. DISCUSSION  

Recent studies of several developmental brain disorders, including ASD and their animal 

models, have led to the hypothesis that the primary dysfunction lies at the level of the synapse 

(Belmonte and Bourgeron, 2006; Johnston 2006; Moy and Nadler, 2008; Rubenstein and 

Merzenich, 2003; Zoghbi, 2003). Since FMRP plays an important role in regulating protein 

synthesis at the synapse, one prediction of this hypothesis is that the absence of FMRP leads to 

synaptic alterations that, in turn cause circuit-specific changes in neuronal excitation and 

inhibition in FXS. While there is strong evidence that excitatory transmission and synaptic 

plasticity are abnormal in various brain regions of the FXS mouse model, underlying inhibitory 

synaptic disturbances in relevant brain structures such as the amygdala remain largely 

unexplored.   

In the present study, we identify a number of major inhibitory defects in the amygdala of 

the Fmr1 KO mouse model of FXS. We reveal dampened inhibitory neurotransmission, 

reductions in inhibitory synapse number, and decreased cellular and synaptic levels of GABA. 
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Together, these findings uncover a striking reduction in inhibitory tone that is likely to stem, at 

least in part, from presynaptic defects. This finding is also consistent with recent studies in a 

mouse model of Rett Syndrome indicating that reduced expression of presynaptic components of 

inhibitory synapses contribute to decreases in inhibitory neurotransmission (Medrihan et al., 

2008). Thus, it appears that alterations in inhibitory neurotransmission may be a common 

mechanism in a number of neurodevelopmental disorders. In addition to uncovering novel 

defects in GABAergic function in the FXS brain, we were able to rescue cellular 

hyperexcitability by enhancing neurotransmission at high-affinity extrasynaptic GABAA 

receptors sensitive to ambient GABA. Given the central role of the amygdala in behaviors that 

are altered in FXS, our study provides basic findings that have implications for the pathogenic 

mechanisms and putative correction of underlying amygdala-based phenotypes in FXS. 

 

Global reductions in inhibitory transmission: evidence for cumulative presynaptic defects 

In the present study, both synaptic and tonic inhibitory transmission in the BL amygdala 

of Fmr1 KO mice are shown to be deficient. These findings are consistent with previous studies 

which have shown alterations in the expression of several important pre- and postsynaptic 

components of the inhibitory transmission machinery in Fmr1 KOs, including GABAA receptors 

and gephyrin (Curia et al., 2008; D'Hulst et al., 2006; D'Hulst et al., 2009; El Idrissi et al., 2005). 

Interestingly, the absence of FMRP has distinct effects on GABAergic circuit function in 

different brain regions. For example, reductions in the numbers of parvalbumin (PV)-positive 

inhibitory neurons have been demonstrated in somatosensory cortex but not in hippocampus of 

Fmr1 KOs (Selby et al., 2007), suggesting a region-dependent defect in inhibitory neuronal 



 

39 

 

genesis, migration and/or survival. Furthermore, and in contrast to our findings, the Fmr1 KO 

striatum demonstrates increased GABAergic neurotransmission (Centonze et al., 2008). 

Therefore, the mechanisms resulting in reduced inhibitory drive in the Fmr1 KO amygdala are 

likely to differ, at least in part, from those acting in the cerebral cortex and striatum.  

Our results reveal normal numbers of inhibitory neurons indicating, although indirectly, 

that interneuron subtype specification and migration to the BL amygdala in Fmr1 KOs are 

unaffected. While it largely remains to be determined whether the numbers of specific inhibitory 

neuron subtypes are broadly altered in Fmr1 KOs, we propose that global decreases in GABA 

production and release, reduced synaptic connectivity, and dampened interneuron activity are 

primary mechanisms for decreased inhibitory tone in the BL amygdala. In support of these 

mechanisms, we identify deficits in both basal and AP-dependent inhibitory transmission. In 

addition to an increase in the PPR of evoked IPSCs, two observations indicate that AP-dependent 

GABA release from interneurons is affected by FMRP deletion. First, sIPSC frequency in Fmr1 

KOs is similar to mIPSC frequency in WTs. Second, sIPSC frequency is reduced to a greater 

extent than mIPSC frequency in Fmr1 KOs. Consistent with these findings, tonic inhibitory 

current, which relies heavily on AP-dependent GABA release in both WT and Fmr1 KOs, is also 

reduced in Fmr1 KOs. Thus, reduced inhibitory neuron activity - in addition to reduced 

neurotransmitter availability and inhibitory connectivity - may also significantly contribute to the 

inhibitory deficits observed in the BL amygdala of Fmr1 KO mice. 

Our findings also indicate a prominent decrease in GAD65/67 expression in Fmr1 KOs 

that coincides with a reduced GABA transient and decreased release probability. Interestingly, 

decreased GABA production can alter not only vesicular neurotransmitter content, as indicated 
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by a weaker GABA transient, but AP-dependent release as well. A reduction in GABA release 

probability in response to sustained stimulation has been reported in Gad65 KO mice, reflecting 

decreased numbers of vesicles at the synaptic terminal or a mechanism by which only filled 

vesicles are released (Tian et al., 1999). The increase in PPR in Fmr1 KO mice might therefore 

be a result, at least in part, of reduced GABA production.  

With respect to connectivity, our study reveals a marked reduction in the number of 

inhibitory synapses at the ultrastructural level, which correlates functionally with a reduction in 

mIPSC frequency. Surprisingly, however, we did not observe a correlative reduction in VGAT 

expression. Discrepancies regarding the exact relationship between VGAT expression and 

inhibitory synapse number are not uncommon. For example, neuroligin (NL)-3 knock-in mice - 

another animal model of ASD – exhibit changes in VGAT expression that are not accompanied 

by changes in inhibitory synapse number (Tabuchi et al., 2007). These apparent discrepancies 

between VGAT levels and inhibitory synapse numbers suggest the possible occurrence of 

compensatory mechanisms, similar to those found after induced cholinergic neuron loss or in 

Alzheimer’s disease (Kish et al., 1990; Wenk and Mobley, 1996). An alternative interpretation of 

our results is that numbers of GABAergic synapses in the BL amygdala of Fmr1 KOs are 

actually normal, and that the reduction in symmetric synaptic contacts observed in our study is 

actually due to a decrease in large cholinergic projections from the basal forebrain to the BL 

amygdala, which also form mainly inhibitory symmetric synaptic contacts (Li et al., 2001). 

While this is a possibility, the dramatic reduction in the numbers of symmetric synaptic contacts, 

in combination with the decrease in mIPSC frequency and tonic inhibition, is more readily 

explained by the loss of GABAergic synapses in BL of Fmr1 KO mice.  
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While the present study addresses the multiple presynaptic components of inhibitory 

dysfunction in the amygdala, it is likely that postsynaptic alterations in the GABAergic system 

also contribute to circuit abnormalities in FXS. Consistent with this, we observed a prolongation 

of sIPSC decay (plus a trend toward mIPSC decay prolongation) in Fmr1 KOs, which suggests 

possible differences in GABAA receptor subunit expression (Huntsman and Huguenard, 2000). 

Additionally, reduced tonic inhibition  tone may be a cumulative effect, arising from reduced 

expression of  and 5 receptor subunits, as previously reported in the subiculum (Curia et al., 

2008), acting in combination with lower ambient GABA levels. 

Taken together, the results from the present study suggest that an intrinsic deficit in 

FMRP expression in inhibitory neurons leads to cellular and synaptic defects. It should be noted, 

however, that these defects may also arise as a secondary effect of early alterations in excitatory 

transmission. Consistent with this possibility, our EM data reveal a decrease in asymmetric 

(excitatory) synapse number in Fmr1 KOs. Furthermore, transient alterations in cortical 

excitatory transmission during the critical period have been described in Fmr1 KO mice (Bureau 

et al., 2008; Harlow et al., 2010). It is not yet clear, however, whether such alterations have 

direct effects on the development of GABAergic synapses. 

 

Tonic inhibition as a therapeutic target in FXS 

Complementing our findings that inhibitory transmission is altered in the BL amygdala of 

Fmr1 KOs, we show that principal neuron excitability is restored to WT levels by 

pharmacological enhancement of tonic inhibitory transmission. Accumulating evidence 

implicates tonic inhibition as a potential therapeutic target in disorders involving excitatory-
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inhibitory circuit imbalances, such as epilepsy and premenstrual dysphoric disorder (Glykys and 

Mody, 2007; Maguire et al., 2005). Our data suggest that a lack of ambient GABA, due to 

deficient AP-dependent release from inhibitory interneurons, is a contributor to hyperexcitability 

in the BL amygdala of Fmr1 KOs, and this neuronal hyperexcitability was corrected in vitro 

using THIP, a GABAA receptor agonist. Increasing GABA exposure during development has 

recently been shown to rescue the biochemical, morphological, and behavioral phenotypes of the 

Drosophila melanogaster model of FXS (Chang et al., 2008), an intriguing finding, given the 

proposed role of GABA as a regulator of synaptic maturation during critical periods of 

development (Hensch, 2005). The therapeutic value of increasing GABAergic transmission 

therefore appears to lie in its ability to either compensate for increased excitatory glutamatergic 

signaling and/or to boost intrinsically deficient inhibitory signaling, the latter of which is 

suggested by our findings. Regardless of the exact mechanism, our findings support the notion 

that inhibitory GABAergic transmission is an intriguing target for the treatment of FXS (D'Hulst 

and Kooy, 2007; D'Hulst et al., 2006; El Idrissi et al., 2005). 

  



 

43 

 

 
 

 

Figure 3. FMRP is expressed in the majority of interneurons in the BL amygdala. (A) 

Schematic of a coronal section at the level of the amygdala with the BL nucleus highlighted in 

red. (B) Image of FMRP immunostaining at P21, showing high levels of expression in the L and 

BL nuclei (compare to low expression in the central nucleus (Ce)). (C-E) The majority of 

GAD65/67-expressing BL amygdala neurons also express FMRP. ec: external capsule; EnD: 

endopiriform nucleus; Pir, piriform cortex. Scale bars: B: 100 μm; C-E: 10 μm. 
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Figure 4. Morphological identification of excitatory neurons in the BL amygdala. (A) DIC 

image of the lateral (L) and basolateral (BL) nuclei of the amygdala in a coronal brain slice used 

for electrophysiological recordings. (B) Representative neuron from an Fmr1 KO mouse filled 

with biocytin, exhibiting the characteristic morphology of a BL amygdala principal excitatory 

neuron. The position of this cell in the BL amygdala is identified by the position of the recording 

electrode in (A). Ce: central nucleus; EnD: endopiriform nucleus; Pir: piriform cortex. Scale bar: 

50 μm. 
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Figure 5. Phasic and tonic inhibition are impaired in the Fmr1 KO BL amygdala.
 
 (Ai,Bi) 

Current-clamp traces identifying cells from WT (Ai) and Fmr1 KOs (Bi) as excitatory principal 

neurons. (Aii,Bii) Continuous voltage-clamp traces from these neurons and (C) overlay of 

averaged sIPSCs from the cells in (A) and (B) illustrate alterations in synaptic inhibition in Fmr1 
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KOs. (D-G) sIPSC and mIPSC frequency (D), amplitude (E), and inhibitory efficacy (G) are 

reduced in Fmr1 KOs, and weighted decay tau is prolonged (F). WT and Fmr1 KO principal 

neurons do not exhibit differences in intrinsic membrane properties (Vm: WT: -61.1 ± 0.7 mV; 

Fmr1 KO: -60.7 ± 0.8 mV; p = 0.95; Rm: WT: 223 ± 13 MΩ; Fmr1 KO: 217 ± 13 MΩ; p = 

0.55). (H,I) Current clamp traces from representative WT and Fmr1 KO principal neurons, 

indicating the difference between the average baseline holding current and average holding 

current in the presence of gabazine (100 μm), as determined by fitted Gaussian curve (see 

Methods). Total inhibitory tonic current is significantly reduced in Fmr1 KO principal neurons 

(J), as compared to WT. (K) Current clamp trace from a WT principal neuron illustrating its AP-

dependent tonic GABAergic current and total tonic current. (L) The primary source of tonic 

inhibitory current in both WT and Fmr1 KO principal neurons is AP-dependent GABA release. 

*p < 0.05; ***p < 0.005. Calibration: Ai,Bi: 20 mV, 200 ms; Aii,Bii: 100 pA, 500 ms; C: 20 pA, 

20 ms; H,I: 20 pA, 5 s; K: 10 pA, 5 s. 
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Figure 6. BL amygdala GAD65/67 levels are reduced in Fmr1 KO mice. (A,B) Low 

magnification images of P21 coronal slices immunostained for GAD65/67 indicate that BL 

amygdala morphology is normal in Fmr1 KO mice. (C,D) High-magnification images indicate a 

qualitative decrease in GAD65/67 immunostaining in Fmr1 KOs (D). (E,F) Western blot 

analysis reveals that GAD65/67 protein expression is significantly decreased in Fmr1 KOs. Ce: 

central nucleus of the amygdala; ec: external capsule; EnD: endopiriform nucleus; L: lateral 

nucleus of the amygdala; Pir, piriform cortex. *p < 0.05. Scale bars: B: 100 μm; D: 10 μm. 
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Figure 7. Numbers of Nissl- and GABA-positive cells in the BL amygdala are normal in 

Fmr1 KO mice.  Nissl stains of P21 brains from WT (A) and Fmr1 KOs (B) indicate 

qualitatively normal morphology of the lateral (L) and basolateral (BL) nuclei at the 

cytoarchitectonic level. Cell counts reveal no quantitative difference in cell number in the BL 

nucleus (C). Similarly, WT and Fmr1 KOs do not differ with respect to numbers of GABA-

positive cells in the BL nucleus (D-F). Ce: central nucleus of the amygdala; ec: external capsule; 

EnD: endopiriform nucleus; Pir: piriform cortex. Scale bar: 100 μm. 
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Figure 8. Synaptic GABA release is reduced in Fmr1 KO mice. (A-C) mIPSC amplitude is 

reduced to a greater extent by TPMPA in Fmr1 KOs than in WT. Averaged mIPSCs from 

individual principal neurons from WT (A) and Fmr1 KO (B) mice under control conditions and 

with TPMPA (200 μM) (red traces) illustrate the reduction in amplitude. (C) Group data 

indicating that TPMPA had a significantly greater effect on mIPSCs in Fmr1 KOs at doses of 

200 µM and 100 µm. This trend was also observed using a 50 µM dose, but was not statistically 

significant. TPMPA did not exert a significant effect on mIPSC decay (see Results). *p < 0.05. 

Calibration: 2 pA, 20 ms. 
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Figure 9. AP-dependent GABA release is impaired in Fmr1 KO mice. (A-C) The PPR of 

evoked IPSCs is greater in excitatory principal neurons in Fmr1 KO than WT mice. Averaged 

traces from single cells from WT (A) and Fmr1 KO mice (B) illustrate that the strong depression 

observed in WT is attenuated in Fmr1 KOs (C). (D) Average amplitude CV of the first evoked 

response is also greater in Fmr1 KOs. *p<0.05; ***p< 0.005. Calibration: 50 pA, 100 ms. 
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Figure 10. Presynaptic GABAB receptor-mediated inhibition is normal in Fmr1 KO mice. 

(A,B) Continuous voltage-clamp recordings from WT (A) and Fmr1 KO (B) BL amygdala 

principal neurons, illustrating mIPSC frequency under control conditions (top traces) and in the 

presence of baclofen (1 µM, bottom traces). (C) mIPSC frequency in baclofen is reduced to the 

same extent in WT and Fmr1 KOs, as compared to control conditions. Calibration: 25 pA, 500 

ms. 
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Figure 11. Fmr1 KO mice have fewer inhibitory synapses, but exhibit normal VGAT 

expression. (A-C) Representative EM of the BL nucleus from a WT mouse, indicating the 

presence of synaptic contacts (arrowheads). Symmetric and asymmetric synapses are identified 

in (B) and (C), respectively (arrows). (D) Quantitative analysis identifies a prominent decrease in 

inhibitory (symmetric) synapses in Fmr1 KOs. Excitatory synapse numbers are also decreased in 

Fmr1 KOs, although to a lesser extent. (E,F) VGAT immunostaining of the BL amygdala reveals 

no qualitative difference in staining between WT (E) and Fmr1 KOs (F). Quantification of 

VGAT puncta (G) and Western blot analysis (H,I) confirm that VGAT expression does not differ 

between genotypes. *p < 0.05; ***p < 0.005. Scale bars: 20 μm.  



 

53 

 

 

 

 

Figure 12. THIP rescues neuronal hyperexcitability in the Fmr1 KO BL amygdala. (A,B) 

Concatenated traces from single principal neurons in response to depolarizing current steps of 

increasing amplitude (10 pA steps). In control ACSF (A,Bi), neurons from Fmr1 KO mice 

exhibit higher AP firing rates for a given depolarizing current step, as well as a lower threshold 

for AP generation than neurons from WT mice (D). (C) Group F-I plot illustrating cellular 

hyperexcitability in Fmr1 KOs. No differences in passive membrane properties were observed 

between cells in the two groups (Vm: WT: -61.5 ± 0.5 mV; Fmr1 KO: -61.2 ± 0.7 mV; p = 0.80; 

Rm: WT: 231 ± 21 MΩ; Fmr1 KO: 242 ± 12 MΩ; p = 0.19). (Bii,D) Bath application of THIP 
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increases AP threshold in Fmr1
 
KOs to WT levels. *p < 0.05; **p < 0.01; n.s. not statistically 

significant. Calibration: 40 mV, 1s. 
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CHAPTER 3: IMPAIRED INHIBITORY CONTROL OF CORTICAL 

SYNCHRONIZATION IN FRAGILE X SYNDROME 

A. BRIEF OVERVIEW 

While the primary neuropsychiatric feature of FXS is severe cognitive impairment, 

individuals with FXS also frequently exhibit characteristics of autism spectrum disorders (ASD 

(Hagerman et al., 2009)), sensory hypersensitivity (Miller et al., 1999), irregular cortical EEG 

patterns, and seizure syndromes resembling benign focal epilepsy with centrotemporal spikes 

(Berry-Kravis, 2002; Berry-Kravis et al., 2010). Together, these provide evidence that altered 

cortical function is a key component of the FXS phenotype, contributing to abnormal sensory 

processing and increased circuit excitability. 

Normal neural circuit function requires precise and efficient excitatory and inhibitory 

transmission. A number of studies indicate that aberrant excitatory transmission, particularly 

unregulated signaling downstream of group I mGluRs, contributes to circuit imbalances in FXS 

(Chuang et al., 2005; Dolen and Bear, 2008).  Mounting evidence, however, also identifies 

defective inhibitory neurotransmission as an important contributor to circuit dysfunction and 

hyperexcitability (see Chapter II and (Gibson et al., 2008)). In the cerebral cortex, inhibitory 

neurotransmission is mediated by a diverse population of interneurons characterized by their 

distinct morphological, biochemical and electrophysiological properties (Markram et al., 2004). 

Different cortical interneuron subtypes exhibit highly specific connectivity, and thus form 

distinct, dynamically different networks, the most prevalent of which are formed by parvalbumin 

(PV)-expressing fast-spiking (FS) interneurons, which synapse onto the perisomatic region of 

their targets, and the somatostatin (SOM)-expressing low-threshold-spiking (LTS) interneurons, 
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which are dendrite-targeting (Beierlein et al., 2003; Gibson et al., 1999; Kawaguchi and Kubota, 

1997). These inhibitory networks respond dynamically to cortical activity to control cellular 

excitability, guide information flow (Porter et al., 2001), and generate neural synchrony and 

oscillatory activity at behaviorally relevant frequencies (Cardin et al., 2009; Sohal et al., 2009). 

Neural synchrony is crucial for cognitive processes, and disruptions of cortical synchrony are 

associated with cognitive impairments in autism and schizophrenia (Uhlhaas and Singer, 2006). 

Furthermore, synchronized neural oscillations are dynamic over development and are proposed 

to be key contributors to cortical circuit maturation (Uhlhaas et al., 2010). Thus, the study of 

inhibitory neuron subtypes involved in the generation of this synchrony is of great importance in 

neurodevelopmental disorders such as FXS. 

Dendrite-targeting interneurons in cortical layer II/III contribute to the synchronization of 

cell networks over a range of frequencies, including theta, beta, and gamma (Blatow et al., 2003; 

Szabadics et al., 2001). Despite this important link between dendrite-targeting interneurons, such 

as the LTS interneuron, and normal cortical network function, little is known about the function 

of these interneurons in the context of a neurodevelopmental disorder such as FXS. In the present 

study, we investigated activity-dependent inhibition by LTS interneurons in layer II/III of 

somatosensory cortex in Fmr1 KO mice. Using the group I mGluR agonist DHPG, we 

demonstrate a deficit in LTS interneuron activation and a weakening of inhibitory control over 

excitatory neuron output, thus identifying a key component of abnormal cortical function in 

FXS. 
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B. MATERIALS AND METHODS 

Brain slice preparation: Following brain excision and incubation in ice-cold, oxygenated 

slicing solution, thalamocortical brain slices (Agmon and Connors, 1991) were prepared by 

placing the brain ventral side down in a constructed angle indicator and making a cut 35º from 

the midline and 10º from the dorsal-ventral axis. The brain was then glued cut side down on a 

vibratome (Leica) stage and re-immersed in ice-cold slicing solution. The first 2100-2400 µm of 

the brain were discarded and the four following 300 µm-thick slices were reserved for 

experiments.  

Electrophysiology: sIPSCs were recorded in the voltage-clamp configuration (Vhold = -60 mV) 

from visually-identified layer II/III pyramidal cells, using an intracellular solution composed of 

the following (in mM): CsCl (135), EGTA (10), MgCl2 (2), HEPES (10), QX-314 (5), Mg-ATP 

(4), Na-GTP (0.3). IPSCs were isolated by including APV (50 µM) and DNQX (20 µM) in the 

bath. mIPSCs were recorded in the added presence of TTX (1 µM). In all experiments, a baseline 

period of at least 2 min was recorded, in order to confirm cell health and recording stability, 

before bath application of the group I mGluR agonist DHPG (100 µM, Tocris). A time window 

of~60 s was analyzed for the control and DHPG conditions. 

Spontaneous AP firing in response to DHPG was assessed in current-clamp mode, with 

no adjustment made to resting membrane potential. These experiments were conducted using a 

low-Cl
-
 intracellular solution (in mM): K-gluconate (130), KCl (10), HEPES (10), 

phosphocreatine di-tris (14), EGTA (0.2), MgCl2 (2), MgATP (4), and NaGTP (0.3). As 

described above, a baseline period of at least 2 min was recorded before DHPG application, and 

AP frequency was measured over a period of 2 min. The CV of the inter-AP interval was 



 

58 

 

determined for each cell by dividing the standard deviation of inter-AP interval by the mean. 

Recurrent excitation was blocked during dual recordings of AP firing with APV and DNQX, and 

APs were evoked by delivering long (3 s) simultaneous depolarizing current steps every 30 s, 

such that firing rate was approximately equal in both cells (6.58 ± 0.14 Hz, n = 32; Vhold = -60 

mV). 

Cell classification: When the K-Gluconate-based intracellular solution was used, layer II/III 

pyramidal cells and inhibitory interneurons were electrophysiologically identified by their 

responses to a series of brief (600 ms) hyperpolarizing and depolarizing current steps (Vhold = -60 

mV). This method also allowed differentiation of interneuron subtypes. While fast-spiking (FS) 

cells exhibit high AP firing rates with little frequency adaptation, low threshold-spiking (LTS) 

cells were differentiated from these by their lower AP firing rates, greater AP frequency 

adaptation, higher Rm, depolarized Vm, and rebound APs after hyperpolarization (Beierlein et al., 

2000; Gibson et al., 1999; Kawaguchi, 1993). Furthermore, LTS interneurons were distinguished 

from pyramidal cells by the difference in the peak AHP during a threshold AP train, with the first 

AHP being more hyperpolarized than the last in LTS cells (Beierlein et al., 2003). Only LTS 

interneurons with a resting potential ≤ -50 mV were included for analysis, and furthermore, only 

cells with little spontaneous activity (infrequent/no spontaneous APs under control conditions) 

were used for DHPG experiments. When using the Cs
+
-based intracellular solution, pyramidal 

neurons were identified based on their somatic morphology, prominent apical dendrite, and 

response to a small hyperpolarizing current step. 

Cross-correlation analysis: AP and sIPSC cross-correlations were calculated for individual cell 

pairs using MiniAnalysis 6.0.7. Bin width set to 10 ms for sIPSC and 20 ms for AP analysis. In 
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each pair, the cell with the lowest event frequency was assigned as the reference cell, and cross-

correlation values represent the average number of events that occurs in each time bin in the non-

reference cell for a given event in the reference cell. For sIPSC cross-correlation analysis, a high 

event threshold (10 x rms noise) was used, in order to increase the probability of measuring AP-

dependent events. A total time window of ~60s was analyzed under baseline conditions and in 

the presence of DHPG for each cell pair. Cross-correlation central bin values were compared 

between control and DHPG conditions. AP cross-correlation for each cell pair was calculated as 

the average cross-correlation of 5 consecutive 3 s current sweeps, under both baseline conditions 

and in the presence of DHPG. Again, central bin cross-correlation values (at time 0) were 

compared. For all cell pairs, baseline sIPSC or AP cross-correlation was zeroed out by 

calculating the average cross-correlation across bins and then subtracting this value from each 

bin of the raw cross-correlation. 

Neuronal morphology: After overnight incubation of slices containing biocytin-filled neurons 

in 4% PFA in 0.1 M PBS, cell membranes were permeabilized by placing slices in PBS + Triton 

X-100 (2%) for 45 min, and then incubated for 1 h in PBS containing Texas Red-tagged Avidin 

D  and 0.5% Triton X-100. Three washes in PBS + Triton were followed by overnight incubation 

at 4ºC in rabbit anti-SOM primary antibody (1:500 dilution, Chemicon), three more washes, and 

1 h in fluorescein-tagged anti-rabbit secondary antibody (1:200 dilution, Vector Laboratories). 

After a final wash, slices were mounted with Vectashield mounting medium and covered. Filled 

cells were visualized using a Zeiss Axiovert M200 fluorescent microscope. 

Immunohistochemistry: Mice were transcardially perfused at P21 with 4% PFA in PBS. Brains 

were fixed overnight, embedded in 4% Agar, and sectioned coronally. Incubation of slices in 
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primary antibody (rabbit anti-CR (Swant), rat anti-SOM (Chemicon)) was followed by 

incubation with secondary antibodies for immunofluorescence (cy3 at 1:200 or FITC at 1:50) or 

peroxidase immunohistochemistry (biotinylated anti-IgG, streptavidin). For the latter technique, 

immunoreactive structures were visualized using nickel-intensified DAB. 50 µm-thick sections 

from Bregma level -0.70 mm to -1.70 mm in layer II/III of somatosensory cortex were analyzed. 

Photomicrographs were obtained with a Zeiss LSM 510 confocal microscope or an Olympus 

BX51 light microscope. Immunopositive cells were counted using nonstereological methods. 

Counts were performed in at least 6 sections from each brain. 

 

C. RESULTS 

Group I mGluR-dependent inhibition is dampened in Fmr1 KO mice 

In the rodent cerebral cortex, group I mGluR activation has been demonstrated to 

increase inhibitory interneuron output, and thus GABAergic tone (Beierlein et al., 2000; Chu and 

Hablitz, 1998; Fanselow et al., 2008). Given the evidence for impaired inhibition and cortical 

hyperexcitability in FXS, the effect of the agonist DHPG (100 μM) on synaptic inhibition onto 

layer II/III excitatory pyramidal cells was examined in Fmr1 KO mice. Under control conditions, 

spontaneous IPSC (sIPSC) frequency was similar in WT and Fmr1 KOs (WT: 8.81 ± 1.00 Hz, n 

= 9; Fmr1 KO: 7.36 ± 0.95 Hz, n = 10; p = 0.31; Figure 13A,B,E). Bath application of DHPG in 

WT mice led to a large increase in sIPSC frequency (12.21 ± 1.35 Hz, n = 9; p = 0.012 vs. 

control; Figure 13A,E). DHPG also increased event frequency in Fmr1 KOs (8.49 ± 1.04 Hz, n = 

10; p = 0.039 vs. control; Figure 13B,E), but in contrast to what was observed under control 

conditions, sIPSC frequency was significantly lower in Fmr1 KOs, as compared to WT (p = 
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0.041; Figure 13E), indicating that group I mGluR-dependent inhibition is dampened in Fmr1 

KOs. DHPG did not increase mIPSC frequency in either WT or Fmr1 KO mice (WT: 5.41 ± 

0.60 vs. 5.08 ± 0.52 Hz, n = 7; p = 0.20; Fmr1 KO: 5.35 ± 0.20 vs. 5.50 ± 0.45 Hz, n = 4; p = 

0.62; Figure 13C-E), in agreement with previous reports indicating that DHPG exerts its effect 

on inhibition by selectively increasing the firing of inhibitory interneurons. 

 

Cortical LTS interneurons exhibit reduced activation in Fmr1 KO mice 

Based on the reduction in AP-dependent synaptic inhibition in Fmr1 KOs, the responses 

of inhibitory interneurons to DHPG application were examined. Group I mGluR agonists have 

been shown to selectively induce AP firing in SOM-expressing LTS interneurons in cortical 

layer IV (Beierlein et al., 2000), as well as in layer II/III GIN cells, a class of SOM-positive 

inhibitory interneuron that shares a number of physiological characteristics with the LTS subtype 

(Fanselow et al., 2008). LTS interneurons were identified in layer II/III by their small soma, 

depolarized resting membrane potential (Vm), high membrane resistance (Rm), and distinct firing 

properties (see Methods and Materials and insets, Figure 14A,E). In LTS interneurons from WT 

mice, DHPG induced depolarization and sustained AP firing (4.17 ± 0.66 Hz, n = 6; Figure 

14Ai). In Fmr1 KOs, LTS interneurons also depolarized and fired, but AP frequency was greatly 

reduced, as compared to WTs (1.33 ± 0.57 Hz, n = 4; p = 0.017 vs. WT; Figure 14Aii,D,E). In 

addition, AP firing in response to DHPG was more intermittent in Fmr1 KOs, as indicated by an 

increase in the coefficient of variation (CV) of inter-AP interval (WT: 0.39 ± 0.07, n = 6; Fmr1 

KO: 1.39 ± 0.37, n = 4; p = 0.011; Figure 14E). Thus, LTS interneuron activation in response to 

DHPG is indeed weakened in Fmr1 KOs. 
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In agreement with previous findings (Fanselow et al., 2008), DHPG did not reliably 

induce AP firing in either FS or regular-spiking (RS) pyramidal neurons in either WT or Fmr1 

KO mice (5/6 WT and 2/3 Fmr1 KO FS did not fire; 4/4 WT and 7/7 Fmr1 KO RS did not fire; 

Figure 14B,C). The specificity of group I mGluR effects on LTS interneurons falls in line with 

evidence that mGluR1 is predominantly expressed in SOM-positive inhibitory interneurons in 

the rodent cortex (Kerner et al., 1997; Stinehelfer et al., 2000). Post-hoc morphological 

examination of biocytin-filled LTS interneurons confirmed SOM expression, as well as the 

presence of prominent ascending projections to layer I that are ideally positioned to synapse on 

the dendritic arbors of layer II/III pyramidal cells (n = 5; Figure 14F), a key feature of SOM-

positive “Martinotti” cells (Kawaguchi and Kubota, 1997; Wang et al., 2004b). 

Counts of layer II/III SOM-positive interneurons did not reveal any differences between 

WT and Fmr1 KO mice (WT: 199 ± 23 cells, n = 3 brains; Fmr1 KO: 194 ± 28 cells, n = 3; p = 

0.91; Figure 14G-I). Because SOM-expressing interneurons in layer II/III exhibit different 

physiological features concurrent with calretinin (CR) expression (Xu et al., 2006), we also 

investigated SOM/CR co-expression. Like total SOM-positive counts, the proportion of layer 

II/III SOM/CR-positive interneurons did not differ between WT and Fmr1 KOs (WT: 63.2 ± 

1.5%, n = 3; Fmr1 KO: 61.2 ± 0.4 %, n = 3; p = 0.34; Figure 14J-L).  Furthermore, WT and 

Fmr1 KO LTS interneurons did not differ with respect to intrinsic properties such as Vm (WT: -

53.8 ± 0.8 mV, n = 12; Fmr1 KO: -55.1 ± 2.1 mV, n = 6; p = 0.50) or Rm (WT: 399 ± 27 MΩ, n 

= 12; Fmr1 KO: 482 ± 73 MΩ, n = 6; p = 0.21). Together, these findings indicate that weakened 

LTS interneuron activation in Fmr1 KOs is not related to significant changes in basic intrinsic 

properties or in numbers of SOM-positive cells in layer II/III. 
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Synchronization of synaptic inhibition is impaired in Fmr1 KO mice 

A key characteristic of LTS interneurons is that they form tight, electrically coupled 

networks and are capable of generating synchronized inhibitory output onto their synaptic targets 

(Beierlein et al., 2000; Long et al., 2005). Given that LTS interneuron activation in response to 

group I mGluR stimulation is weakened in Fmr1 KO mice, we hypothesized that synchronous 

inhibition onto pyramidal cells might likewise be impaired. This possibility was investigated by 

collecting dual voltage-clamp recordings from pairs of pyramidal cells located <125 μm apart. In 

all WT cell pairs tested, DHPG robustly induced an increase in synchronous sIPSCs (Figure 

15A). Cross-correlation analysis of sIPSCs in DHPG revealed a sharp central peak (Figure 15B), 

whereas under control conditions, sIPSCs were largely unsynchronized, with cross-correlation 

analysis generating no discernible peaks (Control: 0.05 ± 0.01; DHPG: 0.29 ± 0.02, n = 5; p = 

0.0002; Figure 15Ai,B). Similarly to WTs, DHPG induced sIPSC synchronization in Fmr1 KOs, 

but central cross-correlation values were significantly lower (WT: 0.29 ± 0.02, n = 5; Fmr1 KO: 

0.17± 0.03, n = 5; p = 0.013; Figure 15C-E). This finding indicates that the reduction in group I 

mGluR-dependent activation of LTS interneurons in Fmr1 KOs results not only in a reduced 

frequency of inhibitory synaptic events (Figure 13), but also in reduced inhibitory synchrony 

onto pyramidal cells.  

The LTS interneuron network in Fmr1 KOs exhibits weakened inhibitory control over 

pyramidal cell output 

Even though layer II/III inhibitory interneurons are greatly outnumbered by their 

excitatory counterparts, they exert a powerful influence over the flow of excitatory 
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neurotransmission. An important consequence of synchronized LTS interneuron output is the 

generation of synchronized AP firing in excitatory cells (Long et al., 2005). Given that sIPSC 

synchronization onto pairs of pyramidal cells in the presence of DHPG was reduced in Fmr1 

KOs, we hypothesized that pyramidal cell output would also be altered under this condition. In 

order to test this, pairs of pyramidal cells were induced to fire continuous AP trains with long (3 

s) sweeps of depolarizing current. In WT pyramidal cells, DHPG application reliably increased 

the incidence of synchronous APs, as indicated by the strong central cross-correlation peak 

(Control: 0.003 ± 0.017; DHPG: 0.087 ± 0.014, n = 9; p = 0.0059; Figure 16A,B). In contrast, 

DHPG did not increase AP synchronization in Fmr1 KO pyramidal cell pairs (Control: 0.056 ± 

0.029; DHPG: 0.022 ± 0.017, n = 7; p = 0.33; Figure 16C,D). Surprisingly, a number of Fmr1 

KO cell pairs actually showed considerable AP synchronization under control conditions, which 

was then reduced after DHPG application (Figure 16C,D). This qualitative difference in baseline 

AP synchronization between WT and Fmr1 KOs, however, was not statistically significant (p = 

0.12). Synchronization in the presence of DHPG, however, was significantly lower in Fmr1 KOs 

(p = 0.0092; Figure 16E), indicating that a net result of impaired LTS interneuron firing and 

dampened inhibitory synchrony in Fmr1KOs is a reduction in inhibitory control over pyramidal 

cell output, a potential indicator of altered network dynamics and output. 

 

D. DISCUSSION 

 In the present study, we report that group I mGluR-dependent activation of a specific 

subtype of cortical interneuron, the SOM-expressing, dendrite-targeting LTS interneuron, is 

impaired in Fmr1 KO mice. Consequently, these interneurons exert dampened inhibitory control 
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over their excitatory targets, illustrated by a reduction in synchronized synaptic inhibition onto 

layer II/III pyramidal neurons. AP synchronization in pyramidal neurons in response to DHPG is 

likewise reduced in Fmr1 KOs, indicating that normal patterns of cortical excitation governed by 

the LTS interneuron network are altered in these animals. These findings are the first to identify 

LTS interneuron dysfunction in the mouse model of FXS, and implicate a weakened LTS 

network as an important contributor to impaired cortical function in this disorder.  

 

The role of LTS interneurons in cortical circuit dysfunction 

Inhibitory interneurons are key determinants of neural circuit function, and loss or 

dysfunction of specific interneuron subtypes has been identified in a number of disease states 

involving excitatory-inhibitory imbalances, including animal models of autism and epilepsy 

(Buckmaster and Jongen-Rêlo, 1999; Gogolla et al., 2009). In addition, impaired FS interneuron 

function has recently been implicated in cortical hyperexcitability in FXS (Gibson et al., 2008). 

We now identify LTS interneuron dysfunction as another central contributor to altered cortical 

function in the Fmr1 KO model. The role of LTS interneurons in the cortical network is 

determined by their unique physiology and connectivity, and altered function of these particular 

interneurons may contribute to a number of behavioral phenotypes observed in FXS individuals. 

In contrast to their FS counterparts, LTS interneurons receive facilitating excitatory inputs 

(Beierlein et al., 2003; Gibson et al., 1999; Gibson et al., 2008). As a consequence of this, the 

inhibitory output of these cells increases with network activation (Kapfer et al., 2007; Silberberg 

and Markram, 2007). LTS interneurons are therefore well-positioned to dynamically control 

cortical network function during periods of elevated activity, such as when the individual is 
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subject to continuous sensory input. In Fmr1 KO mice, we observe a failure of LTS interneuron 

activation in response to group I mGluR stimulation, suggesting that activity-dependent increases 

in inhibition may be compromised in vivo. Indeed, the sensory hypersensitivity and tactile 

defensiveness frequently exhibited by FXS patients, in addition to a number of characteristics of 

autism, might reflect a deficit in sensory state-dependent shifts in cortical function, which rely on 

the ability of the network to provide dynamic functional inhibition (Moore et al., 2010). In this 

respect, it is noteworthy that Fmr1 KO mice exhibit sensory-driven seizures (Musumeci et al., 

2000), which, similarly, could be related to a failure of the LTS network to sufficiently increase 

its output in the face of high network activity. Remarkably, FXS patients are characterized by a 

high incidence of hyperexcitable EEG patterns, cortically-derived seizures and epilepsies 

characterized by centrotemporal “Rolandic” spikes (Berry-Kravis, 2002; Berry-Kravis et al., 

2010), and the prevalence of this comorbid condition suggests a potential shared cellular 

mechanism between FXS and epileptiform activity. We now propose LTS interneuron 

dysfunction as a potential contributor to the comorbid condition. 

Dendrite-targeting inhibitory connections from LTS interneurons are well-suited to 

control the integration of excitatory inputs along the dendritic tree. This form of inhibition is 

crucial for the control of cellular excitability, as evidenced by models of temporal lobe epilepsy, 

in which the selective loss of dendritic inhibition, due to a loss of SOM-expressing interneurons, 

contributes to hyperexcitability in the hippocampus (Buckmaster and Jongen-Rêlo, 1999; Cossart 

et al., 2001). While we do not observe a loss of SOM-expressing interneurons in the cortex of 

Fmr1 KOs, we do reveal impaired function of dendrite-targeting inhibitory interneurons that 

might contribute to cortical hyperexcitability. Interestingly, GIN cells (which include LTS 
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interneurons) have recently been proposed to control cortical excitability by contributing to the 

termination of UP states in layer II/III (Fanselow and Connors, 2010).  In addition to a failure of 

LTS interneurons activation in Fmr1 KOs, which suggests impaired control of network 

excitation, we also observed a high degree of synchronized firing under control conditions in a 

number of pyramidal cell pairs. This is another intriguing observation in light of the elevated 

incidence and nature of epilepsy in FXS patients, but it is not known whether this finding is 

related to reduced inhibitory neuron function (LTS or otherwise) or to factors intrinsic to 

pyramidal cells. 

Alongside selectively reduced activation of LTS interneurons in Fmr1 KO mice, we 

observe reduced DHPG-induced synchronization of synaptic inhibition in layer II/III pyramidal 

neurons. While impaired firing of individual cells primarily implies cell-intrinsic defects, 

reduced inhibitory synchrony suggests the possibility of a larger LTS network defect. LTS 

interneurons are tightly coupled by gap junctions, electrical connections that enable synchronous 

firing of interneuron networks (Deans et al., 2001) and thus, synchronization of inhibition onto 

multiple postsynaptic target neurons and generation of coordinated neuronal oscillations. 

Dendrite-targeting interneurons in the cortex have important roles in the generation theta, beta, 

and gamma oscillations (Blatow et al., 2003; Szabadics et al., 2001; Tamás et al., 2004). 

Network synchronization is crucial for normal cognitive function, and disrupted synchrony is 

proposed to underlie cognitive dysfunction in ASD (Perez Velazquez et al., 2009; Uhlhaas and 

Singer, 2006). In this study, we observe a failure of LTS interneuron activation and 

synchronization of pyramidal cell output in Fmr1 KOs, suggesting that defective generation of 

important cortical rhythms may contribute to impaired cortical function in FXS. In agreement 
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with a previous report (Fanselow et al., 2008), our results indicate that layer II/III LTS 

interneurons fire in the theta frequency range in response to DHPG application and thus might 

contribute to the generation of this rhythm in vivo. This rhythm is reported to be important for 

learning and memory in rodents, nonhuman primates, and humans (Kahana et al., 2001; Lee et 

al., 2005; Nyhus and Curran, 2010; Raghavachari et al., 2006; Sederberg et al., 2003). 

Furthermore, the theta rhythm has been shown to modulate high-frequency gamma oscillations, 

themselves important for cognitive function, in human subjects (Canotly et al., 2006).  Beyond 

their requirement for normal cognitive function, synchronized neuronal oscillations are important 

contributors to cortical circuit maturation (Uhlhaas et al., 2010). The timeline for the 

development of inhibitory deficits in FXS is largely unclear, but it is intriguing to consider not 

only how disruptions in inhibitory circuit development might affect neural synchrony in the 

developing circuit, but also how abnormal synchrony early in development might contribute to 

inhibitory abnormalities observed later in life. 

 

How does reduced mGluR activation of LTS interneurons relate to the “mGluR 

hypothesis” of FXS? 

There is a large pool of evidence from studies in Fmr1 KO mice indicating that excessive 

signaling downstream of group I mGluRs forms the basis for aberrant synaptic function and 

cellular excitability in FXS (Bianchi et al., 2009; Chuang et al., 2005; Dolen and Bear, 2008; 

Huber et al., 2002). Our findings, in contrast, indicate a reduction in the mGluR response in 

Fmr1 KOs that, at first, appears to conflict with the mGluR hypothesis. Could this decrease in 

mGluR-dependent synaptic inhibition result, however, from an actual increase in mGluR 
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signaling? Recent evidence from the hippocampus and striatum of Fmr1 KOs indicates that 

excessive signaling downstream of group I mGluRs leads to greater suppression of inhibition in 

Fmr1 KOs via eCB-dependent mechanisms (Maccarrone et al., 2010; Zhang and Alger, 2010). In 

addition, mGluR signaling is a modulator of electrical coupling, with receptor stimulation acting 

to reduce electrical synapse strength in inhibitory interneurons of the thalamic reticular nucleus 

(Landisman and Connors, 2005). Given the importance of electrical coupling for temporal 

coordination of synaptic inhibition and pyramidal cell output, this is another avenue by which 

excessive signaling via group I mGluRs might contribute to reduced inhibitory synchrony 

mediated by LTS interneurons in Fmr1 KOs. The effects of FMRP deletion are likely to be 

highly complex, however. It is well established that Fmr1 KOs are characterized by altered 

expression of a wide array of proteins including cation channels, neurotransmitter receptors, 

components of the vesicular release machinery, and important signaling and structural proteins 

(Liao et al., 2008), and dysregulation of processes mediated by these proteins are likely to 

underlie disturbances in cellular and circuit development. The nature of the developmental 

disturbances underlying altered network function is still not clearly understood, however. 

In conclusion, we report an interneuron-subtype-specific deficit that results in reduced 

inhibitory control of excitatory neuron output in the Fmr1 KO cortex. Given that the unique 

anatomical, synaptic, and physiological properties of LTS interneurons position them to control a 

number of crucial cortical processes, we suggest that LTS interneuron dysfunction could 

potentially contribute to a number of comorbid conditions in FXS, including cognitive deficits, 

sensory hypersensitivity, and seizures. Moving forward, a primary point of interest in FXS, as 
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well as other diseases of synaptic development and function such as ASD, will be to gain insight 

into the link between alterations in synaptic transmission and behavior and cognitive function. 
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Figure 13. The increase in synaptic inhibition onto LII/III pyramidal neurons induced by 

DHPG is dampened in Fmr1 KO mice. (A) Continuous voltage clamp traces from a pyramidal 

cell under control conditions (Ai) and in the presence of DHPG (Aii), illustrating that DHPG 

causes an increase in sIPSC frequency. (B) Continuous traces from an Fmr1 KO pyramidal cell, 
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illustrating that sIPSC frequency also increases in response to DHPG in these cells (Bii), but that 

frequency is reduced, as compared to WT (see pooled data, E). DHPG does not cause an increase 

in mIPSC frequency in either WT or Fmr1 KO pyramidal cells (C-E). Calibration: 50 pA, 1 s. *p 

< 0.05. 
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Figure 14. Activation of LTS interneurons by DHPG is reduced in Fmr1 KO 

somatosensory cortex. (Ai) Spontaneous current clamp recording illustrating that WT LTS 
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interneurons fire continuous APs in response to bath application of DHPG (between arrows, top 

trace). Inset: AP firing pattern of the cell, identifying it as LTS. Magnified traces (bottom): AP 

firing over 1 min. in the presence of DHPG. (Aii) In Fmr1 KOs, LTS firing in DHPG is more 

irregular, illustrated by the cumulative plot of inter-AP interval for the cells in (A) (D; p < 0.001, 

K-S test). (E) CV of inter-AP interval with DHPG is greater and mean AP frequency is reduced 

in Fmr1 KO LTS neurons, as compared to WT. FS (Bi, Bii) and RS neurons (Ci, Cii) do not 

characteristically respond to DHPG with continuous firing in WT or Fmr1 KOs. (F) Biocytin-

filled LTS interneuron (see inset current-clamp trace), with projections extending to layer 1 

(arrows). 5/5 filled LTS interneurons displayed this morphology, and were immunopositive for 

somatostatin (green). (G-I) Immunostaining for SOM in WT (G) and Fmr1 KOs (H) reveals no 

difference in SOM-positive cells in layer II/III (I). (J-L) Immunostaining for SOM and CR in 

layer II/III of WT (J) and Fmr1 KOs (K) reveals no difference in the proportion of double-

positive cells (arrowheads) (L). Calibration: A(top)-C: 10 mV, 2 min; A(bottom): 10 mV, 10 s; 

Insets: 20 mV, 200 ms). Scale bars: F: 100 μm; G,H,J,K: 250 µm. *p < 0.05. Immunostaining 

and cell counting analysis (panels G-L) performed by J.L. Olmos-Serrano. 
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Figure 15. DHPG-induced sIPSC synchronization is reduced in Fmr1 KO pyramidal 

neurons. (A) Simultaneous voltage-clamp recordings from two WT pyramidal RS cells before 
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(Ai) and after (Aii) DHPG application, illustrating that sIPSC synchronization increases with 

DHPG (see magnified traces, bottom). Cross-correlation analysis (B; bin width = 10 ms) reveals 

a strong central peak in DHPG (solid line), but not under control conditions (dotted line). (C) 

Representative pyramidal RS cell pair from an Fmr1 KO. DHPG induces some sIPSC 

synchronization, but this is reduced, as compared to WT. Cross-correlogram for this cell pair is 

shown in (D; dotted line: control, solid line: DHPG). (E) DHPG increases cross-correlogram 

peak value in both WT and Fmr1 KOs, but this effect is significantly greater in WT. Calibration: 

A,B top traces: 50 pA, 2 s; bottom traces: 50 pA, 500 ms. *p < 0.05; **p < 0.01; ***p < 0.005. 
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Figure 16. DHPG-induced AP synchronization is reduced in Fmr1 KO pyramidal neurons. 

(A) Simultaneous recordings of evoked AP firing in two WT pyramidal RS cells. AP 
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synchronization is low under control conditions (Ai), then increases with DHPG application 

(Aii), illustrated by the large increase in cross-correlogram central peak value (B; bin width = 20 

ms; dotted line: control; solid line: DHPG). (C) Example of a pair of Fmr1 KO RS cells that 

exhibits synchronous firing under control conditions (Ci), which is reduced in the presence of 

DHPG (Cii). The cross-correlogram for this cell pair (D) shows a strong central peak under 

control conditions, but not in DHPG. (E) DHPG induces a significant increase in the 

synchronization of evoked APs in WT, but not Fmr1 KO mice. AP correlation in DHPG is also 

significantly greater in WT than in Fmr1 KOs. Calibration: 10 mV, 200 ms. **p < 0.01. 
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CHAPTER 4: SUMMARY AND DISCUSSION 

A. SUMMARY 

The findings presented in this dissertation expand the current understanding of 

neurotransmission and neural circuit function in FXS by providing novel evidence of profound 

inhibitory deficits in two brain regions whose dysfunction appears to be central to the FXS 

phenotype (Figure 17). In the Fmr1 KO BL amygdala, we identify a number of defects that are 

largely indicative of presynaptic inhibitory interneuron dysfunction and altered circuit 

maturation. In primary somatosensory cortex, we identify a profound dampening of activity-

dependent inhibition provided by dendrite-targeting LTS interneurons, indicating a highly 

neuron-specific effect of FMRP deletion, and providing the first known evidence for disruption 

of dendritic synaptic inhibition in FXS. These findings have important implications for the 

balance of excitation and inhibition, and thus network function and behavioral output, in FXS. 

In addition to providing an important advancement in the understanding of FXS, our 

findings add to the accumulating evidence that GABAergic interneuron loss or dysfunction is a 

defining feature of neurodevelopmental disorders. For example, there appear to be many 

similarities, both behavioral and physiological, between FXS and Rett syndrome, a 

developmental disorder caused by mutations in the X-linked transcriptional repressor methyl-

CpG-binding protein 2 (MeCP2). Much like FXS, Rett syndrome is characterized by intellectual 

disability, seizures, and elevated incidences of autism (Moretti and Zoghbi, 2006), and MeCP2 

mutant mice exhibit dampened inhibition in a number of brain regions, including the brainstem, 

striatum, and cerebral cortex (Chao et al., 2010; Dani et al., 2005; Medrihan et al., 2008). This 

common disruption of inhibitory transmission in these two disorders suggests that aberrant 
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inhibitory circuit development may indeed represent a common cause of brain dysfunction in 

neurodevelopmental disorders. 

 

B. GABA IN THE DEVELOPMENT OF FUNCTIONAL NEURAL CIRCUITS  

The findings outlined in this dissertation, together with observations by other groups, 

demonstrate that perturbations of inhibitory transmission are a hallmark of FMRP loss. Given the 

age at which most studies of Fmr1 KO mice have been conducted (3-4 weeks in our studies, ~2-

4 months in most other studies), these inhibitory defects can largely be viewed as an “end result” 

of disrupted circuit development. GABAergic transmission is not only required for inhibition in 

the mature circuit, however - it is required for a number of critical developmental processes, 

including neuronal migration, morphological maturation, and the formation and refinement of 

functional synapses (Ben-Ari, 2002; Wang and Kriegstein, 2009). Very little is currently known 

about the temporal profile of altered GABAergic function in FXS, but the importance of GABA 

for so many developmental processes prompts an essential question: Do early GABAergic 

deficits drive abnormal circuit development in FXS, or are inhibitory deficits in the mature brain 

more simply a result of the influences of an abnormally-developing circuit? 

FMRP is crucial for normal circuit development, as illustrated by the fact that Fmr1 KO 

mice exhibit a number of defects suggestive of aberrant or delayed development, including 

disruptions in synaptic plasticity (Desai et al., 2006; Huber et al., 2002; Li et al., 2002; Suvrathan 

et al., 2010; Wilson and Cox, 2007), early, transient defects in cortical excitatory connectivity 

and cell morphology (Bureau et al., 2008), delayed timing of critical period plasticity (Harlow et 

al., 2010), and elevated numbers of immature dendritic spines (Comery et al., 1997; Galvez et 
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al., 2003; Irwin et al., 2001). FMRP expression begins at early embryonic stages in the mouse 

brain and persists throughout development and into adulthood (Bakker et al., 2000; Hinds et al., 

1993; Wang et al., 2004a). A similar expression profile is observed in humans, with Fmr1 and 

FMRP detectable in the brain at the embryonic, fetal, and adult stages (Abitbol et al., 1993; 

Agulhon et al., 1999; Devys et al., 1993; Tamanini et al., 1997). FMRP is therefore temporally 

well-positioned to regulate key steps of inhibitory circuit development, a complex and prolonged 

process, that itself extends from embryonic stages well into the postnatal period (Batista-Brito 

and Fishell, 2009; Wang and Kriegstein, 2009). Given that FMRP expression is a determinant of 

GABAergic function in the mature brain, it is reasonable to hypothesize that this system is 

disrupted during key developmental stages, as well. Analysis of forebrain expression of 

GABAergic synapse proteins in Fmr1 KO mice suggests a system that is at least partially 

compromised as early as P5 (Adusei et al., 2010).  Furthermore, weakened excitatory inputs onto 

FS inhibitory neurons in layer IV of the somatosensory cortex are reported as early as postnatal 

week 2 (Gibson et al., 2008).  Together, these observations are indicative of functional inhibitory 

deficits during key times in inhibitory circuit development. The following paragraphs summarize 

the known roles of GABAergic signaling in development and emphasize ways in which 

alterations in these processes might contribute to inhibitory deficits observed in the mature brain.  

In mature neurons, GABA’s action through GABAA receptors is inhibitory. Intracellular 

Cl
-
 levels are low, and thus, upon channel opening, Cl

-
 ions enter the cell, hyperpolarizing the 

membrane and reducing cellular excitability. During embryonic and early postnatal development, 

however, GABA is depolarizing, and thus excitatory (Ben-Ari, 2002), due to a high intracellular 

Cl
-
 concentration, maintained by the Na

+
/K

+
/Cl

-
 co-transporter NKCC1 (Yamada et al., 2004). 
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Before the emergence of functional synapses in the brain, the depolarizing action of GABA 

exerts prominent effects on neuronal development, regulating the proliferation of neuronal 

progenitors (Haydar et al., 2000; LoTurco et al., 1995), as well as providing both permissive and 

stop signals for neuronal migration (Behar et al., 1998; Behar et al., 2000; Behar et al., 2001; 

López-Bendito et al., 2003; Manent et al., 2005). GABAergic signaling, therefore, helps to set 

the stage for circuit formation. FXS individuals have been shown to exhibit structural alterations 

in a number of brain regions, including the caudate nucleus, amygdala, and hippocampus 

(Gothelf et al., 2008; Reiss et al., 1994), indicating that perturbations of proliferation and 

migration may indeed occur in the absence of FMRP. This issue remains largely unexplored in 

Fmr1 KO mice, however. Our studies in the Fmr1 KO BL amygdala reveal no alterations in cell 

number at P21, and even more specifically, no changes in the number of GABA-expressing cells 

(Figure 7). A previous study of adult Fmr1 KO mice, however, reveals slight changes in the 

distribution and density of PV-positive cells in primary somatosensory cortex (Selby et al., 

2007), indicating that specific neuronal populations might be sensitive to proliferative or 

migrational defects in FXS. Interestingly, we do not observe differences in the number of SOM-

expressing cells - or in the number of cells coexpressing SOM and CR - in the same brain region 

(Figure 14), implying that the LTS neuron functional deficit in layer II/III is not related to effects 

on fate specification or migration. 

Provided that GABAergic neurons arrive at the correct locations, they are well-positioned 

to guide early circuit formation and maturation, first through the continued depolarizing action of 

GABA, then through its inhibitory hyperpolarizing action. In the rodent hippocampus, functional 

GABAergic synapses are present on both pyramidal neurons and interneurons at birth, and are 
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established before functional glutamatergic synapses (Hennou et al., 2002; Tyzio et al., 1999). At 

this stage, GABA is still depolarizing, and acts though GABAA receptors to increase Ca
2+ 

influx 

through NMDA receptors and promote glutamatergic synapse maturation (Akerman and Cline, 

2006; Wang and Kriegstein, 2008). In the absence of GABA’s early depolarizing action, these 

key processes are disrupted and result in excitatory-inhibitory imbalances and disrupted dendritic 

maturation (Akerman and Cline, 2006; Wang and Kriegstein, 2008). As noted above, the Fmr1 

KO brain exhibits abnormalities in glutamatergic synaptic function, including enhanced 

NMDA/AMPA ratios at early postnatal ages (Harlow et al., 2010) that may reflect 

developmental delays in synaptic maturation. It is not yet clear how GABAergic defects might 

contribute to alterations in glutamatergic synaptic function in FXS, but they provide an intriguing 

mechanistic candidate beyond altered mGluR function. 

Inhibitory synaptogenesis is characterized by a period of rapid increase in synapse 

number and maturation that terminates around the end of the fourth postnatal week (De Felipe et 

al., 1997; Micheva and Beaulieu, 1996). Not surprisingly, this process is also driven by 

GABAergic signaling - inhibitory synaptogenesis can be driven with GABAA and GABAB 

receptor agonists, and is greatly reduced in the absence of neuronal activity or the GABA-

synthesizing enzyme GAD67 (Chattopadhyaya et al., 2004; Chattopadhyaya et al., 2007). These 

findings illustrate the strong link between presynaptic activity, GABA production/release, 

postsynaptic receptor activation, and synaptic maturation, and identify a path by which early 

alterations in GABA production might contribute to aberrant circuit development in FXS. In the 

context of the BL amygdala, which is characterized by reduced GAD expression and inhibitory 

synapse number during the fourth postnatal week (Figures 6, 11), a blunting of GAD levels - and 
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therefore a reduction in GABA release and receptor activation - could be driving reductions in 

inhibitory synaptic innervation of excitatory cells. In contrast to our findings, increased 

GABAergic synapse numbers (Dahlhaus and El-Husseini, 2010) and GAD levels (El Idrissi et 

al., 2005) have been reported in the Fmr1 KO hippocampus. 

The developmental timeline of GAD expression in Fmr1 KOs remains to be determined, 

but could provide a useful link between molecular and functional circuit alterations. We have not 

yet investigated GAD levels in the somatosensory cortex of Fmr1 KOs, but importantly, we do 

not observe differences in the frequency of sIPSCs or mIPSCs in the somatosensory cortex in 

Fmr1 KOs (Figure 13), again suggesting that basic inhibitory circuit development is not 

disrupted in the cortex to the same extent as in the amygdala. 

Studies in rodents and nonhuman primates indicate that the expression of GABAA 

receptor subunits is developmentally regulated in accordance with GABAergic synapse 

maturation (Fritschy et al., 1994; Golshani et al., 1997; Huntsman et al., 1999a; Laurie et al., 

1992). This maturation generally involves the upregulation of synaptic subunits mediating “fast” 

GABAA responses (fast IPSC decay kinetics) such as α1, and the concurrent downregulation of 

“slow” subunits, such as α3 and α5 (Bosman et al., 2002; Dunning et al., 1999; Heinen et al., 

2004; Hollrigel and Soltesz, 1997; Huntsman and Huguenard, 2000; Ortinski et al., 2004; Vicini 

et al., 2001), and thus comprises an important developmental “switch.” Notably, this subunit 

switching occurs alongside synaptogenesis (De Felipe et al., 1997) and the maturation of 

GABAergic transmission from excitatory to inhibitory, which similarly depends on a 

developmental switch - the upregulation of the Cl
-
-extruding K

+
/Cl

-
 co-transporter KCC2 (Rivera 

et al., 1999; Wang et al., 2002). The temporal coincidence of these processes indicates that they 
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are all likely to be mechanistically related. Indeed, changes in IPSC decay mediated by increases 

in synaptic α1 subunits are accompanied by changes in IPSC frequency and amplitude, as well as 

presynaptic release probability (Huntsman and Huguenard, 2000; Kirischuk et al., 2005; 

Kobayashi et al., 2008), and inhibitory synaptic maturation is altered in α1 KO mice (Bosman et 

al., 2005; Ortinski et al., 2004), illustrating the link between postsynaptic receptor composition 

and synaptic maturation. In addition, inhibitory synapse stability has been shown to depend on 

GABAA receptor clustering by the scaffolding protein gephyrin (Fritschy and Brunig, 2003; Li et 

al., 2005; Yu et al., 2007), whose expression appears to be reduced in Fmr1 KOs (D'Hulst et al., 

2009), as well as by neuroligin-2 (NL-2)-neurexin interactions (Chih et al., 2005; Chubykin et 

al., 2007; Gibson et al., 2009; Hines et al., 2008; Poulopoulos et al., 2009; Varoqueaux et al., 

2004). It has recently been shown that FMRP can associate with NL-2 mRNA and influence NL-

2 protein expression (Dahlhaus and El-Husseini, 2010), and genetic manipulation of NL-2 levels 

in mice leads to imbalances in excitatory and inhibitory transmission, anxiety-related behaviors, 

stereotypies, and abnormal social behaviors consistent with models of ASD and FXS (Blundell et 

al., 2009; Hines et al., 2008; Moy et al., 2009), an intriguing finding given the known 

associations of other neuroligin isoforms with ASD (Südhof, 2008). 

An important consideration when investigating neuronal and circuit function in Fmr1 

KOs is that, of the numerous GABAergic synapse components with altered expression, direct 

binding has only been shown for the GABAA receptor δ subunit. The changes in the expression 

of other receptor subunits or GAD, for example, might therefore arise not due to a loss of their 

direct interactions with FMRP, but instead could reflect secondary effects of altered mRNA 

stability (De Rubeis and Bagni, 2010) or changes in intercellular communication resulting from 
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translational misregulation of other FMRP-binding mRNAs. Alternatively, these widespread 

changes in the GABAergic system could constitute compensatory changes in response to 

abnormalities in the developing circuit, such as an altered balance of excitation and inhibition. 

For example, increases in IPSC decay kinetics in the BL amygdala (Figure 5) might reflect a 

homeostatic upregulation of “slow” GABAA receptor subunits in response to reductions in 

inhibitory input, with increased IPSC duration acting to compensate for decreases in IPSC 

amplitude and frequency. Homeostatic changes in synaptic inhibition are frequently observed in 

sensory cortex in response to changes in circuit activity (Li et al., 2009; Maffei and Turrigiano, 

2008; Maffei et al., 2006; Micheva and Beaulieu, 1995) and represent an important form of 

network plasticity that may emerge in a number of neurodevelopmental disorders. 

It is not currently clear whether the circuit deficits observed in Fmr1 KOs represent 

developmental delay, homeostasis, or a wholly aberrant circuit. It is clear, however, that the 

potential developmental implications of a dysfunctional GABAergic system are numerous and 

complex. At the moment, detailed developmental studies of the GABAergic system in Fmr1 

KOs are largely lacking, but such studies would be expected to provide valuable insight into 

potential developmental mechanisms of the disorder. Still, it is important to keep in mind that 

normal circuit development requires the actions of several dynamic intrinsic and extrinsic 

factors, many of which are likely contributors to the pathogenesis of FXS, including, for 

example, neurotrophic factors. There is, at present, little data regarding these factors in the FXS 

brain, yet it is noteworthy that Semaphorin 3F, which can as a chemorepellent to guide the 

migration  and axon outgrowth of GABAergic interneurons (Marín et al., 2001; Pascual et al., 
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2005; Tamamaki et al., 2003), has been identified as a binding partner of FMRP (Darnell et al., 

2001). 

 

C. INTERNEURON SUBTYPE-SPECIFIC DYSFUNCTION IN FXS 

 The importance of FMRP for the normal expression of crucial components of all 

inhibitory synapses, as well as the extensive role of GABAergic signaling in neural circuit 

development, suggests that inhibitory interneuron function and connectivity are likely to be 

broadly disrupted in the absence of FMRP. In the BL amygdala, we observe prominent deficits 

that are suggestive of a global impairment in presynaptic interneuron function. Importantly, 

however, our findings in layer II/III of the somatosensory cortex, in which we recorded directly 

from a number of interneuron subtypes (Figure 14), indicate that particular interneuron subtypes 

can be differentially sensitive to the loss of FMRP, and, by extension, that regional differences in 

circuit dysfunction in FXS may stem, at least in part, from region-specific interneuron 

heterogeneity. Interestingly, our observation that SOM-expressing LTS interneuron output is 

dampened in Fmr1 KOs is paralleled by evidence of specific alterations in PV-expressing FS 

neurons in Fmr1 KOs (Gibson et al., 2008; Selby et al., 2007). Indeed, a number of pathological 

states, including epilepsy and schizophrenia, are characterized by loss or impaired inhibition 

from a particular inhibitory interneuron subtype, including, most prominently, the SOM- and 

PV-expressing subpopulations (Buckmaster and Jongen-Rêlo, 1999; Cossart et al., 2001; Lewis 

et al., 2008; Zhou et al., 2009). It is certainly possible, therefore, that BL amygdala inhibitory 

neuron subpopulations are differentially affected by a loss of FMRP expression. 
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Based on current knowledge of the inhibitory circuitry of the BL amygdala, PV-positive 

inhibitory neurons, which comprise approximately half of all BL amygdala interneurons, synapse 

mainly onto the somatic and perisomatic regions of their postsynaptic targets, and are involved in 

the control of neural oscillatory activity (McDonald and Mascagni, 2001; Muller et al., 2006; 

Woodruff and Sah, 2007a, b), are an intriguing candidate for further investigation in Fmr1 KOs. 

The study of these neurons in the cerebral cortex is facilitated somewhat by their relative 

physiological uniformity – they all exhibit a low Rm and a FS, non-accommodating AP firing 

phenotype (Cauli et al., 1997; Kawaguchi, 1993; Kawaguchi and Kubota, 1997). In the BL 

amygdala, however, PV-expressing neurons are much more physiologically diverse, with 

evidence suggesting that there are at least four different subclasses of these neurons in this region 

(Rainnie et al., 2006; Woodruff and Sah, 2007a). 

Indeed, the physiological diversity of inhibitory interneurons in the BL amygdala (Figure 

18) (Jasnow et al., 2009; Marowsky et al., 2005; Sah et al., 2003; Sosulina et al., 2006) – and 

relatively rudimentary understanding of the roles of these different subpopulations - poses a 

major challenge for the study of interneuron-specific dysfunction in the BL amygdala. Studies 

can be guided by findings in the somatosensory cortex, however, which indicate dysfunction in 

activity-dependent inhibition by both SOM-expressing LTS neurons and PV-expressing FS 

neurons (Chapter III and (Gibson et al., 2008)). 

 

D. THE GABAERGIC SYSTEM AS A THERAPEUTIC TARGET IN FXS 

 To date, the mGluR5 receptor has been a primary therapeutic target in FXS, based on the 

evidence that signaling downstream of this receptor is misregulated in Fmr1 KO mice (Chuang 
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et al., 2005; Dolen and Bear, 2008). In agreement with this, reductions in mGluR5 signaling (via 

genetic or pharmacological manipulation) have been successful in attenuating selected Fmr1 KO 

phenotypes, including exaggerated ocular dominance plasticity, increased dendritic spine 

density, and susceptibility to audiogenic seizures (Dolen et al., 2007; Yan et al., 2005), and a 

recently completed human clinical trial reveals that an mGluR5 antagonist may improve 

symptoms such as stereotyped behaviors and hyperactivity (Jacquemont et al., 2011). Given the 

increasingly understood prevalence of inhibitory dysfunction in FXS however, the GABAergic 

system presents a number of relevant and intriguing targets for treatment that are distinct from 

therapeutics aimed at reducing mGluR signaling. 

As described above, current evidence generally reveals an extensive dampening of 

GABAergic function throughout the adult FXS brain, and this dysfunction has been implicated in 

many of the hallmark symptoms of FXS, including anxiety, autistic behaviors, epilepsy, and 

cognitive impairment.  Importantly, compounds affecting GABAergic neurotransmission have 

been demonstrated to possess therapeutic efficacy in many of these disorders.  Such compounds 

could therefore provide novel, effective, and in some cases, currently available treatment options 

for the symptoms of FXS (Figure 19, Table 2). 

 The GABAergic system was first demonstrated to be an important target for the treatment 

of FXS in a study in the Drosophila melanogaster model of FXS, in which 2000 compounds 

were screened for their ability to rescue glutamate-induced toxicity in developing Fmr1-deleted 

fly larvae (Chang et al., 2008).  Of the nine compounds to successfully prevent lethality, three 

augment GABAergic system function, either by acting directly at GABA receptors (GABA itself 

and creatinine) or by increasing GABA availability (nipecotic acid, a GAT blocker). 
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Furthermore, these compounds successfully reversed characteristic cellular, morphological, and 

behavioral phenotypes in adult flies with the Fmr1 gene deletion, providing evidence for the 

therapeutic value of enhancement of the GABAergic signaling.  

There are currently two clinically available, FDA-approved anticonvulsants that, like 

nipecotic acid, act to increase GABA availability, and might therefore prove efficacious in FXS.  

The first, tiagabine, specifically blocks the presynaptic GABA Transporter 1 (GAT1), thus 

increasing synaptic GABA levels and enhancing phasic and tonic GABAergic inhibition 

(Nielsen et al., 1991).  The second, vigabatrin, blocks the catabolism of GABA by inhibiting the 

function of GABA transaminase (GABA-T), which is required for the breakdown of GABA to 

glutamate.  This blockade increases GABA availability, both intracellularly, for packaging into 

presynaptic vesicles, and extracellularly (Chiron et al., 1997; French et al., 1996).  Although 

these compounds exhibit efficacy at improving GABAergic function, they do not work in all 

patients and have a high incidence of side effects, including, in the case of vigabatrin, retinal 

neuropathy (Frisén and Malmgren, 2003).  Their GABAergic actions, however, may warrant 

investigation in FXS. 

Several known compounds act directly on GABAA receptors, and therefore might also 

improve FXS symptoms. The amino acid taurine, for example, acts as an agonist at GABAA 

receptors, increases GAD expression and GABA levels, induces changes in GABAA receptor 

subunit composition (L'Amoreaux et al., 2010), and decreases seizure susceptibility (El Idrissi 

and L'Amoreaux, 2008).  This endogenous amino acid is developmentally dysregulated in Fmr1 

KO mice (Gruss and Braun, 2004), and chronic taurine feeding improves cognition and neuro-

endocrine symptoms in these animals (El Idrissi et al., 2009; El Idrissi et al., 2010). In addition, a 
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number of other compounds that potentiate GABAA receptor function have been identified 

and/or examined in preclinical and clinical trials for FXS or its related symptoms.  One of these, 

the FDA-approved anticonvulsant Riluzole, has multiple modes of action to decrease 

excitability, including GABAA receptor potentiation (Jahn et al., 2008) and GAT blockade 

(Mantz et al., 1994).  In a recent preclinical trial, Riluzole was shown to exert mild efficacy in 

improving ADHD in adult FXS patients (Erickson et al., 2010), indicating that augmentation of 

GABAergic inhibitory signaling might prove beneficial in these individuals.  

Given the evidence for dampened tonic inhibition in the BL amygdala (Figure 5), as well 

as in the subiculum (Curia et al., 2008) of Fmr1 KO mice, compounds targeting GABAA 

receptors that mediate this form of inhibition are also intriguing targets. Gaboxadol (THIP), a 

compound previously used as a sleep aid (Deacon et al., 2007; Lundahl et al., 2007), 

preferentially acts at extrasynaptic δ-subunit-containing GABAA receptors to increase tonic 

inhibitory conductance (Brown et al., 2002; Glykys and Mody, 2007). The finding that THIP 

rescues BL amygdala cellular hyperexcitability in Fmr1 KOs (Figure 12) clearly demonstrates its 

potential therapeutic benefit in FXS patients, particularly with respect to amygdala-based 

behaviors, such as anxiety and features of ASD.   

Benzodiazepines are proven, effective GABAA receptor agonists, but often present 

unfavorable side effects, such as sedation, and rebound symptoms, such as elevated anxiety 

(Nemeroff, 2003). These compounds might therefore not be the optimal agents for the treatment 

of symptoms of FXS, in spite of their powerful effects at GABAA receptors.  Another class of 

molecule that acts to increase GABAA receptor function via positive allosteric modulation, such 

as the neurosteroids (Belelli and Lambert, 2005), however, may prove more advantageous.  The 
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synthetic neurosteroid ganaxolone is orally active, lacks hormonal side effects, and has entered 

Phase II clinical trials for infantile spasms, partial seizures, and catamenial epilepsy (Reddy, 

2010) (clinicaltrials.gov; NCT00441896, NCT00465517).  Ganaxolone (or a similar neuroactive 

steroid) may therefore be useful for the treatment of seizures associated with FXS, and could 

present advantages over benzodiazepines, given its mild side effect profile, as well as evidence 

of preferential effects at δ subunit-containing receptors (Biagini et al., 2010; Mihalek et al., 

1999; Reddy, 2010). 

Finally, GABAergic function can also be enhanced via the activation of postsynaptic 

GABAB receptors, and stimulation of these receptors has shown promise as a treatment in animal 

models of FXS. Administration of the GABAB receptor agonist baclofen successfully reduces 

audiogenic seizure susceptibility in Fmr1 KOs (Pacey et al., 2009). Accordingly, Phase II 

clinical trials for safety and efficacy of the most active isomer of baclofen, Arbaclofen, are 

currently being conducted in FXS patients (clinicaltrials.gov; NCT01282268). In support of this 

approach, we have preliminary evidence of disrupted postsynaptic GABAB receptor-mediated 

transmission in the BL amygdala of Fmr1 KO mice. External stimulation of the external capsule 

in Fmr1 KOs generates a feedforward inhibitory response in principal excitatory neurons that 

exhibits a selectively dampened GABAB receptor-mediated component, as compared to WT 

mice (Figure 20A-D) (Rainnie et al., 1991; Washburn and Moises, 1992). 

Importantly, the usefulness of GABAB receptor-targeting therapeutics is likely to rely 

primarily on their postsynaptic effects, as signaling via presynaptic receptors GABAB receptors 

acts to reduce GABA release (and thus decrease synaptic inhibition), via inhibition of voltage-

gated Ca
2+

 channels (Padgett and Slesinger, 2010). Interestingly, however, our data indicate that 
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presynaptic modulation of GABA release by GABAB receptors is not significantly altered in 

Fmr1 KOs (Figure 10), indicating that compounds like Arbaclofen may indeed hold some 

promise. 

Current evidence suggests that enhancement of GABAergic transmission in FXS might 

be most beneficial with respect to behavioral symptoms frequently associated with autism, such 

as anxiety and ADHD. Indeed, the findings presented in Chapter II indicate that the “hypo-

GABAergic” phenotype is particularly pronounced in the amygdala. In addition to this, however, 

we reveal that activation of cortical LTS interneurons is reduced in Fmr1 KOs (Figures 13-16), 

which has important implications not only for the control of network excitability, but for the 

generation of neural oscillations involved in normal cognitive function. Similarly, FS interneuron 

output, which is also involved in network synchronization, is also altered in Fmr1 KOs (Gibson 

et al., 2008). Pharmacological compounds that directly enhance GABA signaling, however, are 

not likely to improve circuit function is this respect, as the importance of inhibition lies in its 

dynamic nature. Instead, modulators of interneuron output might prove to be worthy of 

investigation in Fmr1 KOs. Evidence suggests that eCB-mediated signaling is enhanced in these 

mice (Maccarrone et al., 2010; Zhang and Alger, 2010), and while this particular system might 

not provide the most promising treatment option for FXS, the evidence of altered modulation of 

GABA release does suggest that targeting other modulators of inhibitory output, such as 

dopamine and acetylcholine (Bacci et al., 2005) may be beneficial. 
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Figure 17. Circuit-specific inhibitory deficits in the Fmr1 KO mouse. Studies in the BL 

amygdala (A) reveal profound dercreases in synaptic inhibition that are ikely to reflect a braod 

deficit in presynaptic inhibitory function in Fmr1 KOs (see Chapter 2). Studies in the 

somatosensory cortex (B) identify an interneuron subtypre-specific deficit in activity-driven 

inhibition (see Chapter 3). Grey: excitatory principal (A) and pyramidal neurons (B); blue: soma-

targeting inhibitory neuron; green: dendrite-targeting (LTS) neurons; red: inhibitory synapse; 

brown: excitatory synapse; zigzagged line: electrical synapse. 
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Figure 18. Inhibitory neuron subtypes in the mouse BL amygdala. Current-clamp traces 

illustrating the responses of inhibitory neurons to hyperpolarizing (i) and depolarizing (i, ii) 

current steps. Inhibitory neurons can exhibit a fast-spiking (FS, A), late-spiking (LS, B), or 

regular-spiking (RS, C) AP firing pattern in response to depolarizing current steps. Of note are 

the large hyperpolarizing sag and rebound APs in inhibitory neurons showing a regular-spiking 

firing pattern (Ci), as these features differentiate them from excitatory principal neurons. 

Calibration: 20 mV, 200 ms. 
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Figure 19. Potential pharmacological targets for the treatment of FXS. Numbers identify 

loci of action of pharmacological compounds targeting components of the GABAergic system 

(see inset legend and Table 2). Note that the presumed actions of Arbaclofen (4) are illustrated as 

predominately postsynaptic, since presynaptic modulation is expected to reduce GABA release, 

via a reduction in voltage-dependent Ca
2+

 influx.  Since glutamatergic terminals also express 

presynaptic GABAB receptors, however, additional beneficial actions of Arbaclofen could also 

arise from reductions in glutamate release from excitatory synapses. 
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Table 2. Potential therapeutic agents targeting the GABAergic system for the treatment of 

FXS. 
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Figure 20. The GABAB receptor-mediated component of the feedforward inhibitory 

response is dampened in the amygdala of Fmr1 KO mice. (A,B) Representative evoked 

feedforward inhibitory responses in BL amygdala principal neurons (see AP firing properties in 

inset) upon external stimulation of the external capsule in WT (A) and Fmr1 KO mice (B). In 

WT (A), the response consists of an EPSP, and a biphasic IPSP, composed of a fast GABAA 

receptor-mediated component, followed by a slow component, mediated by GABAB receptors. 

The amplitude of the GABAA component does not differ between genotypes (A-C), but the 

GABAB component is significantly reduced in Fmr1 KOs (A-C; GABAA: WT: 5.32 ± 1.11 mV, 

n = 6; Fmr1 KO: 4.38 ± 0.74 mV, n = 7; p = 0.48; GABAB: WT: 7.68 ± 1.36 mV; Fmr1 KO: 

3.40 ± 1.17 mV; p = 0.035). Accordingly, the GABAB/GABAA amplitude ratio is greater in WT 

(D; WT: 1.67 ± 0.32; Fmr1 KO: 0.69 ± 0.14; p = 0.012).  The GABAA component of the 

response is abolished by gabazine application, and the GABAB component is abolished by 

adjusting Vhold to -90 mV (not shown). Calibration: 5 mV, 200 ms; inset 20 mV, 200 ms. *p < 

0.05. 
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