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The fragile X syndrome is perhaps the most intensively studied autism and intellectual 

disability (ID) syndrome (reviewed in Hagerman et al., 2017; Willemsen and Kooy, 2017). This is due to 

combination of unique characteristics of the disorder. First, its X-linked inheritance pattern allowed 

the identification of exceptionally large pedigrees with multiple patients (Martin and Bell, 1943), 

second its fragile site provided a cytogenetic recognition mark on the X-chromosome (Lubs, 1969) and 

third, the peculiar inheritance pattern showing anticipation, resulting in more affected patients in the 

latter generations of any pedigree. The molecular mechanism behind this so called Sherman paradox 

was unravelled in 1991, when several groups reported a CGG-repeat at the fragile site that expanded 

in the disease pedigrees through multiple generations (Kremer et al., 1991; Oberlé et al., 1991; Verkerk 

et al., 1991). Subsequent analysis learned that the repeat is polymorphic in the population with repeat 

sizes of up to 45 repeats, while patients carry a full mutation that expended to a length of over 200 

repeats. As a consequence of the repeat expansion, the repeat becomes methylated, inhibiting the 

expression of the associated FMR1 gene and thus preventing expression of the fragile X mental 

retardation protein FMRP. The disorder was also one of the first that were discovered as caused by 

repeat expansion (reviewed in Nelson et al., 2013). 

The fragile X syndrome is also one of the most frequent “rare” genetic disorders, with a 
frequency currently estimated at approximately 1/5000 patients (Hunter et al., 2014). It occurs in all 

populations. The ubiquitously expressed FMRP seem to play a role in a multitude of processes in the 

cell. The protein has two K homology domains (KH1 and KH2) and an arginine-glycine-glycine (RGG) 

box. Though both types of RNA binding domains, it binds a subset of neuronal mRNAs. Various types 

of high-throughput sequencing of bound RNAs isolated by different methodologies revealed that the 

mRNA targets of FMRP encode pre- and post-synaptic proteins and that several targets are implicated 

in autism spectrum disorders suggesting a molecular overlap between fragile X syndrome and other 

neurodevelopmental disorders (Darnell et al., 2011; Suhl et al., 2014). The protein also has both a 

nuclear localisation and export signal that allows it to shuttle its mRNA targets between the nucleus 

and cytoplasm [11] . Functional studies have shown involvement in a number of processes in the cell, 

including RNA transport, stability, in local protein translation etc.  

The numerous functions of FMRP inspired many to look for interfering agents to correct the 

defective pathways in order to try and improve the lives of the patients. Pathways that have been 

interfered with include several neurotransmitter receptors, including for glutamate, gamma 

aminobutyric acid (GABA), endocannabinoid (eCB) and muscarinic acetylcholine (mACh), in 

intracellular signalling pathways such as glycogen synthase kinase-3 (GSK3), extracellular signal related 

kinase (ERK), mammalian target of rapamycin (mTOR) and p21-activated kinase (PAK) and in the matrix 

metalloproteinase 9 (MMP-9), an extracellular proteases (reviewed by Braat and Kooy, 2014; Ligsay 

and Hagerman, 2016; Willemsen et al., 2004). While interference with all of these pathways has shown 

be effective at least in animal models, two pathways are generally accepted as most promising for 

future trials: the glutamatergic and the gabaergic (Berry-Kravis et al., 2018). The discovery that Long-

term depression is enhanced in the fragile X mouse model led to the development of the so-called 

mGLuR theory, which states that as the clinical symptoms of the fragile X syndrome are due to the 

absence of translational inhibition by FMRP in the synapse (Bear et al., 2004; Huber et al., 2002). In the 

absence of the break, the postsynaptic translation in enhanced in patients, leading to an increased 

internalisation of AMPA receptors, a molecular explanation for the enhanced LTD. The theory predicts 

that by dampening mGluR group 1 receptor signalling, the excess translation and thus the clinical 

consequences of the disorder can be restored. Pharmalogical and generic rescue experiments have 



provided substantial experimental evidence for this hypothesis (Dölen et al., 2007; Michalon et al., 

2012), but trials in humans failed to meet the expectations raised by the animal work as yet (Berry-

Kravis et al., 2012; Berry-Kravis et al., 2017).  The initial observation of a reduced expression of 

approximately half of the subunits of the ionotropic GABA(A) receptor in the fragile X mouse model 

led to the hypothesis that a decreased GABA signalling could be underlie a range of the clinical 

symptoms of the fragile X syndrome (D’Hulst and Kooy, 2007; D’Hulst et al., 2006; Gantois et al., 2006). 
Stimulated by the availability of various subtype specific agonists of the receptor treatment and more 

fundamental insights that led to the initiation of clinical trials. This review aims to highlight the 

GABAergic system abnormalities in the fragile X syndrome. 

 

Fragile X patients and epilepsy 

 Fragile X syndrome patients suffer from poor language development, intellectual disability, 

autism and behavioural alterations such as hyperactivity and anxiety.  Physical features include 

prominent ears and a long face, hyperlaxity of the small joints and macroorchidism that develops from 

puberty. This clinical picture can vary depending on sex, age and molecular variation (level of 

methylation or the presence of mosaicism of repeat size or methylation), which leads to differences in 

production of the FMR protein (Hagerman et al., 2017). The clinic has been extensively reviewed 

recently, and we here concentrate on the seizures co-morbid with the fragile X syndrome as these have 

been relatively ill-documented. Epilepsy is one of the most substantial medical comorbid problems in 

Fragile X syndrome. Seizures have in the past been reported in 10-40% of Fragile X patients (Musumeci 

et al., 1991; Partington, 1984; Wisniewski et al., 1991).   A more recent survey on approximately 1400 

full mutation Fragile X individuals narrowed this prevalence down to 12% in total, 14% in males and 

6% in females, with an onset mainly between 4 and 10 years of age. (Berry-Kravis et al., 2010)  

In general, the epilepsy in Fragile X syndrome is limited to childhood and adolescence with seizures 

disappearing before the age of 20 years and the average age of seizure remission is 9,5 years for boys 

and 5,5 years for girls. Epilepsy in adult patients has been described however in several papers 

(Kenmuir et al., 2015; Sabaratnam et al., 2001). The spectrum of seizures in fragile X syndrome is 

quite large but complex partial seizures are most commonly seen. Simple partial and generalized 

tonic-clonic seizures also occur (Berry-Kravis 2002). Abnormal epileptiform EEG findings can be 

observed both in FXS patients with seizures and without seizures. The most common EEG 

morphology shows centrotemporal spikes as seen in benign focal epilepsy of childhood (BFEC or 

benign rolandic epilepsy). As in normally developing individuals the centrotemporal spike pattern is 

not necessarily associated with clinical seizures. Other and less common EEG patterns in FXS are 

spikes in temporo-occipital or frontal areas, focal rhythmic frontal slow waves, generalized 

discharges, unspecified epileptic discharges and generalized slowing of the EEG (Berry-Kravis, 2002).  

Epilepsy in Fragile X is considered mild to moderate in severity and is generally easily controlled with 

anticonvulsants. Studies show that almost no patients are on more than one medication. Most 

commonly used are valproic acid, lamotrigine, levetiracetam and oxcarbazepine. However, severe 

epilepsy resistant to anticonvulsant therapy has also been described (Incorpora et al., 2002; Kenmuir 

et al., 2015). To what extend seizures in early live affect developmental outcome is not known, but in 

fragile X knockout mice it has been reported that a single seizure in early life can negatively influence 

the outcome of behavioural and cognitive testing (Hodges et al., 2019). 

 



The GABA receptor. 

GABA receptors are abundant in the brain and are held responsible for the majority of inhibitory 

transmission. The GABA(A) receptor is a pentameric ion channel that is permeable to chloride ions 

depending on its confirmation, that on its turn is dependent on binding of GABA and a several 

phamalogically relevant drugs (D’Hulst et al., 2009a; Farrant and Nusser, 2005). The receptor is 

composed of five out of 19 potential subunits,  including α1–6, β1–3, γ1–3, δ, ε, θ, π and ρ1–3, eleven of 

which make up 95% of all receptors (Sequeira et al., 2019). The stoichiometry is non-random and 

favours receptors containing 2α, 2β and one of either γ, δ, ε or π subunits but exceptions to this rule 

are observed. The subunit composition is highly brain-region dependent and strongly influences drug 

sensitivity. The GABA(B) receptor is consist of a heterodimer of R1 and R2 subunits. The inhibitory 

effect of this metabotropic receptor is mediated though activation of K+ and blocking Ca+ channels. 

 

The GABAergic system is compromised in the fragile X syndrome 

GABAergic abnormalities have been discovered in the knockout mouse model of the disorder in an 

unbiased genome-wide expression profiling screen, where the delta subunit was found 

underexpressed at the RNA level (Gantois et al., 2006). Follow-up studies found that approximately 

half of the subunits and a subset of GABA-synthesising and metabolizing enzymes were also reduced 

in expression in fragile X mouse brain (D’Hulst et al., 2006; D’Hulst et al., 2009b). A subset of these 

subunits has been analysed on Western blot and without exception, reduced expression at the protein 

level was also observed (Adusei et al., 2010; Braat et al., 2015; El Idrissi et al., 2005; Olmos-Serrano et 

al., 2010). These studies firmly confirmed a reduction in expression of several GABA subunits in the 

fragile X mouse model. A transgenic reintroduction of the FMR1 gene in the fragile X knockout mouse 

restored the expression of the alpha1 and delta subunits to a level observed in control mice, further 

substantiating the validity of the observations (Braat et al., 2015). The amount of the neurotransmitter 

GABA itself is also reduced in several brain regions of the mouse model (Braat et al., 2015; Davidovic 

et al., 2011). Apart from in mice, GABAergic deficits were also found in a Drosophila melanogaster 

fragile X syndrome model (Chang et al., 2008; D’Hulst et al., 2006; Franco et al., 2017; Gatto et al., 
2014). A single PET scan study in patients demonstrated underexpression in multiple brain regions of 

GABA receptors targeted by [11C]flumazenil, a strong ligand of the benzodiazepine site of the receptor 

(D’Hulst et al., 2015).  

 

Functional consequences of the GABA reduction 

The abnormalities in GABA compositions appear not directly linked to major anatomical abnormalities, 

though in neocortical inhibitory circuits in the fragile X knockout mouse, a mild but significant 

reduction in the densities of parvalbumin-positive neurons has been reported in two independent 

studies (Lee et al., 2019; Selby et al., 2007). Whole-cell voltage clamp recordings of CA1 pyramidal 

neurons in the hippocampus of Fmr1 knockout mice using showed significantly reduced eIPSC amplitudes in 

response to stimuli of various intensities, indicating an average reduction of about 30% in GABAergic 

transmission. In further electrophysiological studies, a significant reduction in the amplitude of evoked 

inhibitory postsynaptic currents (eIPSCs), but also in the amplitude and frequency of both, sIPSCs and 

mIPSCs.was recorded. Such findings are compatible with  a combination of pre- and postsynaptic 



changes underlying the deficit in GABA receptor-mediated inhibition in the hippocampus (Sabanov et 

al., 2017). Although binding of several GABA(A) receptor subunits by FMRP has been demonstrated 

the mechanism of underexpression of the various components of the GABAergic system remains 

elusive (Braat et al., 2015; Miyashiro et al., 2003). 

Pharmalogical rescue of GABAergic abnormalities suggest the receptor is a valid target for treatment 

Several lines of evidence suggest that agonist of the GABA(A) receptor can rescue some of the 

abnormalities of the fragile X syndrome at least in animal models. In a large-scale drug screen in D. 

melanogaster, GABA agonists, including GABA itself, were more effective in rescuing the symptom of 

the fragile X fly model than any other drug (Chang et al., 2008). In mice, seizures could be prevented 

following treatment with a single dose of ganaxolone, a neurosteroid agonist of the receptor (Heulens 

et al., 2012). The drug also corrected marble burying behaviour in a dose dependent way and in part 

prepulse inhibition deficits (Braat et al., 2015). Gaboxadol (also called OV101 and THIP), an agonist 

with a preference for delta-subunit-containing extrasynaptic GABA(A) receptors was reported to 

completely restore hyperactivity, anxiety, aggression, and repetitive behaviors in a second fragile X 

knockout mouse model (Cogram et al., 2019). In the latter model, the Fmr1 gene was inactivated by 

removing exon 1 and concomitant promotor sequences, as opposed to the more commonly used 

fragile X mouse model, where exon 5 has been interrupted by a neomycin cassette (Bakker et al., 1994; 

Mientjes et al., 2006). Both models though are reported to generate no functional FMRP.  

 

A first clinical trials shows encouraging post-hoc results in the more severely affected patients 

Ganaxolone was also used as a drug to treat a series of fifty-nine eligible children and adults in a 

randomized double-blind, placebo controlled trial (Ligsay et al., 2017). Fifty-five participants 

completed at least the first arm and 51 participants completed both treatment arms. Post-hoc analyses 

revealed positive trends in areas of anxiety, attention, and hyperactivity in participants with higher 

baseline anxiety and lower full-scale IQ. However, there were no statistically significant improvements 

observed on the primary outcome measure (Clinical Global Impression-Improvement), the key 

secondary outcome measure (Pediatric Anxiety Rating Scale-R), or any other secondary outcome 

measures in the overall study population. scores. No serious adverse events occurred, although the 

frequency of such adverse events was slightly higher in the ganaxolone treatment arms. 

The future of GABAergic treatment 

At the moment, we are faced with the controversy that there can be little doubt that the GABAergic 

system is compromised in the fragile X syndrome and in fact in many other neurodevelopmental 

disorders (Braat and Kooy, 2015) but that the treatment with a GABA(A) agonist failed to meet the 

expectations. An explanation for this discrepancy is not at hand. Perhaps the drug used has not the 

optimal subtype-specific efficiency and different agonists may have a stronger effect. The other 

explanation may be that the GABAergic pathway is not the only pathway disturbed. In fact, single-cell 

and neuronal network alterations in an in vitro model of Fragile X Syndrome could only be explained 

by a combination of increased excitation and reduced inhibition (Moskalyuk et al., 2019). Such 

observations suggest that perhaps combination therapies are to be encouraged. 

Whatever trials are planned, the outcome measures a a serious point of concern. The currently used 

outcome measures are dependent on patient or parental questionnaires and, apart from the problems 



inherent to questionnaires, suffer from a large (up to 30%) placebo effect, potentially hiding mild 

improvements in the patient population. More objective measures required, but not easy to 

implement given the severity of the condition. Perhaps the EEG abnormalities or even the seizures in 

general could be an outcome parameter of future trials, as these are much more objectively to 

measure than behavioural abnormalities. Although seizure treatment in patients is not generally 

considered a priority in fragile X syndrome patients, it has recently been show that in mice, a single 

seizure in early life, leads to long-term behavioural changes in later life. 

In summary, there is overwhelming evidence for GABAergic abnormalities in the fragile X syndrome. 

Future work will potentially shed more light on the subtype-specificity of the abnormalities and of the 

additional pathways that are affected in this disorder, in order to facilitate future clinical trials. 

 

Acknowledgement. 

We wish to thank the FRAXA research foundation for long-term support of our work. We also 

acknowledge support of the Research Fund of the University of Antwerp (Methusalem-OEC grant – 

“GENOMED”). 

  



Bibliography 

Adusei, D.C., Pacey, L.K.K., Chen, D., Hampson, D.R., 2010. Early developmental alterations in 

GABAergic protein expression in fragile X knockout mice. Neuropharmacology 59, 167–171. 

doi:10.1016/j.neuropharm.2010.05.002 

Bakker, C.E., Verheij, C., Willemsen, R., van der Helm, R., Oerlemans, F., Vermey, F., Bygrave, A., 

Hoogeveen, A.T., Reyniers, E., De Boule, K., D’Hooge, R., Cras, P., van Velzen, D., Nagels, G., 
Martin, J.J., De Deyn, P.P., Darby, J.K., Willems, P.J., 1994. Fmr1 knockout mice: A model to 

study fragile X mental retardation. Cell 78. doi:10.1016/0092-8674(94)90569-X 

Bear, M.F., Huber, K.M., Warren, S.T., 2004. The mGluR theory of fragile X mental retardation. Trends 

Neurosci. 27, 370–377. doi:10.1016/j.tins.2004.04.009 

Berry-Kravis, E., 2002. Epilepsy in fragile X syndrome. Dev. Med. Child Neurol. 44, 724–728. 

doi:10.1017/S0012162201002833 

Berry-Kravis, E., Hagerman, R., Visootsak, J., Budimirovic, D., Kaufmann, W.E., Cherubini, M., Zarevics, 

P., Walton-Bowen, K., Wang, P., Bear, M.F., Carpenter, R.L., 2017. Arbaclofen in fragile X 

syndrome: results of phase 3 trials. J. Neurodev. Disord. 9, 3. doi:10.1186/s11689-016-9181-6 

Berry-Kravis, E., Raspa, M., Loggin-Hester, L., Bishop, E., Holiday, D., Bailey, D.B., 2010. Seizures in 

fragile X syndrome: characteristics and comorbid diagnoses. Am J Intellect Dev Disabil 115, 

461–472. doi:10.1352/1944-7558-115.6.461 

Berry-Kravis, E.M., Hessl, D., Rathmell, B., Zarevics, P., Cherubini, M., Walton-Bowen, K., Mu, Y., 

Nguyen, D.V., Gonzalez-Heydrich, J., Wang, P.P., Carpenter, R.L., Bear, M.F., Hagerman, R.J., 

2012. Effects of STX209 (arbaclofen) on neurobehavioral function in children and adults with 

fragile X syndrome: a randomized, controlled, phase 2 trial. Sci. Transl. Med. 4, 152ra127. 

doi:10.1126/scitranslmed.3004214 

Berry-Kravis, E.M., Lindemann, L., Jønch, A.E., Apostol, G., Bear, M.F., Carpenter, R.L., Crawley, J.N., 

Curie, A., Des Portes, V., Hossain, F., Gasparini, F., Gomez-Mancilla, B., Hessl, D., Loth, E., 

Scharf, S.H., Wang, P.P., Von Raison, F., Hagerman, R., Spooren, W., Jacquemont, S., 2018. Drug 

development for neurodevelopmental disorders: lessons learned from fragile X syndrome. 

Nat. Rev. Drug Discov. 17, 280–299. doi:10.1038/nrd.2017.221 

Braat, S., D’Hulst, C., Heulens, I., De Rubeis, S., Mientjes, E., Nelson, D.L., Willemsen, R., Bagni, C., Van 

Dam, D., De Deyn, P.P., Kooy, R.F., 2015. The GABAA receptor is an FMRP target with 

therapeutic potential in fragile X syndrome. Cell Cycle 14, 2985–2995. 

doi:10.4161/15384101.2014.989114 

Braat, S., Kooy, R.F., 2014. Fragile X syndrome neurobiology translates into rational therapy. Drug 

Discov. Today 19, 510–519. doi:10.1016/j.drudis.2014.01.013 

Braat, S., Kooy, R.F., 2015. The GABAA receptor as a therapeutic target for neurodevelopmental 

disorders. Neuron 86, 1119–1130. doi:10.1016/j.neuron.2015.03.042 

Chang, S., Bray, S.M., Li, Z., Zarnescu, D.C., He, C., Jin, P., Warren, S.T., 2008. Identification of small 

molecules rescuing fragile X syndrome phenotypes in Drosophila. Nat. Chem. Biol. 4, 256–263. 

doi:10.1038/nchembio.78 



Cogram, P., Deacon, R.M.J., Warner-Schmidt, J.L., von Schimmelmann, M.J., Abrahams, B.S., During, 

M.J., 2019. Gaboxadol normalizes behavioral abnormalities in a mouse model of fragile X 

syndrome. Front. Behav. Neurosci. 13, 141. doi:10.3389/fnbeh.2019.00141 

D’Hulst, C., Atack, J.R., Kooy, R.F., 2009a. The complexity of the GABAA receptor shapes unique 
pharmacological profiles. Drug Discov. Today 14, 866–875. doi:10.1016/j.drudis.2009.06.009 

D’Hulst, C., De Geest, N., Reeve, S.P., Van Dam, D., De Deyn, P.P., Hassan, B.A., Kooy, R.F., 2006. 

Decreased expression of the GABAA receptor in fragile X syndrome. Brain Res. 1121, 238–245. 

doi:10.1016/j.brainres.2006.08.115 

D’Hulst, C., Heulens, I., Brouwer, J.R., Willemsen, R., De Geest, N., Reeve, S.P., De Deyn, P.P., Hassan, 

B.A., Kooy, R.F., 2009b. Expression of the GABAergic system in animal models for fragile X 

syndrome and fragile X associated tremor/ataxia syndrome (FXTAS). Brain Res. 1253, 176–183. 

doi:10.1016/j.brainres.2008.11.075 

D’Hulst, C., Heulens, I., Van der Aa, N., Goffin, K., Koole, M., Porke, K., Van De Velde, M., Rooms, L., 

Van Paesschen, W., Van Esch, H., Van Laere, K., Kooy, R.F., 2015. Positron Emission 

Tomography (PET) Quantification of GABAA Receptors in the Brain of Fragile X Patients. PLoS 

One 10, e0131486. doi:10.1371/journal.pone.0131486 

D’Hulst, C., Kooy, R.F., 2007. The GABAA receptor: a novel target for treatment of fragile X? Trends 
Neurosci. 30, 425–431. doi:10.1016/j.tins.2007.06.003 

Darnell, J.C., Van Driesche, S.J., Zhang, C., Hung, K.Y.S., Mele, A., Fraser, C.E., Stone, E.F., Chen, C., Fak, 

J.J., Chi, S.W., Licatalosi, D.D., Richter, J.D., Darnell, R.B., 2011. FMRP stalls ribosomal 

translocation on mRNAs linked to synaptic function and autism. Cell 146, 247–261. 

doi:10.1016/j.cell.2011.06.013 

Davidovic, L., Navratil, V., Bonaccorso, C.M., Catania, M.V., Bardoni, B., Dumas, M.-E., 2011. A 

metabolomic and systems biology perspective on the brain of the fragile X syndrome mouse 

model. Genome Res. 21, 2190–2202. doi:10.1101/gr.116764.110 

Dölen, G., Osterweil, E., Rao, B.S.S., Smith, G.B., Auerbach, B.D., Chattarji, S., Bear, M.F., 2007. 

Correction of fragile X syndrome in mice. Neuron 56, 955–962. 

doi:10.1016/j.neuron.2007.12.001 

El Idrissi, A., Ding, X.-H., Scalia, J., Trenkner, E., Brown, W.T., Dobkin, C., 2005. Decreased GABA(A) 

receptor expression in the seizure-prone fragile X mouse. Neurosci. Lett. 377, 141–146. 

doi:10.1016/j.neulet.2004.11.087 

Farrant, M., Nusser, Z., 2005. Variations on an inhibitory theme: phasic and tonic activation of GABA(A) 

receptors. Nat. Rev. Neurosci. 6, 215–229. doi:10.1038/nrn1625 

Franco, L.M., Okray, Z., Linneweber, G.A., Hassan, B.A., Yaksi, E., 2017. Reduced lateral inhibition 

impairs olfactory computations and behaviors in a drosophila model of fragile X syndrome. 

Curr. Biol. 27, 1111–1123. doi:10.1016/j.cub.2017.02.065 

Gantois, I., Vandesompele, J., Speleman, F., Reyniers, E., D’Hooge, R., Severijnen, L.-A., Willemsen, R., 

Tassone, F., Kooy, R.F., 2006. Expression profiling suggests underexpression of the GABA(A) 



receptor subunit delta in the fragile X knockout mouse model. Neurobiol. Dis. 21, 346–357. 

doi:10.1016/j.nbd.2005.07.017 

Gatto, C.L., Pereira, D., Broadie, K., 2014. GABAergic circuit dysfunction in the Drosophila Fragile X 

syndrome model. Neurobiol. Dis. 65, 142–159. doi:10.1016/j.nbd.2014.01.008 

Hagerman, R.J., Berry-Kravis, E., Hazlett, H.C., Bailey, D.B., Moine, H., Kooy, R.F., Tassone, F., Gantois, 

I., Sonenberg, N., Mandel, J.L., Hagerman, P.J., 2017. Fragile X syndrome. Nat. Rev. Dis. Primers 

3, 17065. doi:10.1038/nrdp.2017.65 

Heulens, I., D’Hulst, C., Van Dam, D., De Deyn, P.P., Kooy, R.F., 2012. Pharmacological treatment of 

fragile X syndrome with GABAergic drugs in a knockout mouse model. Behav. Brain Res. 229, 

244–249. doi:10.1016/j.bbr.2012.01.031 

Hodges, S.L., Reynolds, C.D., Nolan, S.O., Huebschman, J.L., Okoh, J.T., Binder, M.S., Lugo, J.N., 2019. A 

single early-life seizure results in long-term behavioral changes in the adult Fmr1 knockout 

mouse. Epilepsy Res. 157, 106193. doi:10.1016/j.eplepsyres.2019.106193 

Huber, K.M., Gallagher, S.M., Warren, S.T., Bear, M.F., 2002. Altered synaptic plasticity in a mouse 

model of fragile X mental retardation. Proc. Natl. Acad. Sci. USA 99, 7746–7750. 

doi:10.1073/pnas.122205699 

Hunter, J., Rivero-Arias, O., Angelov, A., Kim, E., Fotheringham, I., Leal, J., 2014. Epidemiology of fragile 

X syndrome: a systematic review and meta-analysis. Am. J. Med. Genet. A 164A, 1648–1658. 

doi:10.1002/ajmg.a.36511 

Incorpora, G., Sorge, G., Sorge, A., Pavone, L., 2002. Epilepsy in fragile X syndrome. Brain Dev. 24, 766–
769. 

Kenmuir, C., Richardson, M., Ghearing, G., 2015. Surgical treatment for medically refractory focal 

epilepsy in a patient with fragile X syndrome. Brain Dev. 37, 916–918. 

doi:10.1016/j.braindev.2015.02.009 

Kremer, E.J., Pritchard, M., Lynch, M., Yu, S., Holman, K., Baker, E., Warren, S.T., Schlessinger, D., 

Sutherland, G.R., Richards, R.I., 1991. Mapping of DNA instability at the fragile X to a 

trinucleotide repeat sequence p(CCG)n. Science 252, 1711–1714. 

doi:10.1126/science.1675488 

Lee, F.H.F., Lai, T.K.Y., Su, P., Liu, F., 2019. Altered cortical Cytoarchitecture in the Fmr1 knockout 

mouse. Mol. Brain 12, 56. doi:10.1186/s13041-019-0478-8 

Ligsay, A., Hagerman, R.J., 2016. Review of targeted treatments in fragile X syndrome. Intractable Rare 

Dis. Res. 5, 158–167. doi:10.5582/irdr.2016.01045 

Ligsay, A., Van Dijck, A., Nguyen, D.V., Lozano, R., Chen, Y., Bickel, E.S., Hessl, D., Schneider, A., 

Angkustsiri, K., Tassone, F., Ceulemans, B., Kooy, R.F., Hagerman, R.J., 2017. A randomized 

double-blind, placebo-controlled trial of ganaxolone in children and adolescents with fragile X 

syndrome. J. Neurodev. Disord. 9, 26. doi:10.1186/s11689-017-9207-8 

Lubs, H.A., 1969. A marker X chromosome. Am. J. Hum. Genet. 21, 231–244. 



Martin, J.P., Bell, J., 1943. A pedigree of mental defect showing sex-linkage. J. Neurol. Psychiatry 6, 

154–157. doi:10.1136/jnnp.6.3-4.154 

Michalon, A., Sidorov, M., Ballard, T.M., Ozmen, L., Spooren, W., Wettstein, J.G., Jaeschke, G., Bear, 

M.F., Lindemann, L., 2012. Chronic pharmacological mGlu5 inhibition corrects fragile X in adult 

mice. Neuron 74, 49–56. doi:10.1016/j.neuron.2012.03.009 

Mientjes, E.J., Nieuwenhuizen, I., Kirkpatrick, L., Zu, T., Hoogeveen-Westerveld, M., Severijnen, L., Rifé, 

M., Willemsen, R., Nelson, D.L., Oostra, B.A., 2006. The generation of a conditional Fmr1 knock 

out mouse model to study Fmrp function in vivo. Neurobiol. Dis. 21, 549–555. 

doi:10.1016/j.nbd.2005.08.019 

Miyashiro, K.Y., Beckel-Mitchener, A., Purk, T.P., Becker, K.G., Barret, T., Liu, L., Carbonetto, S., Weiler, 

I.J., Greenough, W.T., Eberwine, J., 2003. RNA cargoes associating with FMRP reveal deficits in 

cellular functioning in Fmr1 null mice. Neuron 37, 417–431. doi:10.1016/s0896-

6273(03)00034-5 

Musumeci, S.A., Ferri, R., Elia, M., Colognola, R.M., Bergonzi, P., Tassinari, C.A., 1991. Epilepsy and 

fragile X syndrome: A follow-up study. Am. J. Med. Genet. 38, 511–513. 

doi:10.1002/ajmg.1320380276 

Nelson, D.L., Orr, H.T., Warren, S.T., 2013. The unstable repeats--three evolving faces of neurological 

disease. Neuron 77, 825–843. doi:10.1016/j.neuron.2013.02.022 

Oberlé, I., Rousseau, F., Heitz, D., Kretz, C., Devys, D., Hanauer, A., Boué, J., Bertheas, M.F., Mandel, 

J.L., 1991. Instability of a 550-base pair DNA segment and abnormal methylation in fragile X 

syndrome. Science 252, 1097–1102. doi:10.1126/science.252.5009.1097 

Olmos-Serrano, J.L., Paluszkiewicz, S.M., Martin, B.S., Kaufmann, W.E., Corbin, J.G., Huntsman, M.M., 

2010. Defective GABAergic neurotransmission and pharmacological rescue of neuronal 

hyperexcitability in the amygdala in a mouse model of fragile X syndrome. J. Neurosci. 30, 

9929–9938. doi:10.1523/JNEUROSCI.1714-10.2010 

Partington, M.W., 1984. The fragile X syndrome II: preliminary data on growth and development in 

males. Am. J. Med. Genet. 17, 175–194. doi:10.1002/ajmg.1320170111 

Sabanov, V., Braat, S., D’Andrea, L., Willemsen, R., Zeidler, S., Rooms, L., Bagni, C., Kooy, R.F., Balschun, 
D., 2017. Impaired GABAergic inhibition in the hippocampus of Fmr1 knockout mice. 

Neuropharmacology 116, 71–81. doi:10.1016/j.neuropharm.2016.12.010 

Sabaratnam, M., Vroegop, P.G., Gangadharan, S.K., 2001. Epilepsy and EEG findings in 18 males with 

fragile X syndrome. Seizure 10, 60–63. doi:10.1053/seiz.2000.0492 

Selby, L., Zhang, C., Sun, Q.-Q., 2007. Major defects in neocortical GABAergic inhibitory circuits in mice 

lacking the fragile X mental retardation protein. Neurosci. Lett. 412, 227–232. 

doi:10.1016/j.neulet.2006.11.062 

Sequeira, A., Shen, K., Gottlieb, A., Limon, A., 2019. Human brain transcriptome analysis finds region- 

and subject-specific expression signatures of GABAAR subunits. Commun. Biol. 2, 153. 

doi:10.1038/s42003-019-0413-7 



Suhl, J.A., Chopra, P., Anderson, B.R., Bassell, G.J., Warren, S.T., 2014. Analysis of FMRP mRNA target 

datasets reveals highly associated mRNAs mediated by G-quadruplex structures formed via 

clustered WGGA sequences. Hum. Mol. Genet. 23, 5479–5491. doi:10.1093/hmg/ddu272 

Verkerk, A.J., Pieretti, M., Sutcliffe, J.S., Fu, Y.H., Kuhl, D.P., Pizzuti, A., Reiner, O., Richards, S., Victoria, 

M.F., Zhang, F.P., 1991. Identification of a gene (FMR-1) containing a CGG repeat coincident 

with a breakpoint cluster region exhibiting length variation in fragile X syndrome. Cell 65, 905–
914. doi:10.1016/0092-8674(91)90397-h 

Willemsen, R., Kooy, R.F., 2017. Fragile X syndrome: From genetics to targeted treatment. 

Elsevier/Academic Press, London, United Kingdom. 

Willemsen, R., Oostra, B.A., Bassell, G.J., Dictenberg, J., 2004. The fragile X syndrome: from molecular 

genetics to neurobiology. Ment Retard Dev Disabil Res Rev 10, 60–67. 

doi:10.1002/mrdd.20010 

Wisniewski, K.E., Segan, S.M., Miezejeski, C.M., Sersen, E.A., Rudelli, R.D., 1991. The Fra(X) syndrome: 

neurological, electrophysiological, and neuropathological abnormalities. Am. J. Med. Genet. 

38, 476–480. 

 


