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ABSTRACT 1 

 2 

Previous research indicates that the GABAAergic system is involved in the pathophysiology of 3 

the fragile X syndrome, a frequent form of inherited intellectual disability and associated with autism 4 

spectrum disorder. However, the molecular mechanism underlying GABAAergic deficits has remained 5 

largely unknown. Here, we demonstrate reduced mRNA expression of GABAA receptor subunits in 6 

the cortex and cerebellum of young Fmr1 knockout mice. In addition, we show that the previously 7 

reported underexpression of specific subunits of the GABAA receptor can be corrected in YAC 8 

transgenic rescue mice, containing the full-length human FMR1 gene in an Fmr1 knockout 9 

background. Moreover, we demonstrate that FMRP directly binds several GABAA receptor mRNAs. 10 

Finally, positive allosteric modulation of GABAA receptors with the neurosteroid ganaxolone can 11 

modulate specific behaviours in Fmr1 knockout mice, emphasizing the therapeutic potential of the 12 

receptor. 13 

 14 

 15 

Keywords: fragile X syndrome, GABAA receptor, Fmr1 knockout mouse, FMRP mRNA target, targeted 16 

therapy, ganaxolone 17 

 18 

19 
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ABBREVIATIONS 1 

 2 

Act: Cage activity 3 

APRA: Antibody-Positioned RNA Amplification  4 

ASR: acoustic startle response 5 

CT: C-terminal 6 

D/N: day/night cycle 7 

EMSA: electrophoretic mobility shift assay 8 

FMRP: fragile X mental retardation protein 9 

KH: hnRNP-K-homology 10 

KO: knockout 11 

MB: marble burying 12 

mRNP: messenger ribonucleoprotein  13 

OF: open field 14 

P22: postnatal day 22 15 

PPI: prepulse inhibition 16 

QGRS: quadruplex forming G-rich sequences 17 

RE: relative expression 18 

RGG: arginine-glycine-glycine 19 

SoSLIP: Sod1 mRNA Stem Loops Interacting with FMRP 20 

UTR: untranslated region 21 

WT: wild-type 22 

23 
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INTRODUCTION 1 

 2 

Loss-of-function of the FMR1 gene results in the fragile X syndrome, the most common form of 3 

inherited intellectual disability and frequently associated with autism spectrum disorder1. The 4 

encoded fragile X mental retardation protein (FMRP) is a selective RNA-binding protein that regulates 5 

different aspects of RNA metabolism1-4. Together with additional proteins and mRNAs, FMRP forms 6 

messenger ribonucleoprotein (mRNP) complexes that are transported to specific subcellular 7 

locations, including dendrites and dendritic spines, where it associates with the translational 8 

machinery to regulate local protein synthesis. In addition, FMRP can control the stability of mRNA 9 

targets5, 6.  10 

 11 

FMRP contains three types of RNA-binding domains: two hnRNP-K-homology (KH1 and KH2) 12 

domains, an arginine-glycine-glycine (RGG) box and the N-terminal region1, 7. The KH2 domain is 13 

thought to interact with kissing complex secondary mRNA structures8 and with short ACUK/WGGA 14 

(K=G or U; W=A or U) mRNA sequences9. The RGG box recognizes G-quadruplexes10, 11 and the SoSLIP 15 

(Sod1 mRNA Stem Loops Interacting with FMRP) structure12. Moreover, FMRP binds U-rich mRNA 16 

sequences13. Following the identification of the mRNA-binding properties of FMRP, considerable 17 

effort has been made to identify its mRNA targets. Recent large-scale studies suggest that FMRP has 18 

several hundreds of putative mRNA targets9, 14. Consequently, absence of FMRP has a profound 19 

impact on various neuronal pathways of which the glutamatergic and GABAergic pathway are the 20 

most intensively studied15. 21 

 22 

In recent years, it has become increasingly clear that both GABAA receptor expression and 23 

GABAA receptor-mediated signalling are affected by the absence of FMRP16-18. We previously 24 

reported a reduced expression of several components of the GABAA receptor system in fragile X 25 

animal models19-21. Using real-time PCR, we found a significantly decreased mRNA expression of 26 
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specific GABAA receptor subunits and key proteins of the GABAergic system in Fmr1 knockout mice. 1 

This down-regulation of the GABAA receptor system was also detected in dFmr1 deficient Drosophila 2 

melanogaster.  3 

 4 

Thus far, the mechanism behind reduced expression of multiple components of the GABAA 5 

receptor system remains elusive. The primary objectives of this study were to investigate the 6 

molecular link between FMRP and GABAA receptor subunits and to examine the therapeutic potential 7 

of the GABAA receptor by means of the positive allosteric modulator ganaxolone.  8 

9 
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 RESULTS 1 

 2 

Reduced GABAA receptor mRNA expression and GABA concentrations in young Fmr1 KO mice 3 

 While previous studies have focused primarily on GABAA receptor expression in adult Fmr1 4 

KO mice19, 21-23, it has been reported that differential expression varies during development24. Here, 5 

we quantified the mRNA expression levels of specific GABAA receptor subunits (α1, α2, α3, β1, β2, δ, γ1 6 

and γ2), and enzymes involved in GABA metabolism (Abat, Gad1 and Gad2) in the cortex and 7 

cerebellum of Fmr1 KO mice and WT littermates at postnatal day 22 (P22). These brain regions were 8 

selected because our previous studies in adult mice revealed a reduction in the mRNA expression of 9 

GABAA receptor subunits in the cortex of Fmr1 KO mice, but not in the cerebellum19, 21. The mRNA 10 

expression levels were measured using quantitative real-time PCR, with normalisation using three 11 

reference genes25. The reference gene stability was analysed with qBase software and met the 12 

predetermined criteria for stable expression (Supplementary Table S.2.). Subsequently, we calculated 13 

the relative expression (RE) level, i.e. the ratio of the geometric mean of the normalised expression 14 

values of the Fmr1 KO mice to those of WT controls.  15 

 16 

The difference in expression between both genotypes is shown in figure 1. We observed a 17 

significant reduction in α1 (-10%, p=0.036, Mann-Whitney U test), α2 (-14%, p=0.021), α3 (-13%, 18 

p=0.036), δ (-23%, p=0.012) and γ2 (-14%, p=0.046) in the cortex of Fmr1 KO mice. In contrast to adult 19 

mice, significant reductions in mRNA levels were also detected in cerebellar samples of young Fmr1 20 

KO mice. These include reductions in α1 (-8%, p=0.010), α2 (-39%, p=0.001) and α3 (-30%, p=0.001) 21 

subunit expression. We did not observe significant differences in the expression of the GABA 22 

synthesizing enzymes (Gad1 and Gad2) or the GABA catabolic enzyme (Abat) in the cortex. However, 23 

a significant reduction in Gad2 (-8%, p=0.039) was found in the cerebellum. Finally, Fmr1 mRNA 24 

levels were measured as a control and the obtained results (-70%, p=0.001 in cortex and -66%, 25 

p=0.001 in cerebellum of Fmr1 KO mice) are compatible with previous reports26.  26 
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To measure the GABA concentrations in brain homogenates, we performed GABA ELISA 1 

experiments in cerebellar and hippocampal samples collected at P22 (Figure 2). We detected a 2 

significant reduction in cerebellar (p=0.0019, Mann-Whitney U test) and hippocampal GABA 3 

concentration  (p=0.035, Mann-Whitney U test). 4 

  5 

Correction of GABAA receptor deficiency in YAC rescue mice 6 

To establish whether GABAA receptor expression can be restored by reintroduction of FMRP, 7 

we analysed GABAA receptor expression in Fmr1 KO mice in the presence of a transgenic copy of the 8 

FMR1 gene. Male YAC transgenic mice27, containing 450 kb of the human Xq27.3 region including the 9 

full-length FMR1 gene, were crossed to female Fmr1 heterozygous mice (Fmr1+/-) to generate four 10 

different genotypes as littermates; WT, WT with the YAC transgene (WT/YAC), Fmr1 KO and Fmr1 KO 11 

mice harbouring the YAC transgene (Fmr1 KO/YAC or YAC rescue) (Supplementary Figure S.1.). We 12 

used real-time PCR to quantify the mRNA expression of the δ and α1 GABAA receptor subunit in 13 

cortical samples of WT, Fmr1 KO and YAC rescue mice at 10 weeks of age. The δ subunit was selected 14 

because it was most significantly underexpressed in adult Fmr1 KO mice in our initial studies19, 21. The 15 

α1 subunit was also investigated, as it is part of the major GABAA receptor subtype, α1β2γ2, 16 

accounting for 43% of all GABAA receptors in the adult brain28. The reference genes, Gapdh and Hprt, 17 

were stably expressed in all three investigated genotypes and were used to normalise the mRNA 18 

expression levels (Supplementary Table S.4.).  19 

 20 

We confirmed our initial results19 of underexpression of the δ subunit mRNA in Fmr1 KO as 21 

compared to WT (67 ± 3% of WT, p = 2.1 x 10-4, Mann-Whitney U test). The reduction in α1 mRNA 22 

was borderline significant (87 ± 6% of WT, p = 0.052, Mann-Whitney U test). The expression of both 23 

subunits was corrected to WT levels in the YAC rescue mice (δ: 94 ± 3%, p = 0.460, Mann-Whitney U 24 

test; α1: 107 ± 3% of WT, p = 0.122, Mann-Whitney U test). Figure 3 represents the relative residual 25 
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expression of both GABAA receptor subunits in Fmr1 KO and YAC rescue mice as compared to WT 1 

littermates (100%).  2 

 3 

Simultaneously, we verified the Fmr1 expression in the three genotypes (Figure 3). Fmr1 KO 4 

mice showed a 28% (28 ± 2% of WT, p = 1.1 x 10-5, Mann-Whitney U test) residual expression of Fmr1 5 

mRNA, the same as previously reported and attributable to the detection of aberrant mRNA26. FMR1 6 

mRNA is twofold overexpressed in YAC rescue mice (265 ± 11% of WT, p = 4.6 x 10-5, Mann-Whitney 7 

U test), in line with previous results27. 8 

 9 

FMRP binds directly to GABAA receptor subunit α1 and δ mRNA 10 

Direct binding between FMRP and specific mRNAs can be shown by EMSA. We focused on 11 

the interaction of FMRP with QGRS mRNA sequences10, 11. Putative QGRS were identified in δ and α1 12 

subunit mRNAs using the QGRS Mapper2 program. Based on this in silico analysis (Supplementary 13 

Figure S.2.), six constructs were selected for the EMSAs (Table 1): three GABAA receptor subunit 14 

mRNAs (entire δ subunit, 3’UTR δ subunit and G-rich part of 3’UTR α1 subunit), two positive controls 15 

(PSD-95 3’UTR fragment 5, FMR1 – N19) and one negative control (PSD-95 3’UTR fragment 1). The C-16 

terminal part of FMRP contains an RGG box, known to bind to QGRS10, 11. Therefore, EMSAs were 17 

performed with the C-terminal part (AA 516-632) of recombinant FMRP and radio-labelled mRNA 18 

that was in vitro transcribed from the cDNA constructs (Table 1).  19 

 20 

Firstly, we performed an EMSA with the entire δ subunit-encoding mRNA (�1.8 kb) and found 21 

evidence for a direct interaction with the C-terminus of FMRP (Figure 4A, compare lanes A1 and A3). 22 

Since in silico analysis showed the presence of a G-rich, putative QGRS in this part of the mRNA 23 

(Supplementary Figure S.2.), we then focused on the 3’UTR of this mRNA (437 bp). This part of the 24 

mRNA showed FMRP-binding ability (Figure 4B). As the entire α1 mRNA is too long (>4kb) to be used 25 

in an EMSA, we focused on the G-rich, putative QGRS-region located in the first 601 bp of the 3’UTR 26 
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(Supplementary Figure S.2.). This region clearly shows a binding to the C-terminus of FMRP (Figure 1 

4C). Positive and negative controls were included to assess the specificity of the assay (Figure 4D-F). 2 

We confirmed binding to known mRNA targets, such as the 3’UTR-fragment 5 of PSD-95 (Figure 4D)5 3 

and fragment N19 of FMR1 (Figure 4E)11. In addition, no binding was observed to the negative 4 

control PSD-95 3’UTR-fragment 1 (Figure 4F)5, indicating that the FMRP-RNA interaction was specific 5 

and did not simply reflect general RNA affinity.  6 

 7 

Ganaxolone modulates behaviour of Fmr1 KO mice 8 

A possible treatment strategy for the fragile X syndrome is to enhance GABAergic inhibition 9 

by means of positive allosteric modulators of the GABAA receptor16. Ganaxolone, a synthetic 10 

neurosteroid, is such a putative therapeutic compound29, 30. Before exploring the therapeutic effect 11 

of ganaxolone, we wanted rule out a possible sedative effect of the drug, which could confound the 12 

outcome of behavioural assays. Therefore, the effect of ganaxolone on explorative behaviour and 13 

overall activity was assessed using the open field and cage activity assay. No significant differences 14 

were observed between vehicle-treated Fmr1 KO and WT mice (Supplementary Figure S.3. and 15 

Supplementary Figure S.4.). Overall, locomotor activity did not differ between vehicle-treated Fmr1 16 

KO mice and WT mice and was not affected by ganaxolone treatment.   17 

 18 

The marble burying assay was used to evaluate the effect of ganaxolone on repetitive and 19 

perseverative behaviour in Fmr1 KO mice31 and relates to the autistic-like behaviour observed in 20 

fragile X patients, in particular stereotypic/repetitive behaviour32. Fmr1 KO mice exhibit increased 21 

digging behaviour, which is reflected by the increased number of marbles that are buried by vehicle-22 

treated Fmr1 KO mice compared to vehicle-treated WT controls (p=0.001, independent-samples T-23 

test) (Figure 5A). Ganaxolone treatment causes a dose-dependent reduction in the burying behaviour 24 

of Fmr1 KO mice, without having an effect on WT animals (F(2, 121) = 3.149, p=0.046, treatment x 25 

genotype interaction, two-way ANOVA). A 5 mg/kg dose had an intermediate effect, not significantly 26 
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different from vehicle-treated mice (p=0.331, Tukey post-hoc test), nor from the 10 mg/kg dose 1 

(p=0.465, Tukey post-hoc test). Treatment of Fmr1 KO mice with 10 mg/kg ganaxolone completely 2 

corrects the phenotype to the level of WT mice (p=0.022, Tukey post-hoc test).  3 

 4 

Sensory responses and sensorimotor gating were assessed by acoustic startle response and 5 

PPI (Figure 5B-C). Both fragile X patients and Fmr1 KO mice exhibit abnormalities in these tests, 6 

reflecting an altered sensitivity to sensory stimulation33. PPI was increased in vehicle-treated Fmr1 7 

KO mice as compared to vehicle-treated WT controls (70 dB: p=0.026, 75 dB: p=0.075; 80 dB: 8 

p=0.018; Tukey post hoc after one-way ANOVA). After ganaxolone treatment, we observed an 9 

intermediate effect on PPI in Fmr1 KO mice at 70 dB and 80 dB. More specifically, PPI was not 10 

significantly different from vehicle-treated Fmr1 KO mice, but it also did not differ from vehicle-11 

treated WT mice (Figure 5C). We did not observe significant differences in acoustic startle response, 12 

neither between vehicle-treated Fmr1 KO mice and controls, or as a results of ganaxolone treatment 13 

(Figure 5B).  14 

15 
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DISCUSSION  1 

 2 

As the fragile X syndrome is caused by loss-of-function of the RNA-binding protein FMRP, 3 

numerous studies have aimed to identify the mRNA targets of FMRP in order to elucidate part of the 4 

pathophysiological mechanisms of the disorder34. While hundreds of putative mRNA targets have 5 

been reported in recent large-scale screens 9, 14, only approximately a dozen have been biochemically 6 

validated to interact with FMRP1, including mRNA of the GABAA receptor δ subunit6. These 7 

FMRP:mRNA interactions are of particular interest as aberrant GABAA receptor function is compatible 8 

with the phenotype of fragile X patients16.  9 

 10 

While decreased GABAA receptor mRNA expression has previously been detected in adult Fmr1 11 

KO mice19-21, we extended our earlier studies to young mice as deficits in GABAA receptor expression 12 

may vary during development24. We observed a significant reduction in α1, α2, α3, δ and γ2 mRNA in 13 

the Fmr1 KO cortex at P22. While α1, α3, δ and γ2 were also found reduced in adult cortex19, α2 14 

expression was only reduced at young age. Surprisingly, we also detected significant reductions in 15 

the mRNA levels of all three α subunits that were measured in cerebellar samples. Although mRNA 16 

and protein expression studies in adult Fmr1 KO mice suggest that cerebellar GABAA receptors are 17 

unaffected19, 22, a recent metabolomic study identified reduced GABA levels in the cerebellum at 18 

P1235. We confirmed reduced GABA concentrations in the cerebellum and detected a similar 19 

decrease in hippocampal samples, both at P22. Further research is required to determine whether 20 

these reductions are due to changes in intracellular or interstitial neurotransmitter levels, or both. 21 

Overall, our findings reveal that the expression of the GABAA receptor system of Fmr1 KO mice is 22 

affected in a brain region- and age-dependent manner.  23 

 24 

Although molecular and electrophysiological GABAergic defects in the fragile X syndrome are 25 

well documented16, 17, the causative mechanisms remain elusive. We were able to correct the 26 
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underexpression of mRNAs of the α1 and δ subunits by reintroducing FMRP in Fmr1 KO mice. 1 

Interestingly, FMR1 is overexpressed in these YAC rescue mice, at both mRNA and protein level27. 2 

Despite the overexpression of FMRP, the level of GABAA receptor subunits did not exceed the level 3 

observed in controls. This is compatible with the hypothesis that FMRP does not influence 4 

transcription of the GABAA receptor subunits, but rather controls stability of its targets and prevents 5 

them from degrading by binding them in vivo.  6 

  7 

In addition, we found that FMRP associates with mRNA encoding GABAA receptor subunits. 8 

More specifically, we have shown that such association is direct and entails the binding of the C-9 

terminal part of FMRP with 3’UTRs of GABAA receptor δ subunit mRNA or the  putative QGRS in the 10 

3’UTR of α1 subunit mRNA. These findings are consistent with the previous antibody-positioned RNA 11 

amplification (APRA)-based identification of the GABAA receptor δ subunit mRNA as an FMRP target6. 12 

As the C-terminus of FMRP contains the RGG box, it is tempting to speculate that the in silico-13 

predicted G-quadruplexes in α1 and δ mRNA are targeted by FMRP. However, the presence of a G-14 

quadruplex was not experimentally observed in the mRNA of the δ subunit (H. Moine, personal 15 

communication). Thus, despite the direct binding to FMRP, the existence of a putative recognition 16 

sequence in the mRNA remains to be determined. In summary, our binding studies demonstrate that 17 

FMRP directly binds the mRNAs of at least two GABAA receptor subunits. These data, together with 18 

the evidence that increased FMRP levels in the YAC rescue mice do not mirror an increase in the 19 

mRNAs encoding α1 and δ subunits, suggest that FMRP might regulate the stability of these 20 

messengers. Absence of FMRP might thus result in an increased turnover of these mRNAs and, 21 

consequently, contribute to molecular and electrophysiological deficits in the GABAergic system. 22 

 23 

 Given the down-regulation of several GABAA receptor subunits and the reduction in GABA 24 

levels in the Fmr1 KO mouse, we have examined if the administration of ganaxolone, a synthetic 25 

neurosteroid and positive allosteric modulator of GABAA receptors29, 30, might have therapeutic 26 
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potential. Neurosteroids are likely to affect both synaptic and extrasynaptic GABAA receptors, with δ-1 

containing, extrasynaptic GABAA receptor subtypes being particularly sensitive to neurosteroid 2 

modulation36. After excluding sedative effects of acute ganaxolone treatment in two locomotor tests, 3 

open field and cage activity, we evaluated the effect of ganaxolone on specific behavioural 4 

characteristics of Fmr1 KO mice, i.e. increased burying in the marble burying assay (37, own 5 

observations), and altered sensory responses and sensorimotor gating in the acoustic startle 6 

response and PPI experiments32, 38-40. The marble burying assay was used to evaluate the effect of 7 

ganaxolone on repetitive and perseverative behaviour31, which relates to the autistic-like 8 

characteristics of fragile X patients32. Acute ganaxolone treatment led to a dose-dependent decrease 9 

of the burying behaviour in Fmr1 KO mice, completely correcting the aberrant digging at the 10 

maximum dose tested (10 mg/kg). This effect was specific to Fmr1 KO mice, as behaviour in WT mice 11 

was not affected by ganaxolone treatment. Sensory responses and sensorimotor gating were 12 

examined because they are affected in both fragile X patients and Fmr1 KO mice and could reflect 13 

sensory circuit defects contributing to the behavioural problems33. We observed a significant 14 

increase in PPI in Fmr1 KO mice and a trend toward decreased PPI after ganaxolone treatment. We 15 

did not observe any significant differences in acoustic startle response under the current 16 

experimental conditions, neither between vehicle-treated mice, nor after ganaxolone treatment. 17 

Therefore, changes in PPI were not confounded by baseline changes in acoustic startle response. Our 18 

findings, together with previous observations that ganaxolone completely prevented audiogenic 19 

seizures in Fmr1 KO mice41, show that acute administration of ganaxolone might have beneficial 20 

effects on some behavioural phenotypes in Fmr1 KO mice. Further studies are required to evaluate 21 

the effects of chronic ganaxolone treatment on Fmr1 KO mice. Of note, unlike the classical 22 

benzodiazepines, chronic neurosteroid treatment does not lead to tolerance, which makes them 23 

suitable for long-term use36. 24 

 25 

26 
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CONCLUSION 1 

 2 

In summary, our analyses revealed that Fmr1 KO mice exhibit age- and brain region-3 

dependent changes in GABAA receptor mRNA expression. Moreover, we detected direct interaction 4 

between FMRP and mRNA of the GABAA receptor subunits α1 and δ. Possible functional 5 

consequences of this binding remain to be determined. Additionally, acute treatment with the 6 

synthetic neurosteroid ganaxolone modulates specific behaviours of Fmr1 KO mice. Our results 7 

further encourage the use of this or other subtype-selective modulators as candidate drugs for the 8 

fragile X syndrome.  9 

10 
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MATERIALS AND METHODS 1 

 2 

Mouse models 3 

Housing conditions 4 

All animals were housed in mixed genotype groups of approximately 5 littermates in 5 

standard mouse cages under conventional laboratory conditions (food and water ad libitum, 6 

constant room temperature and humidity, 12:12 h light-dark cycle). All experiments were carried out 7 

in compliance with the European Community Council directive (86/609/EEC) and approved by the 8 

Animal Ethics Committee of the University of Antwerp.  9 

 10 

Fmr1 KO mice 11 

Male Fmr1 knockout (KO) mice and wild-type (WT) littermates were generated by crossing 12 

females heterozygous for the Fmr1 mutation (B6.129P2-Fmr1tm1Cgr backcrossed for more than 20 13 

generations to C57BL/6J) to C57BL/6J WT males (Charles River). Animals of 3 weeks of age were used 14 

for the expression and GABA ELISA experiments. The mice used for the pharmacological testing were 15 

2-3 months of age when the experiments were initiated. Genotypes were determined by PCR on DNA 16 

isolated from tail biopsies42.  17 

 18 

YAC rescue mice  19 

Male WT, Fmr1 KO and Fmr1 KO/YAC (YAC rescue) mice were obtained by backcrossing females 20 

heterozygous for the Fmr1 mutation (B6.129P2-Fmr1tm1Cgr backcrossed for more than 20 generations 21 

to C57BL/6J), to male WT/YAC transgenic mice (C57BL/6J background) (Supplementary Figure S.1.)27. 22 

Animals of 10 weeks old were used for the expression experiments. After DNA isolation from mouse 23 

tails, genotyping was performed as previously described43.  24 

 25 

mRNA Expression experiments in Fmr1 KO mice and in YAC rescue mice 26 

Fmr1 KO (n=10) and WT littermates (n=10) were sacrificed by cervical dislocation at the age 27 

of 3 weeks. Immediately after removing of the brain from the skull, the cerebellum, prefrontal cortex 28 

and hippocampus were isolated. The left and right sample of each anatomical region were separately 29 

snap-frozen in liquid nitrogen and stored at -80°C. One half of the samples was used for real-time 30 

PCR the other half for GABA ELISA (see below). Brain samples were homogenised using the Dispomix 31 

v1.4 homogeniser (Miltenyi Biotec, 130-093-235). Total RNA was then isolated using Trizol 32 

(Invitrogen - Life Technologies, 15596-026) according to the manufacturer’s instructions. After 33 

removal of the remaining gDNA with DNA-Free (Ambion - Life Technologies, AM1906), the quality of 34 
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the RNA samples was assessed with the Experion Automated Gel Electrophoresis System (Biorad, 1 

701-7001). mRNA expression was analysed using a two-step real-time PCR assay. First, cDNA was 2 

obtained by reverse transcription of mRNA with the Transcriptor First Strand cDNA Synthesis kit 3 

(Roche Applied Science, 04379012001). First strand cDNA was subsequently used as a template for 4 

real-time PCR with the qPCR MasterMix Plus for SYBR Green 1 No Rox (Eurogentec, 05-SN2X-03+NR) 5 

and Lightcycler 480 thermocycler and detection platform (Roche Applied Science, 05015278001). We 6 

designed intron-flanking or intron-spanning primers (Integrated DNA technologies), for detection of 7 

GABAA receptor subunits (α1, α2, α3, β1, β2, γ1, γ2 and δ) and GABA metabolism enzymes (Abat, Gad1 8 

and Gad2), to prevent amplification of gDNA (Primer Sequences, Supplementary Table S.1.). The 9 

specificity of the amplification was checked by performing melting curve analysis after PCR 10 

amplification (cycling conditions: 2 min 50°C; 10 min 95°C; 45 cycli with 15 s 95°C and 1 min 60°C; 5 s 11 

95°C; 1 min 65°C; increase to 97°C at 11°C/s; 5 s 40°C). The obtained results were analysed with 12 

qBase Plus software (Biogazelle). This analysis included quality control of the raw data, assessment of 13 

the reference gene stability and calculation of the normalisation factors. More specifically, reference 14 

gene stability was assessed by two parameters; the gene stability value (M<0.5) and coefficient of 15 

variation (CV<25%) (Supplementary Table S.2.). mRNA expression levels were normalised by the 16 

geometric mean of the three most stably expressed reference genes selected from the geNormPlus Kit 17 

with Advanced Reference Genes (Primer Design, ge-SY-12). Then the relative expression (RE) was 18 

calculated, i.e. the ratio of the geometric mean of the normalised expression levels of the Fmr1 KO 19 

animals to that of the WT mice. Fmr1 expression was measured as a control. The real-time PCR 20 

experiments were repeated on a second batch of cDNA obtained from the original mRNA samples 21 

and similar results were obtained (data not shown). Statistical analysis of the quantitative real-time 22 

PCR data was done with the Mann-Whitney U non-parametrical test (IBM SPSS 20).  23 

 24 

The relative residual expression levels of GABAA receptor subunits α1 and δ were determined 25 

in cortical samples of 10-week-old Fmr1 KO/YAC (YAC rescue) (n=8) and Fmr1 KO (n=10) mice as 26 

compared to WT (n=10) as previously described19, using TaqMan probes (Applied biosystems, 27 

Supplementary Table S.3.). A Mann-Whitney U test was used to identify significant differences 28 

between Fmr1 KO or YAC rescue and WT mice, allowing comparison to our initial findings.  29 

 30 

GABA ELISA 31 

GABA-concentrations were determined in the cerebellum (n=10/genotype) and hippocampus 32 

(n=10/genotype) of Fmr1 KO and WT mice at postnatal day 22 using a GABA Research ELISA (LDN, BA 33 

E-2600). Tissue was homogenised in ice-cold Lysis Buffer (20 μl/mg RIPA Lysis and Extraction Buffer, 34 

89900, and 1% Halt Protease Inhibitor Cocktail, 87786; Thermo Fisher Scientific) in the Dispomix v1.4 35 
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homogeniser (Miltenyi Biotec, 130-093-235). Lysates were centrifuged at 10,000 g for 10 min at 4°C. 1 

The supernatant was collected and the protein concentration was determined with the BCA Protein 2 

Assay (Thermo Fisher Scientific, PI-23225). Subsequently, 50 μg of total protein was used for the 3 

ELISA, dilutions were made in 1 mM HCl. The ELISA was performed according to the manufacturer’s 4 

instructions, except for the washing step in the extraction phase (2 x 1 ml I-buffer) and the washing 5 

steps after the incubation with GABA Antiserum and Enzyme Conjugate (4 x 300 μl Wash Buffer). 6 

Statistical analysis was done with the Mann-Whitney U non-parametrical test (IBM SPSS 20). 7 

 8 

Electrophoretic mobility shift assay 9 

Direct protein:RNA binding was studied in electrophoretic mobility shift assays (EMSAs). We 10 

focused on the interaction of FMRP with G-rich sequences in mRNA10, 11. The identification of 11 

putative quadruplex forming G-rich sequences (QGRS) in the 3’ untranslated region (UTR) of the 12 

GABAA receptor α1 and δ subunits was done using the QGRS Mapper2 program 13 

(http://bioinformatics.ramapo.edu/QGRS2/index.php). Q-quadruplexes are secondary RNA 14 

structures that consist of stacks of G-quartets or tetrads, with each quartet containing four guanines 15 

that interact via cyclic Hoogsteen hydrogen bonds2, 44. Based on this in silico analysis, six constructs 16 

were selected: three constructs of GABAA receptor subunits, two positive controls and one negative 17 

(Table 1). The constructs were verified by sequencing and were then linearised using the 18 

manufacturer’s protocol. The appropriate restriction enzymes are shown in Table 1. The linearised 19 

vectors were used as a template for the T7 or T3 polymerase to produce 32P-labelled RNAs in the 20 

presence of 50 μCi of [α-32P] UTP (Perkin Elmer, 3000 Ci/mmol), using the Riboprobe In Vitro 21 

Transcription System (Promega, P1430 and P1440). RNAs were purified using DNA-Free (Ambion - 22 

Life Technologies, AM1906) and Illustra NICK Columns (GE Healthcare, 17-0855-01). 23 

 24 

The EMSAs were carried out using the FMRP C-terminal domain as the protein component 25 

for the assay, constructed and produced as previously described45, 46, and conducted as reported 26 

previously5. Briefly, the reactions were performed in 150 mM KCl, 5 mM MgCl2, 2 mM DTT, 2% 27 

glycerol, 20 mM HEPES pH 7.5 and 500 ng of total yeast tRNA, incubating for 20 min at 25°C. The free 28 

RNAs and protein:RNA complexes were separated by electrophoresis on a 5% native polyacrylamide 29 

gel in 0.5 X Tris-borate-EDTA buffer at 4°C and then analysed by autoradiography. 30 

 31 

Pharmacological testing 32 

Drug 33 

The effects of the GABAA receptor positive allosteric modulator ganaxolone (a generous gift 34 

from Dr. Michael Rogawski, UC Davis, Sacramento, CA, USA) were evaluated in Fmr1 KO mice and WT 35 
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littermates. Mice were randomly assigned to a treatment group and experiments were performed by 1 

a researcher blinded for the genotypes. Ganaxolone (10 mg/kg) or vehicle (22.5% 2-hydroxypropyl-β-2 

cyclodextrin, Sigma-Aldrich, H107) was injected intraperitoneally, 10 min prior to testing. The dose 3 

was selected based on previous experiments in our group 41. The injected volume was 10 ml/kg body 4 

weight.  5 

 6 

Behaviour experiments 7 

The effects of ganaxolone were studied in adult mice using following behavioural assays: 8 

marble burying, open field activity, cage activity, acoustic startle and prepulse inhibition (PPI). In 9 

order to reduce the number of animals, some tests were performed consecutively with an interval of 10 

7-9 days. Figure 5 gives a schematic representation of the test battery. The mice were 2-3 months old 11 

at the start of the experiments. 12 

 13 

Open field activity 14 

Overall exploratory activity and anxiety-related behaviour were evaluated in the open field 15 

during the dark phase of the animals’ activity cycle. Each mouse was placed in a brightly lit 50 cm x 16 

50 cm arena for 10 min. The mice always began in the same corner and were given 1 min to adapt. A 17 

computerised video tracking system (Ethovision, Noldus) recorded the trajectories. Several 18 

parameters were assessed, including the total path length, path length in the periphery surrounding 19 

the centre circle (i.e. total area minus centre circle) and path length in the corners (7 cm x 7 cm), as 20 

well as the number of entries into the centre circle and the corners of the open field. Significant 21 

differences in total distance were assessed using a one-way ANOVA, while statistical analysis of the 22 

other parameters was done using the Kruskall-Wallis test (n=17-21 per group, Figure 5) (IBM SPSS 23 

20). 24 

 25 

Cage activity 26 

 Horizontal ambulatory cage activity was measured over a 1-h period in standard transparent 27 

mouse cages (22.5 cm x 16.7 cm x 14 cm; length x width x height, respectively) during the dark phase 28 

of the animals’ activity cycle. The cages were placed between three infrared sensors (two 29 

perpendicular to and one parallel with the length of the cage) in closed cabinets equipped with 30 

electrical ventilation fans to maintain the optimum temperature and lights to simulate the animals’ 31 

12:12h light-dark cycle. The number of beam interruptions was recorded using a microprocessor 32 

counter interfaced with a computer. The Kruskal-Wallis test was used for statistical analysis of the 33 

total activity count, measured as the number of beam crossings. Two-way repeated-measures 34 
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ANOVA allowed to detect significant differences in genotype x time interaction (n=17-21 per group, 1 

Figure 5) (IBM SPSS 20). 2 

 3 
Marble burying 4 

The marble burying assay was used to assess repetitive and perseverative behaviour 31. 5 

Twenty dark blue glass marbles (13 mm in diameter) were placed in a 4 x 5 matrix on top of 4-5 cm 6 

fresh bedding material (BF1, Bio-services-Ssniff) in a standard mouse cage (22.5 cm x 16.7 cm x 14 7 

cm; length x width x height, respectively) with a filter top lid. Each mouse was allowed to explore the 8 

cage for 30 min. After carefully removing the mice, the number of marbles buried (>2/3 covered by 9 

bedding material) was evaluated. The marble burying test was not included in the series of 10 

consecutive behavioural tests (Figure 1), but was performed separately with a crossover design and a 11 

7 day inter-trial interval in two independent experiments (10 mg/kg ganaxolone versus 0 mg/kg and 12 

5 mg/kg ganaxolone versus 0 mg/kg). Mice were tested between 07.00 a.m. and 11.00 a.m. under 13 

standard lighting conditions. Data were analysed using a two-way ANOVA (with genotype x 14 

treatment interaction) with Tukey post hoc test. A separate independent-samples T-test was used to 15 

compare Fmr1 KO and WT mice at 0 mg/kg dose (n=18-22/group; Figure 5) (IBM SPSS 20). 16 

 17 

Acoustic startle and prepulse inhibition 18 

The sensory response and sensorimotor gating were quantified as acoustic startle response 19 

and PPI of startle as previously described 43 with minor adaptations. Mice were placed in a plexiglas 20 

restrainer mounted upon a motion-sensitive plate within the sound-attenuating acoustic startle box 21 

(Kinder Scientific). They were allowed to habituate for 5 min, in the presence of background noise (65 22 

dB, white noise). Following habituation, the response of the mice was measured in eight different 23 

trial types. During the first trial type no stimulus was presented, which allowed the measurement of 24 

baseline movement. The second trial type consisted of a startle stimulus of 120 dB for 40 ms. In the 25 

other trial types, three different prepulse stimuli (70 dB, 75 dB and 80 dB; for 20 ms) were presented 26 

alone or 100 ms prior to the startle stimulus to assess PPI of the startle response. Each trial type was 27 

presented ten times, once per block of eight trials in a pseudorandom order. The inter-trial interval 28 

was 10 to 20 s. Then, the quality of the data was evaluated. More specifically, we confirmed that the 29 

startle response was significantly different from baseline movement and that the prepulses alone did 30 

not elicit a startle response, in other words that the prepulse response was not significantly different 31 

from the baseline movement. Subsequently, the maximum startle amplitude following each type of 32 

stimulus was recorded, averaged across the ten trials for each mouse and used as a dependent 33 

variable. The percentage of PPI was calculated as 100 - �(response to trials with prepulse and startle 34 

stimulus/response to trials with startle stimulus alone) x 100�. The experiment was performed 35 
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between 1.00 p.m. and 6.00 p.m. Statistical analysis was performed using a one-way ANOVA with 1 

Tukey post hoc test (n=14-23 per group; Figure 5) (IBM SPSS 20). 2 
3 
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Figure legends 1 

Figure 1. Brain region-specific differences in GABAA receptor subunit and enzyme expression 2 
Difference in normalised expression between Fmr1 KO and WT mice in cortex (n=8 and n=8, respectively) and 3 
cerebellum (n=9 and n=7, respectively) at postnatal day 22. (A) GABAA receptor subunit expression. (B) 4 
Enzymes in GABA metabolism. Error bars represent SEM. A Mann-Whitney U test was used to determine the 5 
significant differences between both genotypes (*** p<0.001; **p<0.01, *p<0.05). 6 
         7 
Figure 2. Reduced GABA concentrations in Fmr1 KO homogenates 8 
GABA concentrations (ng/ml) in homogenates of cerebellum (A) and hippocampus (B) of Fmr1 KO (n=10, grey 9 
bars) and WT (n=10, white bars) mice, collected at postnatal day 22. Significant differences were identified with 10 
the Mann-Whitney U test (* p<0.05). 11 
 12 
Figure 3. Correction of α1 and δ mRNA expression in YAC rescue mice  13 
Residual normalised expression of the α1 and δ GABAA receptor subunit mRNAs and Fmr1 mRNA in Fmr1 KO  14 
(n=10) and Fmr1 KO/YAC (n=8; YAC rescue mice) as compared to WT littermates (n=10). All values are 15 
expressed relative to WT levels (100%, white bars), the error bars represent the SEM. A Mann-Whitney U test 16 
was used to identify significant differences (# p=0.052 and *** p<0.001, significantly different from WT). 17 
 18 
Figure 4. The C-terminal domain of FMRP is able to specifically interact with mRNA from the indicated 19 
subunits of the GABAA receptor  20 
In each electrophoretic mobility shift assay (EMSA), 32P-labelled mRNA-fragments were incubated alone (lane 21 
1), in the presence of BSA (lane 2) or in the presence of the C-terminal (CT) domain of FMRP (lane 3). Direct 22 
interaction of the labelled mRNA with FMRP causes a shifted band in the third line (lane A3, B3, C3, D3 and E3) 23 
since the protein:RNA complexes migrate more slowly on the polyacrylamide gel. Known targets of FMRP were 24 
used as positive controls, PSD-95 3’UTR-fragment 5 (D) 5 and fragment N19 of FMR1 (E) 11. (F) PSD-95 3’UTR-25 
fragment 1 5 was used a negative control. Unbound RNA-fragments ([) and protein:RNA complexes (*) are 26 
indicated.  27 

 28 
Figure 5. Ganaxolone modulates behaviour in Fmr1 KO mice 29 
(A) Ganaxolone has a dose-dependent effect on marble burying behaviour in Fmr1 KO mice. Vehicle (0 mg/kg 30 
body weight) or ganaxolone (5 mg/kg and 10 mg/kg) were administered to Fmr1 KO mice (grey bars) and WT 31 
littermates (white bars). The bars indicate the mean number of marbles buried, the error bars represent the 32 
SEM. Two-way ANOVA indicates a significant treatment x genotype interaction (F(1,121)=3.149, p=0.046). Post-33 
hoc Tukey analysis revealed a significant difference between the 0 mg/kg and 10 mg/kg treatment groups 34 
(p=0.022). Zero dose groups were compared using an Independent samples T-test (p=0.001). ** p<0.01, 35 
*p<0.05. n=18-22/group. (B) The acoustic startle response (N) of Fmr1 KO (grey) and WT (white) mice to a  36 
120 dB stimulus is unaffected by ganaxolone treatment. (C) Three different prepulse intensities were evaluated 37 
as shown on the x-axis. Prepulse inhibition (PPI%) is increased in vehicle (VEH)-treated Fmr1 KO compared to 38 
vehicle-treated WT mice. Ganaxolone (GAN) treatment (10 mg/kg, i.p.) has an intermediary effect on PPI in 39 
Fmr1 KO mice. One-way ANOVA with Tukey post hoc analysis (n: 14-23, * p<0.05). 40 
 41 
Figure 6. Schematic representation of test battery  42 
(A) Overview of the behavioural assays and the number of animals in each experimental group. (B) Scheme of 43 
the order in which the behavioural assays were performed in group 1: marble burying (MB1); marble burying 44 
crossover (MB crossover); and group 2: reverse day/night cycle (D/N), open field (OF), cage activity (Act), 45 
reverse day/night cycle (D/N), acoustic startle response (ASR) and prepulse inhibition (PPI), as indicated above 46 
the horizontal arrows. The horizontal arrow is coloured black when the animals are in a reversed day/night 47 
cycle. The inter-trial interval is indicated below the horizontal arrows and the age of the animals is indicated on 48 
the bottom line. 49 
  50 
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Table 1. cDNA constructs used in the EMSAs 1 

 2 

3 

Constructs Vector Linearisation Reference 
GABAA receptor  subunits    
δ full-length (�1.8 kb) pPCR script EagI This paper 
δ 3’UTR (bp 1-437 bp) pTOPO4 SpeI 
α1 3’UTR G-rich (601 bp) pPCR script EagI 
Positive controls    
PSD-95 3’ UTR-fragment 5 (bp 593-835) pGEMT-easy SpeI 5 
FMR1-N19 (bp 1470-1896) pTL1 derived PstI 11  
Negative control    
PSD-95 3’UTR-fragment 1 (bp 1-153) pGEMT-easy SpeI 5 
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SUPPLEMENTARY MATERIAL 1 

Supplementary Figures 2 
Supplementary Figure S.1. YAC genetic rescue strategy.  3 
Male WT, Fmr1 KO and Fmr1 KO/YAC (or YAC rescue) mice were obtained by crossing females heterozygous for 4 
the Fmr1 mutation (Fmr1 +/-), to male WT/YAC transgenic mice 27. + and – indicate presence or absence of the 5 
Fmr1 mutation or YAC transgene. Y represents the Y chromosome. 6 
 7 
Supplementary Figure S.2. In silico identification of quadruplex forming G-rich sequences in the 3’UTR of 8 
GABAA receptor α1 and δ subunit mRNA.  9 
Putative quadruplex forming G-rich sequences (QGRS) were identified using an in silico tool 10 
(http://bioinformatics.ramapo.edu/QGRS2/index.php) and are indicated in grey background. The G-rich part of 11 
the GABAA receptor α1 3’UTR is indicated with a grey box.  12 

 13 
Supplementary Figure S.3. Ganaxolone modulates explorative behaviour in the open field 14 
Vehicle (0 mg/kg body weight, VEH) or ganaxolone (10 mg/kg, GAN) was administered to Fmr1 KO mice (grey 15 
bars) and WT littermates (white bars). Significant differences between the groups were detected in (A) the total 16 
distance travelled in the open field (p=0.003, one-way ANOVA; post-hoc Bonferroni t-test), (B) the distance 17 
travelled in the periphery (p=0.008, Kruskal-Wallis; post-hoc Dunn’s test), (C) the distance travelled in the 18 
corners (p=0.008, Kruskal-Wallis; post-hoc Dunn’s test), (D) the duration in the corners (p=0.035, Kruskal-19 
Wallis; post-hoc Dunn’s test). Overall, ganaxolone treatment did not have a significant effect on explorative 20 
behaviour in Fmr1 KO and WT mice. No significant differences were observed for the other parameters (i.e. 21 
number of entries in the centre circle and number of entries in the corners, data not shown). ** p<0.01; 22 
*p<0.05. n=17-21/group. 23 
 24 
Supplementary Figure S.4. Ganaxolone does not affect overall cage activity 25 
Vehicle (0 mg/kg body weight) or ganaxolone (10 mg/kg) was administered to Fmr1 KO mice (A and B, 26 
respectively) and WT littermates (C and D, respectively). No significant differences were found in total activity 27 
counts (p=0.768, Kruskal-Wallis), nor during the first 30 min (p=0.497, Kruskal-Wallis), nor during the last 30 28 
min (p=0.718, Kruskal-Wallis test). Analysis of the activity pattern indicates a significant decline in activity over 29 
time (effect group p=0.739, effect time p<0.001; effect group x time p=0.073, two-Way repeated-measures 30 
ANOVA). Error bars indicate SEM. n=17-21 /group. 31 

32 
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Supplementary Tables 1 
 2 
Supplementary Table S.1. Primer sequences used in quantitative real-time PCR experiments with SYBR Green 3 
Gene F-primer (5’ � 3’) R-primer (5’ � 3’) 
Gabra1 (α1) GCCCTCCCAAGATGAACTTA CTCTCCCAAACCTGGTCTCA 
Gabra2 (α2) ACCATGAGGCTTACAGTCCA TTTCAGTGGGCATGAATGAG 
Gabra3 (α3) GATCTCACAGGTCTCTTCAAGTTGC ACAACTCTGGTCACATAAAAGTGC 
Gabrb1 (β1) GAGTTCACAACAGGGGCATA GACACCCAGGACAGGATTGT 
Gabrb2 (β2) GTGTCAATGACCCTAGTAATATGTCG TCTGGTCTCAGACGAATGTCA 
Gabrd (δ) GGAGGTGCTCCTGTGAATGT GGTGTATTCCATGTTTGCCTCT 
Gabrg1 (γ1) CCCTGGGTATCACTACGGTTT AGAGATCCATTGCTGTCACG 
Gabrg2 (γ2) AGTGAAGACAACTTCTGGTGAC GACAGTAGTGATTCCTAAAGATG 
Abat (GABA-T) CTCGTTCAACAGCCTCAGAA GACTCCTGGAGCTTGTCCAC 
Gad2 (Gad65) AACCAGTCTGCTGCTAATCCA GCAATTAAAACAGGGCATCC 
Gad1 (Gad67) GGTGGAGCGATCAAATGTCT GCACAGAGACCGACTTCTCC 
Fmr1 CCGAACAGATAATCGTCCACG ACGCTGTCTGGCTTTTCCTTC 
 4 
Supplementary Table S.2. Reference gene stability in Fmr1 KO experiments 5 

Brain region Reference gene CVA M (geNorm)B 
Cortex Ap3d1 0.142 0.327 

 Cdc40 0.096 0.249 
 Zfp91 0.092 0.239 
 Mean 0.110 0.271 

Cerebellum Ap3d1 0.048 0.135 
 Cdc40 0.059 0.146 
 Gapdh 0.074 0.168 
 Mean 0.061 0.150 

A The coefficient of variation (CV) represents the variation of the normalised relative quantities of a reference 6 
gene across all samples. CV should be lower than 0.25 for stable reference genes. 7 

B M is a value for the gene expression stability and should be lower than 0.5 for stable reference genes).  8 
 9 

10 
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Supplementary Table S.3. Assays on demand real-time PCR YAC 1 
 2 
Gene Assay ID 
Reference genes  
     Gapdh Mm99999915_g1 
     Hprt Mm00446968_m1 
     Hmbs Mm006660262_g1 
Genes of interest  
     Gabra1 (α1) Mm00439040_m1 
     Gabra2 (α2) Mm00433435_m1 
     Gabra3 (α3) Mm00433440_m1 
     Gabra4 (α4) Mm00802631_m1 
     Gabrb1 (β1) Mm00433461_m1 
     Gabrb1 (β2) Mm00433467_m1 
     Gabrd (δ) Mm00433476_m1 
     Gabrg1 (γ1) Mm00439047_m1 
     Gabrg2 (γ2) Mm00433489_m1 
     Gad1*  Mm00725661_s1 
     Slc6a1* Mm00618601_m1 
     Slc6a11* Mm00556476_m1 
     Aldh5a1* Mm00553115_m1 
    Gphn* Mm00556895_m1 
Controls  
     Map1b Mm00485261_m1 
     Fmr1 Mm00484415_m1 
*Aldh5a1 (Ssadh), Gad1 (GAD67), Gphn (gephyrin), Slc6A1 (GAT1), Slc6a11 (GAT4) 3 
 4 
Supplementary Table S.4. Reference gene stability in YAC rescue experiments 5 

Reference gene CVA M (geNorm)B 
Gapdh 4.52 0.128 
Hprt 4.36 0.128 

Mean 4.44 0.128 
 6 
A The coefficient of variation (CV) represents the variation of the normalised relative quantities of a reference 7 

gene across all samples. CV should be lower than 0.25 for stable reference genes. 8 
B M is a value for the gene expression stability and should be lower than 0.5 for stable reference genes.  9 
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Figure 1. Brain region-specific differences in GABAA receptor subunit and enzyme expression 
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Figure 2. Reduced GABA concentrations in Fmr1 KO homogenates 
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Figure 3. Correction of α1 and δ mRNA expression in YAC rescue mice  
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Figure 4. The C-terminal domain of FMRP is able to specifically interact with mRNA from the indicated 
subunits of the GABAA receptor  
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Figure 5. Ganaxolone modulates behaviour in Fmr1 KO mice 
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Figure 6. Schematic representation of test battery  

 



♀ Fmr1 +/- x ♂ WT/YAC 

            � 

♂ Offspring 

 Fmr1 YAC transgene 
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Fmr1 KO -/Y - 
WT/YAC +/Y + 
Fmr1 KO/YAC  -/Y + 
 
Supplementary Figure S.1. YAC genetic rescue strategy.  

 



Gabrd_Mm_3UTR (437bp):  
CGGCAGTGTGTGCACCAGGTGATGGCTGTACACATACCACGTGAGGTGGTTGCCACAAACTCCTGGAGGCC
CTCTCCATGGGTCCCAAAATGGGACAGAGAGGAGGCTCGGCTTCTTGGGCTTTACCTCAACTTTGCTCTAAA
GACGAGCCTGCACTTCTTGTAGATGGAACAGGATGGGCTTTGCATAGAGGGTCATAGCTGGCCTGACCCTG
AAGTTGAGCCTAGTGCTGCTGGGCCCTTGGGAGCTGTGAAGTTTTAGACCCACATCAGGATGGTCCTGATTT
CTAGGCCTTTTCTCTGTGGGATCAGGATCAGAGAGAAAAACAAGTGGGGGTGGATGACCACTCTCACGGTG
ACCTGGAGGAGAAGGGCATTGCGAGGCCTCTTTGGTCCCAGCATGAAATAAAGCCTTGACCTGGCAAAAAA
AAAAAAAAA 
 

Gabra1_Mm_3UTR ( 2 kb) 
3UTR_Grich: (601 bp) 

AGAATTTGAAGGTTTCCTTATTCCATATTTCATACAAGAACAAGAGACCCCTGTCTGACAGTCCAGAGCAGA
GCAGAGTATTCAGCTCAGGGACAGGATTCTGAGAGGAAGCCAGGGAGCAAAAGCATGTCAGACGGAGATA
GACAAGAGGAAGAGAGAGGGTAAGAAGGTCCAAAGATAGGAGAAAAAGTAGAAAAAACCAGAGCTTAAC
TGTAACCACAGAGTCATTTGTAGATATATATTTCCAAATATTCTAAAAAAATATATACGTCAAAAATATTTTTG
TGTGAAAGTGTTTAAAAGGGCAAATAACAAATGTTTAATGAACTTTAAACCTATGTCTTTATTGCACAAATGA
TATAGTGTGCTTATGTTTTTATTCGTCAATGTTGAAGCTGATATATAGATTTAATGTTTTGTTTGTCAAATTAA
AAATTCCCTAGGCTTTCTCTTTTTAAATTTCACTATGTAATATTTTGTTGTTAAATGCTATTTTAGAATGTAAGA
AAGCCTACAAATAGGGCAAGGTGGGGCTATCACTGTAGCATTCTGAATCCAGTGTGGGGGAAACCCTTTCA
ATGGGCTACACTGCTGTCATCTG 
 
AACTTTTCCAGTAGACTCTATAGAGATCAGCCAGCCTAACACAGATGTTTACTTGATAGAATCTGAAATAAAT
AAAAGAATGGAATAATTTAAAAACTATCCTTTTTACTCTTATTCCCAGATAGCCCATTCACCCAAGAATTCTCT
ATTCTTATGATGAAGATGTTTCAGAGGGGCAAATCTATTTTGCAAGCTCTAGAATTGTTGAATGTATTCTTTTA
TATAACTACATCAAAAGCTTTAGATTGAAATTTATGACTAGCCAACAAAAAATAGAATATATAAATTATATAT
GTAAATATTCAGCATGAGATTGTACATTTAATTTTTTTTTAAGTTATGTTCTTAAATATCATGAGGGATCTCCA
CTTTTAGCGTTAGATGTTGTTAAATGCTATGGAAATACATTTAGAGCCTGCATTTAAGAAAGAACAGCCTGTA
GGAGACAGATGCCACTTAAAACATATTGAGTATGAAATTCAATTATACCGAAACTCTCATAACTTCACTGCTG
CCCTGTGTTCAATAGTAGATCAGTTGCTATCTGCTCGAATTATGTCATACCATATTTTCCTTTTTAGGCTATTGT
GATAAAGAGAAAAAATAGGGAAGAGTAGTTGGAGCTAGAAAACCAACTGTAATTATTTCTCTATTTGCTGAT
ACCAACTATTTCAATAAGTGCTGTACCATATGTAGCATCTAATATAAATACATGAAAGAATGTACAGGAACTA
GCTTTTATTGAGTAATATTATTACAGTTCATTTATACTGCAGCAATATATTTGTAGGTATACTATGTAAGGGCT
TTAAATAAAAGAGGTCCATTAATATTCCTTATAAAAAATTCTAGCCTTTCATTATTGCCCAGATGTTTTAGAAG
TAAATATTTATGAAGAAGGTATTTTTGAAGTCTCCTTTTGTCTGATAGATTTTCACAGATATTTAACATTAGTT
CAGAATCCACGGATCATGGTCTAATCACATTTATAAGACCATGATATAAGCCTTTTAGCATAATGGCCAAATA
AGACAATTAGAATCCATACCTGAGTTTTGAGCAATGTTATTCTCAAAAAGCTGCTATCCAATGATGTTGGAAA
ACACACTGCCTGTGTTTCCCTAAAACGACAAATCTCTGGTTTCATCTTAAATGTGCTTCATTGTTTGATTTGGT
CCTGCCTAAATTTCATGAGCTATGCCAAAAAAAAAAAAAAAAAATGGCTGAACAAAGGACATTTCATGTATA
GATATGTATAGAAAATAAAATAAATTATGGCTCTAACATC 

 
Supplementary Figure S.2. In silico identification of quadruplex forming G-rich sequences in the 3’UTR of 
GABAA receptor α1 and δ subunit mRNA.  
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Supplementary Figure S.3. Ganaxolone modulates explorative behaviour in the open field 
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Supplementary Figure S.4. Ganaxolone does not affect overall cage activity 
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