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Abstract

Autism Spectrum Disorders (ASDs) are neurodevelopmental syndromes characterised by 

repetitive behaviours and restricted interests, impairments in social behavior and relations, and in 

language and communication. These symptoms are also observed in a number of developmental 

disorders of known origin, including Fragile X Syndrome, Rett syndrome, and Fetal 

Anticonvulsant Syndrome. While these conditions have diverse etiologies, and poorly understood 

pathologies, emerging evidence suggests that they may all be linked to dysfunction in particular 

aspects of GABAergic inhibitory signalling in the brain. We review evidence from genetics, 

molecular neurobiology and systems neuroscience relating to the role of GABA in these 

conditions. We conclude by discussing how these deficits may relate to the specific symptoms 

observed.
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1. Introduction

Autism spectrum disorders (ASDs) are a group of common neurodevelopmental syndromes. 

ASDs are diagnosed on the basis of qualitative behavioral abnormalities in three domains: 
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social interaction, language and communication, and repetitive or restricted interests or 

behaviors (American Psychiatric Association, 2000).

ASD symptoms are also observed in a number of neurodevelopmental disorders of known 

etiology, including Fragile X syndrome, Rett syndrome, and Fetal Anticonvulsant 

Syndrome. While these disorders have very different underlying etiologies, their 

overlapping symptom profiles suggest that they may share a final common neurobiological 

pathway, which may also be present in idiopathic ASDs. However, the nature of this 

pathophysiology remains unclear.

Emerging evidence suggests that this pathway critically involves impairments in particular 

aspects of inhibitory gamma-aminobutyric acid (GABA) neurotransmission. In this paper, 

we review the evidence of abnormalities in GABAergic neurons and synapses in 

neurodevelopmental disorders characterised by a shared symptomatology of ASD 

symptoms. A number of previous reviews have discussed selected aspects of this topic in 

detail, such as the evidence from molecular neurobiology and animal models (D’Hulst and 

Kooy, 2007; Pizzarelli and Cherubini, 2011; Rossignol, 2011; Sgado et al., 2011). However, 

few authors have attempted to integrate this literature with the evidence from studies of 

human patients. The question of the mechanisms by which the hypothesized GABA deficits 

give rise to the characteristic symptoms of these disorders in humans, has likewise rarely 

been raised.

In this paper, we begin by presenting a concise overview of the neurobiology of the human 

GABA system. See Figure 1 for a graphical overview of the main components of this 

system. We then examine the evidence relating to the hypothesis that ASD and related 

disorders are characterised by particular abnormalities in this system. We conclude by 

discussing how these abnormalities might relate to the particular clinical features seen in 

these syndromes.

2. The GABA System

2.1. GABA Metabolism, Release and Reuptake

GABA (gamma-aminobutyric acid) is the primary inhibitory neurotransmitter in the adult 

human brain. An amino acid transmitter, GABA is synthesised from the excitatory 

neurotransmitter glutamate via the action of glutamate decarboxylase (GAD) enzymes, of 

which there are two main isoforms, GAD65 and GAD67.

Release of synaptic GABA depends upon the loading of GABA into synaptic vesicles, 

which is performed by the vesicular inhibitory amino acid transporter (VIAAT) (Gasnier, 

2004). Following release, reuptake of extracellular GABA into the presynaptic interneurons 

is performed by the GABA transporter GAT1, and to a lesser extent by the related GAT2 

and GAT3 transporters (Madsen et al., 2009). Glial cells, such as astrocytes, are also 

involved in GABA reuptake that escapes the synapse and this is primarily via GAT3 

(Madsen et al., 2009). Following reuptake the breakdown of GABA into glutamate is 

performed by GABA transaminase (GABA-T) (Madsen et al., 2008).
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In the central nervous system, GABA is produced and released by inhibitory interneurons. 

These are cells of typically small dimensions and small projection fields, although small 

populations of longer range GABA projections have been reported in the cortex (Tamamaki 

and Tomioka, 2010). GABAergic interneurons are diverse, and can be differentiated on the 

basis of either their cytoarchitecture (basket, chandelier, stellate, and others) or their 

molecular properties (parvalbumin-expressing (PV+), calretinin+, calbindin+, and others). 

These subtypes have distinct electrophysiological and functional properties (De Marco 

Garcia et al., 2011; Fu et al., 2011). In addition, the cerebellum contains a distinct set of 

GABAergic cells, including the very large Purkinje cells (Bailey et al., 1998) and others.

In addition to those proteins involved in GABA synthesis, release and breakdown, as 

discussed above, many other molecules play a role in the formation and stabilization of 

GABAergic synapses, and numerous transcription factors exert indirect effects on GABA 

function through the regulation of gene expression, receptor trafficking, and downstream 

signalling pathways (Luscher et al., 2011). The GABA system is therefore vulnerable to 

genetic perturbation, even if the mutation in question does not directly relate to GABA.

2.2. GABA Receptors

GABA acts on two main classes of membrane-bound receptors - ionotropic GABAA 

receptors, which are ligand-gated chloride channels, and metabotropic GABAB receptors.

The GABAA receptor is composed of five subunits arranged around a central pore (Nutt and 

Malizia, 2001), derived from a family of different genes which generates a large degree of 

receptor diversity, with different combinations of subunits giving rise to receptors with 

specific properties. GABA binding to the GABAA receptor enhances conductance through 

the receptor ionophore, which conducts anions, particularly chloride and bicarbonate. The 

resultant increase of these negatively charged ions within the cell hyperpolarizes the 

membrane resting potential, thus leading to the inhibition of cell firing under most 

physiological conditions.

The generation of transgenic mice with point mutations of the benzodiazepine binding site 

on specific subunits has highlighted the significance of the individual α subunit subtypes in 

the actions of the benzodiazepines (Rudolph and Mohler, 2004). The α1 subunit receptors 

appear to be responsible for sedative effects of positive allosteric modulators of the GABAA 

system, such as diazepam, α2 and α3 receptors for anxiolytic effects (Low et al., 2000; 

McKernan et al., 2000; Mohler, 2006; Rudolph et al., 1999) and α5 receptors for cognitive 

and memory deficits (Collinson et al., 2006; Crestani et al., 2002). The α1, α 2, and α 3 

subtypes are located in synaptic processes, whereas the α5 subtype is located 

extrasynaptically, where they regulate tonic inhibition along with another receptor type that 

contains the α4 and δ subunits.

By contrast, GABAB receptors are involved with second messenger systems through the 

binding and inhibition of guanine nucleotide-binding proteins (G proteins) (Bettler et al., 

2004). These were first observed on presynaptic terminals, where they influence transmitter 

release by curbing neuronal calcium (Ca2+) conductance, but were subsequently also found 

on postsynaptic neurons where their activation can result in both increased conduction and 
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neuronal hyperpolarisation (Bowery et al., 2002). The GABAB receptor comprises a 

homodimer with similar subunits, designated 1 and 2- t (Bowery et al., 2002).

Although GABA is an inhibitory transmitter in the adult brain, it is believed to act as an 

excitatory (depolarizing) neurotransmitter during neurodevelopment (Sibilla and Ballerini, 

2009) and in adults under under certain pathological conditions (Beaumont and Maccaferri, 

2011). GABAergic interneurons mature relatively late, with the migration and 

differentiation of these cells occurring during late gestation and into early infancy in humans 

(Xu et al., 2011).

Some of the subunits of the GABAA receptor system appear to have functional roles in 

neurodevelopment. For instance, in rodents, α1 subunit containing receptors play a key role 

in defining the critical period for plasticity in the developing visual cortex (Fagiolini et al., 

2004).

2.3. GABA In Neuropsychiatric Disorders

GABAergic dysfunction has been implicated in anxiety (Durant et al., 2011), epilepsy 

(Macdonald et al., 2010) and learning impairment, amongst other conditions. A detailed 

discussion of this topic is outside the scope of this paper, however. Drugs which either act a 

direct agonists at the GABAA receptor, or those which act as positive allosteric modulators, 

for example, benzodiazepines, have hypnotic, anxiolytic, anticonvulsant, and sedative 

effects. These effects are, to some degree, fractionable, with subunit-specific drugs having 

more selective effects (Rowlett et al., 2005).

Other anticonvulsant drugs with anti-anxiety effects act by indirectly increasing GABAA 

transmission by promoting the synthesis of GABA or inhibiting its reuptake or breakdown 

(Madsen et al., 2009). These include vigabatrin, which blocks GABA catabolism by 

inhibition of GABA-transaminase, and tiagabine, which blocks the reuptake of GABA. 

Conversely, drugs which either antagonize the GABAA receptor (Fernandez et al., 2007) or 

inhibit GABA synthesis (Horton and Meldrum, 1973) cause central nervous system 

stimulation, anxiety and, in high doses, seizures. This is of interest given the high 

comorbidity of both epilepsy and anxiety disorders in ASD (see Section 3.1).

3. Autism Spectrum Disorders

3.1. Clinical Features

Autism spectrum disorders (ASD) are a group of neurodevelopmental disorders, with a 

population prevalence of approximately 0.5-1.5% (Baron-Cohen et al., 2009; Brugha et al., 

2011; Fountain et al., 2010). ASDs are more common in males than in females, with a 

gender ratio of approximately 4:1 (Baron-Cohen et al., 2009).

ASDs are characterised by a triad of impairments in three domains: social interaction, 

language and communication, and repetitive and restricted interests and behaviors (Rutter, 

1978). For a diagnosis of ASD to be made, these symptoms must be present from before the 

age of 36 months (World Health Organization, 1993).
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Individuals with an ASD may also have an intellectual disability. However, at least 25% of 

cases show normal or superior intellectual function – at least in some elements (Rutter, 

1983). ASDs are described as a spectrum of disorders because the severity of these 

symptoms, and the associated functional impairment, vary between individuals. The terms 

“autism” and “childhood autism” refers specifically to cases characterised by delays in the 

acquisition of expressive language. “Asperger’s Syndrome” is used to describe cases with 

normal language development and no intellectual disability. Finally “Atypical Autism” and 

“Pervasive Developmental Disorder – Not Otherwise Specified” are terms used in 

individuals who show many, but not all, of the symptoms required for a diagnosis of autism 

or Asperger’s Syndrome (American Psychiatric Association, 2000).

Epilepsy is observed in up to 25% of people with an ASD (Amiet et al., 2008; Bolton et al., 

2011), a high rate when compared with a population prevalence of less than 1%. Epilepsy in 

ASD is correlated with having a low IQ, and with more severe symptoms, and is also more 

common in females (Bolton et al., 2011). The age of onset of seizures varies from infancy 

through to early adulthood, with a peak in childhood at age 5-10 (Bolton et al., 2011). Given 

the close involvement of GABA dysfunction in epilepsy (see above), this is suggestive 

evidence for the presence of a GABA system deficit in ASD, in at least some cases.

3.2. Etiology

ASDs are highly heritable, with estimates of heritability ranging from about 0.5 to 0.9 

(Freitag et al., 2010; Ronald and Hoekstra, 2011). However, most cases of ASD are 

idiopathic i.e. not associated with a discernable genetic or environmental cause. This stands 

in contrast to the syndromes discussed below, such as Fragile X Syndrome (Section 4) and 

Rett Syndrome (Section 5), that are known to be caused by a single gene mutation.

It is likely that the etiology of idiopathic ASDs involves complex interactions between 

heritable and environmental factors. Heritable changes that influence gene expression can be 

attributed to DNA sequence variation as well as epigenetic modifications (including DNA 

methylation, post-translational modifications of histone proteins, and RNA-based silencing), 

and certain heritable genetic factors have been associated with abnormalities in GABA, 

which in turn have been linked with epigenetic findings. While the literature on genetic 

studies of neurodevelopmental disorders is extensive, findings from epigenetic studies are 

still in their infancy, but are showing promising initial findings (Grafodatskaya et al.; James 

et al., 2004; James et al.; Schanen, 2006; Williams et al., 2001).

Large genome-wide studies have implicated a number of single-nucleotide polymorphisms 

(SNPs) (Weiss et al., 2009) and chromosomal linkage regions (Weiss et al., 2009) in the 

causality of ASDs. However, thus far, known SNPs only account for a small proportion of 

the risk for ASD. This suggests that ASDs are genetically heterogeneous with no single 

variant accounting for a large proportion of cases.

Emerging evidence suggests, however, that many cases of ASD are caused by 

microdeletions or microduplications, collectively known as copy-number variations (CNVs). 

CNVs are submicroscopic chromosomal abnormalities ranging in size from a few bases up 

to about 500 kilobases (Feuk et al., 2006). Whole-genome CNV scans have only been in 
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widespread use for less than 5 years, yet they have revealed candidate loci for ASD 

(Christian et al., 2008; Schaaf and Zoghbi, 2011; Sebat et al., 2007) as well as other 

neuropsychiatric disorders (Guilmatre et al., 2009; International Schizophrenia Consortium, 

2008).

3.3. ASD and GABA

3.3.1. Genetics—One of the most commonly reported chromosomal loci where 

microdeletion / microduplication CNVs have been observed in ASD is the chromosome 

15q11-q13 region. This site contains a number of genes coding for particular subunits of the 

GABAA receptor, namely GABRB3, GABRA5 and GABRG3, encoding for the β3, α5, and 

γ3 subunits, respectively.

Deletions spanning this region result in either Angelman’s syndrome (AS) or Prader-Willi 

Syndrome (PWS). Deletions affecting the maternally inherited copy of this region cause AS, 

while paternal deletions cause PWS - an example of genomic imprinting (Knoll et al., 1989).

By contrast, duplications of the 15q11-13 locus have been observed in patients with ASD in 

numerous studies (Buxbaum et al., 2002; Cook et al., 1998; McCauley et al., 2004; Menold 

et al., 2001; Sebat et al., 2007; Shao et al., 2003). Maternally derived duplications 

predominate, suggesting genomic imprinting, just as in the case of deletions. The prevalence 

of 15q11-13 duplications in the population of individuals with idiopathic ASD has been 

estimated at 0.5-3%, although not everyone with the duplication meets criteria for ASD 

(Bolton et al., 2001). Epilepsy, suggestive of an inhibitory signalling deficit, is also common 

in 15q11-13 duplication (Simon et al., 2009).

It might seem that duplication of a region containing GABA receptor subunits ought to lead 

to excessive inhibitory neurotransmission. However, in vitro studies of a human neuronal 

cell line carrying a maternal 15q duplication showed that this variant leads to reduced 

GABRB3 expression via impaired homologous pairing (Meguro-Horike et al., 2011), and 

may also affect cell migration and maturation Furthermore, a mutation in the GABRB3 gene 

was associated with a 3- to 6-fold increased risk of ASD (with epilepsy in some cases), 

especially when maternally inherited (Delahanty et al., 2009). Other GABAA subunit 

variants, including GABRA4 and GABRB1, have also been linked to ASD (Ma et al., 2005)

Further, although the majority of cases of idiopathic autism do not carry mutations at this 

locus, abnormal expression of proteins encoded by 15q11-13 genes have also been reported 

in autism. In the normal human brain, GABRB3, GABRA5 and GABRG3 are biallelically 

expressed. However, Hogart et al (2007) reported that in four out of eight cases of idiopathic 

ASD, the maternal copies of these genes predominated, and levels of these proteins, 

especially GABRB3, were reduced (Hogart et al., 2007). This suggests that the 15q11-13 

locus is commonly implicated in autism and that it can be disrupted, either directly by 

mutation, or indirectly, perhaps by epigenetic factors.

As discussed in the introduction, GABAergic dysfunction could also be a downstream 

consequence of mutations in genes not directly involved in GABA transmission because the 

proper development and function of GABA synapses relies on numerous signalling and 
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scaffolding proteins. Several putative ASD mutations disrupt genes known to be involved in 

synaptic formation and signalling, and have been shown in mouse models to have a specific 

effect on inhibitory signalling. For example, deletions of contactin-associated protein 2 

(CNTNAP2) have been linked to autism (Gregor et al., 2011; Nord et al., 2011; Stephan, 

2008) and common variants are associated with communication and language difficulties 

(Stein et al., 2011; Whitehouse et al., 2011). This gene encodes a protein in the neurexin 

family of cell adhesion molecules required for neural development. In mice, CNTNAP2 

deficiency leads to specific deficits in inhibitory signalling with reduced expression of 

GAD1 and of parvalbumin+ inhibitory interneurons (Penagarikano et al., 2011).

Similar findings were observed in mice lacking another ASD candidate gene, CADPS2 

(Sadakata et al., 2007) – reduced cortical parvalbumin+ GABA interneurons, as well as 

cerebellar Purkinje cells. Likewise, mice lacking the murine version of PLAUR, another 

gene mutated in some ASD individuals, show epilepsy, anxiety and impaired social 

behaviors, as well as reduced GABAergic interneurons in regions of the cortex, and altered 

GABAA expression (Eagleson et al., 2011). This led some authors to propose a “common 

circuit defect of excitatory-inhibitory balance in mouse models of autism”(Gogolla et al., 

2009).

Most recently, whole-exome sequencing of idiopathic ASD cases has revealed an over-

representation of deleterious de novo single nucleotide variants impacting known genes in 

ASD (Iossifov and al., 2012; Neale et al., 2012; O’Roak et al., 2012; Sanders et al., 2012). 

However, these variants were widely distributed over the genome rather than being 

associated with particular genes. Although the functional impact of these diverse de novo 

variants remains to be determined, and is probably different in each case, it is interesting that 

affected genes were over-represented among Fragile X Mental Retardation Protein (FMRP) 

interaction partners (Iossifov and al., 2012). Because FMRP knockout is known to create an 

inhibitory signalling defect in mice (see Section 4) it is plausible that mutations may cause 

ASD if they (directly or indirectly) impact inhibitory signalling. However, this is speculative 

and much more work is needed.

3.3.2. Gene Expression—The previous section discussed evidence for an association 

between mutations affecting GABA gene function and ASD. Other studies have reported 

reduced expression of GABAergic genes and reduced density of GABA-related proteins in 

postmortem brain samples from individuals with an ASD.

GAD65 and GAD67 proteins have been reported as reduced in the cerebellum and parietal 

cortex (Fatemi et al., 2002), while GAD67 messenger RNA (mRNA) was reduced in 

cerebellar Purkinje cells (Yip et al., 2007), indicating reduced expression of this gene. In the 

hippocampus (Blatt et al., 2001) and anterior and posterior cingulate cortices, GABAA 

receptor binding was reduced (Oblak et al., 2009; Oblak et al., 2010). Recent studies showed 

reduced GABRB3 expression in the cingulate cortex (Thanseem et al., 2011) and the 

cerebellar vermis (Fatemi et al., 2011) in ASD, consistent with the genetic evidence for the 

involvement of this gene in ASD, as discussed in Section 3.3.1.
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By contrast, increased expression of the excitatory glutamate receptor AMPA, and of 

glutamate transporter proteins were found, most notably in the cerebellum (Purcell et al., 

2001). Pilot evidence points to an association between the GAD65 gene and ASD (Johnston 

et al., 2008)

Several post mortem studies have also reported decreases in the number of the large 

GABAergic Purkinje cells in the cerebellar cortex. A 2004 review found that 21 out of 29 

ASD specimens examined showed this reduction (Palmen et al., 2004), although a 

subsequent study showed abnormalities in only 3 of 6 (Whitney et al., 2008).

The studies discussed above focussed on particular genes, but a recent post mortem study 

used transciptomic analysis to discover abnormalities in the expression of genes across the 

genome in the autistic brain. This study provides strong convergent evidence for an 

inhibitory deficit. In two separate samples, they found reduced cortical expression of mRNA 

in M12, a cluster of genes including CNTNAP2, which is highly expressed in parvalbumin+ 

GABA interneurons (Voineagu and al., 2011). Interestingly, one of the ASD subjects in this 

study was found to carry a 15q11-13 duplication, but their pattern of mRNA expression was 

similar to that of the other ASD cases, consistent with the view that this syndrome is a useful 

model of idiopathic ASD.

In summary, there is extensive evidence of abnormal patterns of expression of GABA-A 

receptor genes, the GABA synthesis enzymes GAD65 and GAD67, and other genes known 

to be expressed in GABA interneurons, in idiopathic ASD. However, little is known about 

the underlying molecular mechanisms which are responsible for these differences. Gene 

expression in the brain is controlled by numerous regulatory pathways and epigenetic 

influence (REFS). Research should examine this…

3.3.3. In Vivo Human Studies—In contrast to the large number of studies using animal 

models and post-mortem techniques, relatively few studies have attempted to measure 

GABA or GABA-related proteins in living ASD subjects. This is likely due to the technical 

difficulties in measuring GABA function in vivo.

For example, proton magnetic resonance spectroscopy ([1H]MRS) is a technique widely 

used to quantify key neural metabolites in vivo, including glutamate, glutamine, and others. 

However, while there have been several ([1H]MRS) investigations of the brain in ASD (see 

(DeVito et al., 2007; Friedman et al., 2006; Page et al., 2006)), these studies were not able to 

estimate concentrations of GABA because of the difficulties in distinguishing GABA from 

other similar molecules in the magnetic resonance spectrum.

However, advances in J-edited [1H]MRS (Rothman et al., 1993) have made it possible to 

measure GABA and this technique has recently been used to investigate GABA function in 

healthy volunteers (Near et al., 2011; Stagg et al., 2011). There has only been one [1H]MRS 

investigation of GABA in ASD, and this reported that GABA concentration was reduced in 

the frontal cortex of children (Harada et al., 2011). By contrast, no differences were seen in 

the basal ganglia. However, this study was relatively small, with 12 patients and 10 controls, 

and most subjects were sedated with trichlofos twenty minutes before the scan, potentially 
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biasing the results. Further work using this promising technique is therefore required – and 

in medication-free individuals.

Using Positron Emission Tomography (PET) or Single Photon Emission Computed 

Tomography (SPECT) with selective radioligands, it is possible to quantify the density of 

neurotransmitter receptors in the human brain in vivo. For GABA, the ligands flumazenil 

and flunitrazepam bind GABAA receptors, and the novel Ro154513 is largely selective for 

the α5 subtype of GABAA receptors (Lingford-Hughes et al., 2010).

Two in vivo studies investigating the GABAA receptor in ASD have recently been 

conducted, suggesting that GABAA is reduced in both adults and children with ASD: (Mori 

et al., 2011) found reduced accumulation of the GABAA-benzodiazepine ligand 

[123I]iomazenil using SPECT (Single Photon Emission Computed Tomography) in children 

with ASD. A recent pilot study from our group (Mendez et al., 2012) accepted for 

publication, confirmed reduced GABAA in 3 adult males with ASD. Further work is called 

for to confirm these results.

Other researchers have attempted to indirectly probe brain GABA function. Transcranial 

Magnetic Stimulation (TMS) offers one such approach (Farzan et al., 2011). TMS uses 

strong pulsed localized magnetic fields to stimulate cortical neural activity. Depending upon 

the cortical region affected this can cause, for example, muscular contraction. When two 

pulses are administered in quick succession (2 ms), the effect of the second is inhibited and 

this is believed to reflect GABAA signalling (intracortical inhibition).

Three small studies have examined intracortical inhibition in ASD. Two showed reduced 

inhibition only in some subgroups of patients (Enticott et al., 2010)(Oberman et al., 2011) 

although the most recent, and largest, study found no significant differences in ASD adults 

(Enticott et al., 2012)..These studies therefore provide mixed evidence for a cortical 

inhibitory deficit in some cases of ASD, but the small sample size makes interpretation 

difficult, and the hypothesis that TMS measures of “cortical inhibition” are proxies for 

cortical GABA concentration has recently been questioned (Stagg et al., 2011).

Finally, it is possible to measure GABA and related molecules in blood plasma. Increased 

GABA in the plasma of individuals with ASD has been found in two studies (Dhossche et 

al., 2002; El-Ansary et al., 2011). However, decreased platelet GABA has also been 

observed (Rolf et al., 1993). Similarly, increased glutamate and decreased glutamine in 

plasma has been reported (Aldred et al., 2003; Moreno-Fuenmayor et al., 1996; Shimmura et 

al., 2011; Shinohe et al., 2006). The interpretation of such findings in terms of brain function 

is complicated, since neither glutamate nor GABA cross the blood-brain barrier under 

normal conditions (Smith, 2000).

In summary, there has been little work examining the GABA system in living human brains, 

owing to technical limitations, but in the past two years such studies have begun to appear 

and provide preliminary evidence consistent with a GABA defect. However, a challenge for 

the future will be to relate these findings to the genetic and postmortem gene-expression 

data, discussed previously (Sections 3.3.1 and 3.3.2), in order to understand the underlying 

basis of these changes.
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One approach that holds great promise is the in vitro culture of neurons via the generation of 

human induced pluripotent stem cells (iPSCs) from adult somatic cell samples. This 

technique has been successfully used to investigate gene expression changes in patients with 

schizophrenia (Brennand et al., 2011) and Timothy syndrome, a rare neurodevelopmental 

disorder (Pasca et al., 2011), revealing abnormal expression of genes linked to 

neurotransmission and neuronal connectivity. There have been no published studies using 

this technique to investigate idiopathic ASD but this approach could provide important 

insights into the cellular mechanisms behind neural function in ASD, including GABA 

system abnormalities.

4. Fragile X Syndrome

4.1. Clinical Features and Etiology

Fragile X Syndrome (FXS) is a monogenetic neurodevelopmental disorder, caused by an 

abnormal expansion of a CGG trinucleotide repeat within the promoter region of the gene 

FMR1 on the X chromosome (Wisniewski et al., 1991). FXS has an estimated prevalence of 

1/4000 in males and 1/6000 in females (Turner et al., 1996). Common symptoms of FXS 

include intellectual disability, a distinctive physical phenotype, and symptoms of social and 

communication impairment and repetitive behaviours similar to those seen in ASD.

Around 20% of those with FXS meet formal criteria for an ASD (Clifford et al., 2007; 

Harris et al., 2008; Hatton et al., 2006; Wang et al., 2010), with others showing milder 

degrees of autistic symptoms. In comparison to several other monogenetic 

neurodevelopmental syndromes, including Cri-du-Chat, Smith-Magenis and Angelman 

Syndrome, FXS was the condition most associated with autistic features, and was the only 

one in which repetitive behaviors and interests were prominent (Oliver et al., 2010).

Healthy individuals carry less than 55 repeats of the CGG sequence in the FMR1 promoter 

region. Copy numbers exceeding 200 cause gene silencing by hypermethylation, and this 

leads to FXS. Copy numbers ranging between 55-200, termed premutations, do not cause 

FXS, but may cause milder neurological and neuropsychiatric presentations, particularly in 

males. Fragile X mental retardation protein (FMRP) is an mRNA-binding protein involved 

in the regulation of the translation of mRNA into proteins (Laggerbauer et al., 2001). Recent 

evidence suggests that FMRP is involved in neuronal activity-dependent trafficking of 

mRNA to synapses (Dictenberg et al., 2008), and that it is especially associated with 

transcripts involved in synapse formation and implicated in ASD (Darnell et al., 2011).

Epilepsy, which responds well to anticonvulsants, is observed in approximately 20-25% of 

cases of FXS, implicating a cortical inhibitory deficit (Wisniewski et al., 1991). The most 

distinctive neuropathological marker of FXS is abnormal neuronal morphology, in the form 

of long, thin dendritic spines of pyramidal neurons (Penzes et al., 2011; Portera-Cailliau, 

2011; Wisniewski et al., 1991). This phenotype has been attributed to the overexpression of 

metabotropic glutamate receptors of the mGluR5 subtype, and it has been proposed that 

mGluR5 antagonists might rescue some of the deficits associated with this disorder 

(Levenga et al., 2011; Wang et al., 2010). However, abnormalities in the function and 

biology of the GABA system are also emerging as important in FXS.

Coghlan et al. Page 10

Neurosci Biobehav Rev. Author manuscript; available in PMC 2015 June 23.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



4.2. GABA and Fragile X

An early study reported regional alterations in brain tissue GABA levels in male juvenile, 

but not adult, mice lacking a functional copy of the FMR1 gene (FMR1 knockout mice), 

with both increases and decreases seen in different regions (Gruss and Braun, 2001). 

However, it is hard to interpret differences in GABA levels without consideration of the 

expression of GABA receptors and other proteins.

In terms of function, D’Antuono et al (D’Antuono et al., 2003) reported abnormal responses 

to the acetylcholine agonist carbachol in knockout mice. In wild-type mice, carbachol 

indirectly suppresses excitatory post-synaptic potentials (ePSPs) in the subiculum by 

promoting inhibitory GABA signalling, but in knockouts, it caused potentiation of ePSPs, 

mimicking the effects seen in wild-type mice after administration of a GABAA antagonist. 

Fragile X mice also show blunted cortical inhibitory signalling in response to the 

administration of a glutamate agonist (Paluszkiewicz et al., 2011). This suggests a functional 

GABAA signalling deficit in FXS.

Direct evidence for such a deficit has come from studies of the expression of GABAA 

subunit proteins or mRNA in FMR1 knockout mice. GABAA β subunit immunoreactivity 

was decreased to 60-70% of normal levels in several brain regions with the exception of the 

cerebellum, while GAD65 and GAD67 expression was increased (El Idrissi et al., 2005).

Furthermore, D’Hulst et al reported that mRNA encoding 8 of the 18 known GABA 

subunits (α1, α3 and α4; β1 and β2, γ1 and γ2, as well as δ) were significantly reduced in the 

cortex, but not in the cerebellum, of FMRP-lacking mice (D’Hulst et al., 2006; D’Hulst et 

al., 2009). GABAA δ mRNA is a binding target of FMRP and it is involved in activity-

dependent regulation of this subunit (Dictenberg et al., 2008).

D’Hulst et al also found reduced expression of all three subunits of the Drosophila GABA 

receptor in Fragile X Drosophila (D’Hulst et al., 2006), suggesting an evolutionarily 

conserved role for FMRP in GABA receptor function. A separate study reported reduced 

GABAA β2 subunit in all areas (replicating D’Hulst et al, above) and reductions in β3 in the 

cortex, but increases were seen in subcortical areas (Hong et al., 2011). Similarly, 

Downregulation of GABAA α1, β2, and δ subunits, and GABA-T and SSADH were 

observed at different stages of postnatal development (Adusei et al., 2010).

However, FXS seems to affect the integrity of the GABA system in a regionally-specific 

fashion. As noted above, the cerebellum seems to be spared. Centonze et al (Centonze et al., 

2008) found a 50% decrease in the number of GABA synapses in the striatum of FMR1 

knockout mice, but also observed a paradoxical increase in the level of spontaneous GABA 

inhibitory transmission (iPSPs). By contrast, Curia et al (Curia et al., 2009) observed 

reduced tonic GABAA currents in the subiculum of FMR1 knockouts, with normal phasic 

GABA currents, and reduced expression of α5 and ∂ subunits – consistent with D’Antuono 

et al.’s finding of reduced inhibitory function in the same circuits (see above).

Profoundly reduced tonic and phasic inhibitory currents in the amygdala of FX mice have 

been reported, along with reduced GAD65 and GAD67 expression, reduced GABA, and a 
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reduced number of GABAergic synapses (Olmos-Serrano et al., 2010); amygdala 

hyperexcitability was rescued by a GABAA δ agonist.

A marked reduction in cortical parvalbumin+ GABA interneurons together with abnormal 

morphology has also been observed (Selby et al., 2007). This finding is interesting, given 

that reduced parvalbumin+ interneuron density has been seen in other mouse models of 

ASD-associated genetic mutations (Gogolla et al., 2009), as previously mentioned (Section 

3.3.1), and also in Fetal Anticonvulsant Syndrome (see Section 6).

By contrast, the GABAB system has not been reported as abnormal in FMR1 knockout mice, 

although GABAB agonists such as baclofen have been shown to alleviate some of the 

symptoms, including seizures, in animal models (Pacey et al., 2009).

In conclusion, there is growing evidence from animal models for the involvement of GABA 

in FXS, alongside the established role of glutamate. However, abnormalities appear to be 

regionally and temporally specific, with the cerebellum being spared.

4.3. Human Studies of GABA in Fragile X Syndrome

In contrast to the fairly extensive postmortem literature on idiopathic ASD (see Section 3.3.2 

and 3.3.3), there have been no published investigations directly measuring GABA, GABA 

receptors or GABA system proteins in the brain of humans with Fragile X syndrome either 

post mortem, or in vivo. One small study used transcranial magnetic stimulation (TMS) to 

indirectly probe inhibitory signalling in Fragile X patients, finding no differences from 

healthy controls (Oberman et al., 2011). See Section 3.3.3 for more on TMS.

Given the strong evidence of GABA abnormalities from rodent models of Fragile X 

syndrome, the lack of human studies in this disorder is unfortunate. Future work should 

attempt to confirm whether the same abnormalities are seen in humans, using methods such 

as [1H]MRS, PET and SPECT as this could have direct clinical applications.

5. Rett Syndrome

Rett syndrome is a severe neurodevelopmental disorder caused by the loss of function of one 

copy of the methyl-CpG-binding protein 2 (MECP2) gene on the X chromosome. Clinically, 

Rett syndrome presents with developmental regression usually between the ages of 6-18 

months, with the loss of speech, social and motor skills. Repetitive stereotyped movements, 

most notably hand flapping, emerge.

The syndrome is very rare in males, because it is lethal in those with only one X 

chromosome, and male fetuses with the mutation rarely survive to term (Renieri et al., 

2003). However, mutations leading to only partial loss-of-function of the MECP2 gene have 

been associated with less severe neuropsychiatric disturbances including ASDs (Carney et 

al., 2003; Lam et al., 2000).

Epilepsy is comorbid in approximately 80% of cases of Rett syndrome, suggestive of an 

inhibitory signalling deficit (Jian et al., 2006). MECP2 is a transcriptional regulator which is 

highly expressed in GABAergic neurons in the brain (Akbarian et al., 2001), but its role in 
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the function of the GABAergic system is unclear. It appears that MECP2 may regulate the 

number of GABAergic synapses in the thalamus and medulla.

GABAergic abnormalities in the thalamus (Zhang et al., 2010) and medulla (Medrihan et al., 

2008) develop in Mecp2-null mice even prior to the onset of symptoms. Zhang et al (Zhang 

et al., 2010) demonstrated that GABAergic transmission is altered in opposite directions in 

interconnected GABAergic and glutamatergic neurons in Mecp2-null mice, implying that 

the cellular and molecular mechanisms underlying Mecp2-mediated regulation of 

GABAergic transmission are likely to be specific to the location and cell type. A reduction 

of the β3 subunit of the GABAA receptor has also been demonstrated in cortical samples of 

Rett syndrome patients and in the neocortex of Mecp2-deficient mice (Samaco et al., 2005). 

However, some recent studies have shown that MeCP2 deficiency resulted in an 

enhancement of GABAergic transmission in the neocortex (Dani et al., 2005).

There is preliminary evidence linking epigenetic events to GABA modulation in the context 

of neurodevelopmental disorders, including Rett syndrome. The MECP2 protein acts as a 

key mechanism by which DNA methylation regulates gene expression. MECP2 is critical 

for the normal functioning of cortical GABA-releasing neurons, which express 50% more 

MECP2 than non-GABAergic neurons (Chao et al., 2010)

A recent study (Chao et al., 2010) demonstrated that mice with a selective MECP2 

deficiency in GABAergic neurons resulting in a 30–40% reduction in neurotransmitter 

release showed abnormalities that resembled Rett syndrome and several autistic features. 

The MECP2-deficient mice showed reductions in GAD65 and GAD67 mRNA levels (the 

rate-limiting enzymes of GABA synthesis) and an enrichment of MECP2 protein occupancy 

at both GAD promoters. As described previously, a post-mortem study observed reduced 

GAD65 and GAD67 expression in ASD (Fatemi et al., 2002).

As in the case of Fragile X Syndrome, there have been remarkably few studies of GABA in 

humans with Rett syndrome. An early study of five girls with the disorder found normal 

GABA in cerebrospinal fluid (Perry et al., 1988). However, reduced GABAA receptor 

density was observed using SPECT in three adult females in vivo (Yamashita et al., 1998). 

Post-mortem studies reported normal or increased GABA receptor and glutamate receptor 

density in girls with Rett syndrome below the age of 8, but reductions with increasing age 

(Blue et al., 1999a, b). Taken together, this suggests that the GABA deficits seen in animal 

model of Rett syndrome may not emerge in human patients until late childhood, implying 

that animal models do not provide an adequate model of Rett pathophysiology in very young 

patients. However, more studies to confirm this possibility.

6. Fetal Anticonvulsant and Alcohol Syndromes

Fetal exposure to anticonvulsant medication is linked to an increased rate of developmental 

defects (Holmes et al., 2001). The “Fetal Anticonvulsant Syndrome” (FACS) has varied 

manifestations, including a pattern of physical dysmorphic features, intellectual disability, 

and behavioral abnormalities, including autistic symptoms (Rasalam et al., 2005). In one 

study, approximately 60% of children with FACS displaying at least two autistic features 
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and 10% had a diagnosis of an ASD, around 10 times the population prevalence (Moore et 

al., 2000).

The mechanism by which fetal anticonvulsants cause developmental disorders is unclear. 

Since the majority of anticonvulsants work by increasing GABA transmission (Vellucci and 

Webster, 1984), and given that GABA is a key neurodevelopmental signalling molecule, it 

is possible that the mechanism involves GABA. However, other mechanisms such as anoxia, 

secondary to fetal cardiac effects, have also been suggested (Danielsson et al., 2001).

Prenatal valproate exposure has been used in rats and mice as a model for FACS and also 

idiopathic ASD (Dufour-Rainfray et al., 2011). A single, high-dose injection of valproate 

given to the pregnant female at the period of embryonic neural tube closure, i.e. Embryonic 

Day 12 in rats, produces the most consistent behavioral effects (Kim et al., 2011).

Prenatal valproate exposure causes characteristic behavioral and neurobiological 

abnormalities in rodents. Behaviorally, exposed rats show fewer social behaviors from early 

life, along with motor incoordination, repetitive, stereotyped locomotor hyperactivity, and a 

reduced tendency to explore (Schneider and Przewlocki, 2005). These symptoms are similar 

to those seen in individuals with an ASD.

Neurobiologically, prenatal valproate-exposed rats have a marked reduction in the number 

of cortical GABA interneurons of the parvalbumin+ type (Gogolla et al., 2009), and 

characteristic EEG abnormalities, which are also seen in humans with ASD (Gandal et al., 

2010). Reduced cerebellar Purkinje GABA cells are also seen, consistent with 

neuropathological evidence in humans with idiopathic ASD, as discussed previously 

(Ingram et al., 2000). In summary, prenatal exposure to anticonvulsants is a major risk factor 

for ASD symptoms. Although the teratogenic mechanism is unclear, there is emerging 

evidence that deficits in inhibitory interneuron development are a pathophysiological 

mechanism.

Fetal alcohol exposure is another major risk factor for neurodevelopmental problems, and 

has been called the largest preventable cause of these disorders. In severe cases, alcohol 

exposure causes fetal alcohol syndrome which is characterised by growth deficiency (below-

normal weight and height), physically dysmorphic features, below-normal IQ, and 

behavioral disorders (Riley and McGee, 2005). However, the condition exists on a spectrum 

of severity with the term fetal alcohol spectrum disorders, used to cover the milder 

manifestations (Chudley et al., 2005).

It has been suggested that rates of ASD symptoms are raised in those with fetal alcohol 

syndrome (Dufour-Rainfray et al., 2011; Landgren et al., 2011). However, other studies 

suggest that there are key differences in the manifestations of the two disorders. Although 

children with fetal alcohol syndrome commonly show impairments in social skills and 

behavior, they do not show symptoms such as restrictive interests, lack of eye-contact, and 

lack of shared enjoyment in social activities (Bishop et al., 2007). Children with fetal 

alcohol syndrome have been described as friendly, loquacious and over-familiar, whereas 

autistic children are often aloof, shy and withdrawn (Bishop et al., 2007; Riley and McGee, 
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2005). Maternal alcohol consumption was not correlated with the risk of ASD in a general 

population study (Eliasen et al., 2010).

The paucity of research focussed on the role of GABA in fetal alcohol spectrum disorders is 

unfortunate, given that alcohol is known to act on GABA (Kumar et al., 2009). More work 

is required to investigate possible links between alcohol exposure and ASD.

7. Theoretical and Clinical Implications

We have discussed evidence supporting a role of GABA abnormalities in a number of 

neurodevelopmental disorders characterised by autistic features, including impaired social 

interaction and repetitive and restricted behaviors, and intellectual disability. However, this 

raises the question: why does this neurobiology lead to these particular symptoms?

7.1. Minicolumns and Feature Discrimination

A number of theoretical frameworks for understanding the development of ASDs and 

related neurodevelopmental disorders have been proposed. One influential theory, proposed 

on the basis of neuropathological data by Casanova et al (Casanova et al., 2003), is that 

inhibitory GABA signalling within and between cortical minicolumns is altered due to 

reductions in the neuropil which separates adjacent minicolumns. This, it is argued, leads to 

information-processing which tends to display stronger than normal discrimination between 

related stimuli rather than generalization across them. This may explain why individuals 

with ASD show a preference for exact sameness (e.g. the same daily routines, the same 

behaviors and interests), since only exactly the same stimuli would be recognised as similar. 

It might also explain sensory hypersensitivities and the occasional presence of superior 

‘savant’ skills in a narrow domain.

7.2. Gamma Band Activity and Feature Binding

Another model focuses on gamma activity. Evoked gamma band electrical activity (i.e. high 

frequency >40 Hz) has been extensively studied using EEG and MEG. Theory suggests that 

these oscillations are produced within the cortex (as opposed to slower waves which likely 

originate subcortically), and crucially depend on GABA, specifically upon fast-spiking 

parvalbumin-expressing (PV+) cells (Carlen et al., 2011; Gulyas et al., 2010; Volman and 

al., 2011) which act to coordinate the firing of excitatory cortical pyramidal cells. Consistent 

with this view, a recent study using magnetoencephalography found that occipital cortex 

GABA levels measured with [1H]MRS, correlated with the peak frequency of the visually 

evoked gamma response in the visual cortex (Muthukumaraswamy et al., 2009) – increased 

GABA indicates a higher gamma frequency. Another recent MEG study found a similar 

picture in the motor cortex (Gaetz et al., 2011).

Gamma waves have been proposed as the “temporal solution to the binding problem” 

(Brock et al., 2002; Singer, 2001). The “binding problem” in cognitive neuroscience refers 

to the question as to how the brain is able to represent conjunctions of features, e.g. AB CD, 

but how does the brain represent the fact that A is paired with B, and C with D, if all are 

active? The proposed temporal solution is that conjunctions are represented by simultaneous 
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activity over very short timescales, and gamma band activity is a leading candidate for the 

“synchronization wave” which does this.

According to some theorists, this temporal binding is impaired in ASD, leading to weak 

central coherence i.e. impaired gestalt perception of “wholes” as opposed to parts (Brock et 

al., 2002). While hypothetical at present, this account does offer a possible explanation for 

how genetic or environmental effects converging on impairments in certain GABA subtypes 

(particularly parvalbumin+ cells) could precipitate the symptoms of this disorder.

7.3. Clinical Implications

At present, there are no medications licensed for the specific treatment of ASD, Fragile X 

syndrome, or related disorders. A number of psychoactive medications are used for 

symptomatic relief e.g. antidepressants for obsessive and compulsive symptoms, and 

atypical antipsychotics for irritability and challenging behaviours (McPheeters et al., 2011; 

Pringsheim et al., 2011). However, the efficacy and tolerability of such treatments is modest 

(Carrasco et al., 2012; Sharma and Shaw, 2012) so there is an urgent need for more selective 

treatments targeted at the pathophysiology of these conditions.

The evidence reviewed here suggests that the GABA system offers a key therapeutic target. 

Although a full discussion of this issue is outside the scope of this review, the GABAB 

agonist arbaclofen (STX209) has recently been shown to help relieve symptoms of Fragile X 

Syndrome in a preliminary placebo-controlled trial and also showed benefits in an 

uncontrolled open-label trial in idiopathic ASD; further trials are underway (Seaside 

Therapeutics, 2011). Likewise, a recent open-label trial found benefits of the drug 

acamprosate in youth with ASD. Acamprosate acts as a GABAA agonist and excitatory 

glutamate antagonist (Erickson et al., 2012). These results are consistent with a GABA 

hypothesis of ASD symptoms but remain preliminary in the absence of double blind, 

placebo-controlled trials.

8. Conclusions

In this review, we have discussed the evidence that autism and related neurodevelopmental 

disorders are characterised by abnormalities in GABA function. Several converging lines of 

evidence – from genetics, epigenetics, animal models, and post-mortem studies of humans – 

point to a GABA deficit in autism, Fragile X syndrome, and Rett syndrome. Theoretical 

perspectives that may explain how these neurobiological abnormalities relate to the specific 

symptoms of these disorders were also discussed.

However, despite the growing interest in the GABA hypothesis of autism and related 

disorders, there have been very few studies to directly examine the GABA system in the 

brain of living human patients. We believe that such studies are urgently warranted as, if 

these abnormalities are present and measurable in humans, this would have important 

implications both from a purely scientific perspective and also for future drug development.
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Other key challenges for the future include understanding how environmental, epigenetic 

and genetic factors interact to produce the complex features observed in neurodevelopmental 

disorders.
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Figure 1. 
A simplified illustration of the major synaptic pathways responsible for GABA synthesis, 

breakdown, release and reuptake. Abbreviations: gaba = gamma-aminobutyric acid; glu = 

glutamate; gln = glutamine. GLNase = glutaminase. GAD = glutamate decarboxylase. 

GABA-T = GABA transaminase. VIAAT = vesicular inhibitory amino acid transporter. 

GAT = GABA transporter. GABA-A = GABAA receptor (note: there are numerous subtypes 

of this receptor, but these are not shown, for simplicity.) GS = glutamine synthetase. Not 

pictured: GABAB receptors; GABAA or GABAB autoreceptors.
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