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Chapter 1

Neurodevelopmental disorders (NDDs) are characterized by disturbances in central nervous 
system growth and development, manifest very early in life, and can severely impact the qual-
ity of life of affected individuals and of those who care for them. Encompassing a range of 
syndromes including schizophrenia, attention deficit hyperactivity disorder, autism spectrum 
disorders (ASD), and intellectual disability (ID), NDDs can affect up to 15% of the general 
population (Dietrich et al., 2005; Boyle et al., 2011). ID disorders comprise the most com-
mon form of NDDs, with patient IQ ranging from mild disability with 50 < IQ < 70 and with 
considerable self-care skills, to severe 20 < IQ < 35 or profound IQ < 20 and in need of con-
stant attention, support, and care for their entire lives. In addition to deficits in the intellec-
tual domain and reduced self-care capacity, ID is also characterized by behavioural, social, 
and communication problems, and patients are often co-diagnosed with ASDs. The prefrontal 
cortex, orchestrates highly complex cognitive functions including attention, working memo-
ry, goal-oriented behaviour, sociability, and personality, and its function is compromised in 
ID and ASD. This introduction aims to summarize all the existing literature pertaining to 
prefrontal cortex dysfunction in the Fragile X Syndrome, amongst the most frequent forms 
of inherited ID and one of the most common known causes of ASD (Patel et al., 2013b).

1. Intellectual Disability
The first work to systematically study human intellectual disability (ID), describe and classify 
symptoms and physical characteristics was published in 1938, based on an analysis of nearly 
1300 institutionalized individuals (Penrose, 1938). Using IQ measures the study provides for 
the first time, evidence that mental deficiency falls within a spectrum, rather it being absolutely 
present or absent as it was earlier assumed. Furthermore, the study highlighted the prevalence 
of additional affected individuals in the families of patients, mainly in those with the highest 
degree of disability, and also noted the high preponderance of male over female institutional-
ized individuals (Penrose, 1938; Slater, 1938). Shortly after, in 1943 the first concrete evidence 
for sex-linkage in mental deficits was published describing a single pedigree of eleven affected 
boys from six blood related unaffected mothers (Martin and Bell, 1943). Given that five of the 
six mothers were offspring of two unaffected brothers while the sixth was the brothers’ sister, 
the authors postulated that some yet unknown factor supressed the disease in the brothers but 
still allowed for its transmission (Fig.1). Twenty-five years later in 1968, the first genomic data 
appeared demonstrating defects in structure of the X-Chromosome’s long arm in mentally de-
ficient males (Fig.2A) (Lubs, 1969). As such, the authors hypothesized that a gene within that 
region was responsible for the X-linked inheritance of the described mental defects. Another 
twenty-five years later in 1991, a succession of seminal studies explained both the apparent 
mode of transmission from seemingly unaffected parents, and honed on the single gene under-
lying such mental defects. Coined Fragile X Mental Retardation 1 (FMR1), the gene was identi-
fied near the fragile region of the X-Chromosome, and hypermethylated CGG repeats rendered 
FMR1 inactive in affected individuals (Bell et al., 1991; Pieretti et al., 1991; Verkerk et al., 
1991; Vincent et al., 1991). Due to inherent instability of DNA replication over CGG repeats, 
generational transmission can cause repeat expansion, reaching a critical threshold whereby the 
gene is rendered completely inactive (Kremer et al., 1991; Oberlé et al., 1991; Yu et al., 1991). 

2. Fragile X Syndrome
Initially termed Martin-Bell syndrome based on the original description in 1943 (Martin and 
Bell, 1943), Fragile X Syndrome (FXS) patient physical characteristics include elongated face 
and ears, hyperextensible joints, hypotonia, and macroorchidism (Hagerman and Sobesky, 
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Figure 1: The first published FX
S pedigree, describing six generations (I-V
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22) five of w
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ere daughters of tw

o unaffected brothers (#III2, #III4) and the sixth w
as the broth-
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iven the inheritance 

patterns observed in this pedigree, the authors proposed that the intellectual disability w
as due to a sex-linked recessive gene. 
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as taken from
 (M

artin and B
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1989). Intellectual disability in FXS ranges from mild in patients with borderline low IQ and in-
complete FMR1 inactivation, to severe in patients with IQ below 40 and with full gene silencing 
(Merenstein et al., 1996). Female patients are generally less affected, even in the presence of full 
gene silencing, exhibiting near normal to borderline low IQ ranges (de Vries et al., 1996). Aside 
from deficits in the intellectual domain, FXS patients are frequently diagnosed with behavioural 
deficits in attention, hyperactivity - mostly before adulthood, anxiety, impulsivity, and aggres-
sive behaviour (Hagerman and Sobesky, 1989; Garber et al., 2008). Additionally, an increased 
incidence of seizures of up to one in five patients has been documented (Berry-Kravis, 2002). 
Finally, FXS is often identified with social impairments, deficits and repetition in language, as 
well as stereotypic behaviours (Hagerman and Sobesky, 1989; Kaufmann et al., 2017). Orig-
inally recognized in four FXS male patients in 1982 (Brown et al., 1982), autism and autism 
spectrum disorder (ASD) features are frequently observed in FXS (Kaufmann et al., 2017; Niu 
et al., 2017), ranking FXS amongst the most common monogenic causes of ASD, accounting for 
~5% of all autism cases (Schaefer and Mendelsohn, 2008; Budimirovic and Kaufmann, 2011).

Neuroanatomical changes have been reported in FXS patients that range from gross changes 
in regional brain volume (Hessl et al., 2004), to abnormal dendritic spines (Irwin et al., 2000). 
Briefly, decreases in the cerebellar vermis size, participating in motor, auditory, and language 
processing, are documented in FXS children and adults (Reiss et al., 1991; Mostofsky et al., 
1998). Reduced superior temporal gyrus, important for auditory and speech processing, is re-
ported for a wide age range in FXS (Gothelf et al., 2008). Additionally, the amygdala  - central 
to emotional processing, are also found reduced in children and adolescents with FXS (Gothelf 
et al., 2008). Conversely, the hippocampus, central to memory and learning, is reportedly en-
larged in FXS children (Hessl et al., 2004). Increases in caudate nucleus size, part of the basal 
ganglia and modulator of decision making, and ventricular volume are also documented for a 
wide age range of FXS patients (Reiss et al., 1995). At the synaptic level, spine density was 
shown increased in patient temporal cortex, and bias towards longer, thinner, immature spines 
both in temporal and parieto-occipital cortices has been observed (Rudelli et al., 1985; Hinton et 
al., 1991; Wisniewski et al., 1991; Irwin et al., 2001). Similar changes in spine morphology and 
density have been reproduced in Fmr1-KO mice (He and Portera-Cailliau, 2013). Remarkably 
however high resolution MRI imaging of the mouse model did not reveal any structural brain 
anomalies (Kooy et al., 1999). Albeit, diffusion tensor MRI in Fmr1-KOs revealed a reduc-
tion in long-range and an increase in short-range functional connectivity (Haberl et al., 2015). 
Changes in the frontal lobe are also documented and will be discussed later in this chapter.

2.1 Fragile X Mental Retardation 1
A highly conserved gene, orthologues of FMR1 have been discovered in several groups of 
species including insects, birds, fish, amphibians, and most mammals including rodents, dogs, 
and primates (Retrieved from SignalingGateway.org). Situated at the Xq27.3 chromosomal lo-
cus, the FMR1 gene spans 38kb consisting of 17 exons (Eichler et al., 1994). Placed at the 5’ 
untranslated region of the gene are CGG repeats (Fig.2B) imposing epigenetic regulation on 
FMR1 expression through methylation and silencing of the nearby promoter region (O’Donnell 
and Warren, 2002). Generally, up to fifty repeats are found in healthy populations, whereas 
expansions of up to 200 repeats is defined as a permutation, giving rise to a discrete phenotype 
termed Fragile X Tremor Ataxia Syndrome (FXTAS) - an adult onset neurodegenerative dis-
order. Unlike FXS where FMR1 activity is completely absent, FXTAS is caused by excessive 
gene activity leading to RNA gain of function toxicity and is characterized by ataxia, cognitive 
loss, dementia, and autonomic dysfunction (Hagerman and Hagerman, 2016). Greater than 200 
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CGG repeat expansion leads to a full mutation phenotype, with no detectable transcript or 
protein, giving rise to FXS. Notably, several cases of FXS have been reported aetiologically 
distinct from CGG expansions, but instead due to promoter deletion, mutations in the coding 
region, and several small or large deletions in and around the FMR1 locus (Coffee et al., 2008).

2.2 Fragile X Mental Retardation Protein
Transcribed by FMR1 is a 4.4kb mRNA encoding the Fragile X Mental Retardation Protein 
(FMRP). Transcript expression in adult human and mouse tissue is comparable and widespread, 
includes lungs and kidneys, and is strongest in the testes and brain (Verkerk et al., 1991; Hinds et 
al., 1993). In adult mouse brain, expression is highest in the hippocampus and cerebellum, with 
intermediate levels throughout the cortex, thalamus and brainstem (Hinds et al., 1993). Develop-
mentally, FMR1 mRNA is present in human embryonic neural tube at 21 days, detected in most 
embryonic tissue by the third embryonic week, and is highest in brain by the first embryonic month 
(Agulhon et al., 1999). No transcript or protein was detectable in human FXS foetal brain tissue 
(Agulhon et al., 1999), although more recent evidence demonstrates normal FMRP expression 
in chorionic villi up until gestational week 10 (Willemsen et al., 2002). In mouse, expression is 
strongest at gestational day 10 and non-uniformly decreases thereafter, reaching near adult lev-
els by the first postnatal month (Hinds et al., 1993). Neuronal FMRP has been mainly localized 
cytoplasmatically in the soma, dendrites, and spines of neurons (Antar et al., 2005; 2006), as well 
as axonally in developing neuronal cultures (Wang et al., 2000; Antar et al., 2006). Ultrastruc-
turally, low FMRP levels have been detected in mouse neuronal nuclei (Feng et al., 1997). As-
trocytes and oligodendrocytes have also been shown to express FMRP (Gholizadeh et al., 2015).

Although the conformation of FMRP has not yet been elucidated in its entirety, several stud-
ies identified and resolved function and structure of crucial FMRP domains. Crucially, two 
RNA-binding domains, K-homology domain (Valverde et al., 2007) and RGG box (Phan et 
al., 2011), are found that grant FMRP functionality to bind, subsequently stabilize, and neg-
atively regulate translation of hundreds of mRNAs including its own (Schaeffer et al., 2001; 
O’Donnell and Warren, 2002; Zalfa et al., 2007; Pasciuto and Bagni, 2014; Suhl et al., 2014). 
Several protein-protein interacting domains exist, promoting binding with partners (Ramos et 
al., 2006; Fernández et al., 2013), and enable FMRP homodimerization (Tamanini et al., 1999), 
or heteromer formation with FMRP homologues Fragile X Related Proteins 1 or 2 (FXR1P, 
FXR2P) (Zhang et al., 1995; Dolzhanskaya et al., 2006). Furthermore, through interaction with 
molecular motors (Gagnon and Mowry, 2011), FMRP is assumed to transport mRNAs from cy-
toplasm to synapses to allow for local translation in an activity dependent manner (Antar et al., 
2006; Bassell and Warren, 2008; Dictenberg et al., 2008). Near the C- and N- terminal domains 
lie a nuclear localisation and a nuclear export signal respectively (Bardoni et al., 1997; Fernán-
dez et al., 2013). These aid in the shuttling to and from the nucleus where FMRP sequesters 
target-mRNAs and partner-proteins forming an mRNP complex, that once exported out associ-
ates with ribosomes to modulate translation (O’Donnell and Warren, 2002; Kim et al., 2009).

As an RNA binding protein, FMRP associates with ~ 4% of human foetal (Ashley et al., 1993), 
adult (Sung et al., 2000), and mouse mRNA (Suhl et al., 2014), making it crucial for regulat-
ing fundamental process such as development and neuronal function. Metabotropic glutamate 
receptor (mGluR) dependent synaptic long-term depression (LTD) requires substantial local 
protein synthesis (Waung and Huber, 2009), and FMRP mRNA is shown to be translated at 
the postsynaptic site upon mGluR activation (Weiler et al., 1997). In healthy neuronal net-
works, mGluR LTD is mediated by rapid removal of excitatory receptors from the synapse 
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(Snyder et al., 2001). As a translational repressor, local FMRP is believed to also regulate 
the synthesis of proteins responsible for receptor internalization (Bear et al., 2004; Nakamoto 
et al., 2007). In the mGluR theory of FXS pathobiology, loss of FMRP function is hypoth-
esized to underlie the observed exaggeration of mGluR mediated synaptic LTD, crucial to 
proper learning and memory (Bear et al., 2004). Originally shown in the hippocampus of pre-
adolescent Fmr1-KO mice (Huber et al., 2002), absence of FMRP deregulates control over 
the receptor internalization machinery, causing excessive elimination of receptors, and sub-
sequently exaggerated synaptic depression (Bear et al., 2004). Furthermore, given that spine 
morphology partially correlates with excitatory receptor content (Matsuzaki et al., 2001), the 
exaggerated internalization of receptors in FXS could explain the increase of longer, thin-
ner, immature spines observed. Genetic (Dölen et al., 2007) and pharmacological (Michalon 
et al., 2012) reduction of mGluR activity in mice was effective in reversing both the exag-
gerated LTD, and the immature spine morphology (Su et al., 2011; Pop et al., 2014). Sub-
sequent human clinical trials with mGluR antagonists have unfortunately been shown inef-
fective in reducing FXS symptoms and improving the life of patients (Erickson et al., 2017).

3. Prefrontal Cortex
As the most recently evolved brain structure (Arnsten, 2009), the prefrontal cortex (PFC) 
is hypothesized to orchestrate highly complex cognitive functions including attention, in-
hibitory control, working memory, goal oriented behaviour, sociability, and personality 
(Miller, 2000; Miller and Cohen, 2001; Tranel et al., 2002; Yang and Raine, 2009). There-
fore, PFC dysfunction can cause severe impairments on an individual’s ability to not only 
function in society but to one’s self-sufficiency and survival, and has been linked with neu-
rodevelopmental disorder (NDD) pathophysiology. To date substantial neuronal prolif-
eration, migration, synaptogenesis, axonal guidance, and connectivity deficits have been 
described in NDDs of ID, ASD, and other neuropsychiatric disorders (Schubert et al., 
2014). Prefrontal defects specific to FXS occur, and will be discussed later in this chapter.

Phylogenetically PFC appears to increase in size with evolutionary time, reaching up to a third 
of the total human cortex, although some researchers propose a more linear evolutionary re-
lationship between PFC and total brain size (Teffer and Semendeferi, 2012; Fuster, 2015). In 
humans, full prefrontal circuitry establishment is hypothesized to take the longest to develop, 
achieving full maturity by the third decade of life, paralleling the development of high cognitive 
functions (Fuster, 2015). Prefrontal synapse establishment, superficial layer pyramidal mor-
phology and spine content stabilize between puberty and adolescence (Mrzljak et al., 1990), 
and prefrontal areas may be amongst the last cortical areas to myelinate (Fuster, 2015). Fur-
thermore, neuroimaging studies demonstrate volumetric changes in prefrontal grey and white 
matter areas that continue through the early twenties (Toga et al., 2006; Fuster, 2015). Extend-
ed postnatal PFC maturation is also observed in rodents. Myelination and inhibitory markers 
peak during the third and fourth postnatal week, while NMDA receptor sensitivity to glutamate 
reaches adult-like levels by the 7th postnatal week (Ueda et al., 2015). More broadly, sub-
stantial proteomic differences between adolescent and adult mouse PFC have been recently 
described, further supporting extended maturational prefrontal windows (Agoglia et al., 2017).

Originally defined as the cortical region receiving strong unidirectional thalamic medial dorsal 
nucleus projections - true for all mammals, additional connectivity streams and cytoarchitectur-
al patterns provide a more complete description of PFC (Fuster, 2015). The medial PFC (mPFC) 
comprises of the cingulate cortex (CC), prelimbic (PL) and infralimbic (IL) cortices, while the 
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orbitofrontal cortex (OC) and agranular insular cortex (aIC) make up the PFC’s ventral (vPFC) 
and lateral (lPFC) regions (Heidbreder and Groenewegen, 2003; Dalley et al., 2004; Fuster, 
2015). Anterior CC (aCC) is also often referred to as dorsal PFC (dPFC). With the exception of 
aIC, PFC is divided into five or six cellular layers - layer IV not always present, with up to 80% 
excitatory pyramidal and 20% inhibitory interneuronal cells present. aIC not only lacks layer 
IV but layer II as well (Fuster, 2015). The PFC receives input from and also projects back to 
virtually all areas of sensory cortex, motor structures, hippocampus, and amygdala, to name a 
few (Wood and Grafman, 2003; Fuster, 2015). Cells located in the superficial layers of the PFC, 
mainly layers II and III, receive the majority of such inputs, where it is hypothesized that integra-
tive computations take place (Fuster, 2015). Outputs from superficial layers are mainly shared 
with other PFC regions and are also send to deeper layers, V and VI, whose efferent projections 
subsequently modulate several subcortical regions (Fuster, 2015). Generally, the mPFC forms 
strong bidirectional connections with limbic structures such as amygdala and hippocampus, 
while vlPFC with sensory cortex and motor systems (Miller and Cohen, 2001; Fuster, 2015).

4. Prefrontal Cortex Involvement in Fragile X Syndrome
4.1 Structural Neuroanatomy
Despite well documented executive functional deficits in FXS patients – described below, neu-
roanatomical studies fail to converge in their findings with regards to frontal lobe anomalies 
in the syndrome. Be that as it may, deviations from canonical gross brain architecture are re-
ported in both young and adult FXS population. In toddlers, neuroimaging analysis revealed 
reductions in grey matter volume for OC and mPFC, and in white matter volume for lPFC and 
mPFC compared to typically or developmentally delayed (TD, DD) age-matched groups (Hoeft 
et al., 2008; 2011). However, in a longitudinal study of FXS toddlers, dm,dl,vlPFC grey matter 
volume was observed increased compared to TD and DD groups. Both grey and white matter 
volume growth trajectories were observed to be greater in FXS toddlers (Hoeft et al., 2010). A 
subsequent longitudinal study of FXS brain development further illustrates aberrant PFC de-
velopment extending through adolescence. Unlike TD controls where PFC volume slightly de-
clined with age, male FXS prefrontal volume trajectories were initially lower than TD controls 
and steadily increased above normal during adolescence (Bray et al., 2011). Finally, increased 
grey and white matter in mPFC has been documented also in adult FXS patients (Wilson et al., 
2009; Hallahan et al., 2011), while one study reported decreased grey volume in adult FXS OC 
(Gothelf et al., 2008). Such discrepancies could reflect a lack of heterogeneity in FXS patients 
given also the ASD co-morbidity with the syndrome, epileptic history, medication, environmen-
tal differences, or technique differences between studies. Nevertheless, it is apparent that FXS 
prefrontal gross brain architecture deviates from canonical, starting from a very young age, 
where immature neurocircuits are vulnerable to disruption. To our knowledge no human studies 
exist on frontal spine morphology in FXS, however such impairments have been described in 
ASD patients (Hutsler and Zhang, 2010), and in a mouse model for FXS (Meredith et al., 2007).

4.2 Functional Neuroanatomy and Executive Functions
Cognitive deficits have been described in FXS as early as toddlerhood. In a visual attention task 
adjusted for infants, subjects were instructed to select on a monitor a target, from an array of tar-
get and non-target objects. When controlling for mental age (MeA), FXS subjects exhibited more 
errors and heightened perseverative responses (Scerif et al., 2004; 2007). Neurocognitive deficits 
manifesting during infancy are implicit of early impairments in PFC neurocircuitry development. 
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Limitations in FXS executive function persist and become more prominent with age. Firstly, 
a significant portion of adolescent FXS patients – up to 80% in some tasks, failed to com-
plete parts of a cognitive testing array (Hooper et al., 2008). Inhibitory control allows the 
individual to overcome impulses and engage in proper context-specific behaviour. It is de-
fined as “…being able to control one’s attention, behaviour, thoughts, and/or emotions, in or-
der to override a strong internal predisposition or external lure, and instead do what is more 
appropriate or needed” (Diamond, 2013). Two different measures of inhibitory control test-
ing required the subject to either enunciate “day” or “night” when presented with an image 
of the moon or sun respectively – Day-Night Task, or to name colour or shape of an object 
presented – Contingency Naming Test (CNT). Controlling for both MeA and maternal age, 
FXS patients demonstrated inhibitory control deficits and cognitive inflexibility in these tasks, 
committing more errors especially when CNT rules were switched (Hooper et al., 2008). 

Similar deficits in inhibitory control have also been documented in adult FXS patients (Maz-
zocco et al., 1992a; 1992b). Altered prefrontal activation patterns were documented in FXS 
during response inhibition task fMRI studies. Higher mPFC CC activity is associated with un-
successful inhibition (Verbruggen and Logan, 2008), and is observed in FXS patients (Cornish 
et al., 2004; Hoeft et al., 2007). Right hemispheric striato-vlPFC activity positively correlates 
with successful inhibitory control (Menon et al., 2004). Greater than normal vlPFC activity 
was observed in FXS patients that either performed poorly (Cornish et al., 2004) or relatively 
well (Hoeft et al., 2007) in inhibitory tasks, indicative of increased neuroactivity recruitments 
to achieve near baseline performance. In one study, reduced right striato-vlPFC activity in FXS 
female patients was correlated with FMRP levels, and was compensated by augmented left 
striato-vlPFC activity (Hoeft et al., 2007). Interestingly, cerebral blood flow analysis revealed 
hypo-perfusion of the right frontal and right fronto-lateral circuits in FXS patients (Hjalgrim et 
al., 1999).  Moreover, FXS left fronto-striatal white matter tracks exhibit increased density as 
early as infancy and carry through adolescence, and could acts as an early compensatory mech-
anism for the defective contralateral pathway (Barnea-Goraly et al., 2003; Haas et al., 2009).

Planning or the ability to think ahead is ubiquitous to daily functioning and incorporates both 
cognitive and motor processes. It is defined as “…the ability to organize cognitive behaviour 
in time and space, and is necessary in situations where a goal must be achieved through a se-
ries of intermediate steps each of which does not necessarily lead directly towards that goal” 
(Owen, 1997). In two separate tests for assessing planning skills, FXS adolescents (Hooper 
et al., 2008) and adults (Mazzocco et al., 1992a; 1992b) performed poorly by either failing 
to complete the task within the allocated number of steps or time, and by committing more 
errors. Working memory, the capacity to hold information in mind and mentally manipu-
late it, is partially mediated by PFC, and interplays with planning (Diamond, 2013). In the 
memory of words task, participants are asked to repeat back a series of unrelated words pre-
sented, and in the auditory working memory task participants listen to intermixed numbers 
and object names, and are asked to repeat back first the objects and then the numbers. Re-
gardless of whether the words were presented visually or audibly, adolescent FXS patients 
performed significantly more poorly than MeA and maternal age matched controls (Hooper 
et al., 2008). Furthermore, with increasing working memory demands PFC activation ap-
pears to plateau and remain lower in FXS patients, with FMRP expression levels correlat-
ing positively to the degree of PFC activation during the task (Kwon et al., 2001). Similar 
reduced and plateau activity patterns correlating with FMRP expression, have also been ob-
served in FXS PFC during arithmetic processing of increasing complexity (Rivera et al., 2002). 
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Attention Deficit Hyperactivity Disorder (ADHD), is amongst the most commonly diagnosed 
conditions in FXS (Sullivan et al., 2006), and is marked by prominent delays in adolescent 
PFC maturation (Shaw et al., 2007). Parent and teacher DSM-IV based evaluation, reported 
between 50% to 60% incidence of ADHD- inattentive, hyperactive, or combined type in FXS 
adolescents compared to MeA matched controls (Sullivan et al., 2006). Attention can be broad-
ly grouped in three categories, selective – ability to ignore irrelevant stimuli, divided – abili-
ty to attend multiple information streams simultaneously, and sustained – ability to maintain 
attention for prolonged periods. Compared to Down’s syndrome (DS) with similar hyperac-
tive phenotypes, or MeA-matched children with “poor” or “good” attention, FXS adolescents 
demonstrated severe deficits in selective attention (Munir et al., 2000). Divided attention was 
also affected - equally with DS, whereas no overt sustained attention deficiencies were observed 
between groups (Munir et al., 2000; Sullivan et al., 2007). Furthermore, both FXS and DS 
groups demonstrated increased perseveration, further exaggerated in FXS when correct targets 
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Figure 2: A. An illustration depicting the defective appearance of the X-Chromosome in FXS, illustrated by 
the constrictions present at the chromosome’s longer ends (purple arrows). In these two regions expanded CGG 
repeats attract histone hypermethylation leading to intense chromatin constriction, giving rise to the fragile ap-
pearance at these ends.  B. Simplified depiction of FMR1 gene expression regulation, transcription and translation. 
In healthy individuals CGG triplets do not exceed fifty-five repetitions, allowing for normal levels of epigenetic 
transcriptional regulation of the gene, yielding regular levels of FMR1 mRNA (green rectangles labelled FMR1) 
and of FMRP (orange circles). Due to inherent instability of DNA replication over CGG islands, these repeats 
can expand as they are passed down from generation to generation. When CGG expansion is between 55 and 200 
repeats, the gene is still transcribed and translated, however there is excessive FMR1 mRNA production, while 
FMRP levels are actually reduced. This premutation stage is associated with a distinct condition coined Fragile 
X Tremor Ataxia Syndrome. Finally, when the number of repeats exceeds that of 200, the gene is fully silenced, 
and no mRNA or protein is being produced, giving rise to Fragile X Syndrome. When present, FMRP associates 
with hundreds of mRNA targets, and thereby negatively regulates their translation, in addition to shuttling these 
mRNAs to several locations throughout the cell. 
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were alternating between trials (Munir et al., 2000; Wilding et al., 2002). Heightened persever-
ation is also documented in adult FXS patients (Cornish et al., 2001). Together these findings 
suggest exaggerated attentional deficits in FXS, independent of hyperactivity and learning dis-
abilities. Interestingly, in adult patients selective attention was found intact, while deficits in su 
tained attention became apparent, and could point toward ongoing derailments in PFC circuit 
maturation (Cornish et al., 2001). Studies on attention, inhibitory control, and perseveration in 
Fmr1-KO including the one conducted by the author, are discussed in Chapter III of this thesis.

Social cognition encompasses all mental processes used to identify and interpret social signals, 
in order to guide self-behaviour in dynamic social environments (Bicks et al., 2015). The PFC 
undertakes much of the neuronal integration required for social cognition, and its dysfunction 
has been linked with aberrant social behaviour and ASD pathophysiology (Shalom, 2009; Yang 
and Raine, 2009; Bicks et al., 2015). FXS patients exhibit aberrant social greeting behaviour 
with turned body and reduced direct eye contact, take longer to initiate social interactions, and 
exhibit general social anxiety (see Holsen et al., 2008). fMRI analysis demonstrated reduced PFC 
activation when FXS patients were presented directly gazing faces, whereas when the gaze was 
indirect PFC activation was higher than controls (Holsen et al., 2008; Watson et al., 2008). These 
patterns follow the opposite of what is observed in healthy controls, and could reflect FXS avoid-
ance of mutual eye contact and preference for indirect social gaze (Cohen et al., 1989; Watson et 
al., 2008). Additionally, unlike controls, FXS PFC activity continued to sensitize when presented 
with previously seen faces (Holsen et al., 2008; Bruno et al., 2014). Therefore aberrant neuronal 
processing and reduced neuronal adaptation in FXS PFC occurs, akin to ASD dysfunction (Mizu-
no et al., 2006; Kana et al., 2007; Watson et al., 2008), and is related to atypical social cognition.

4.3 Electroencephalography
Neuronal oscillations emerge from the rhythmic activity of an ensemble of neurons, driven by 
excitatory and inhibitory neuronal interplay, cover a broad range of frequencies, and are central 
to behaviour and cognition (Isaacson and Scanziani, 2011). Frequencies between 4Hz and 13Hz 
cover theta and alpha bands, whereas frequencies higher than ~30Hz are termed gamma (Jensen 
and Mazaheri, 2010; Benchenane et al., 2011; Isaacson and Scanziani, 2011). Neuronal oscil-
lations have been associated with a wide range of functions including learning, memory, atten-
tion, inhibitory control, restfulness, and orchestrate information transfer between coherently os-
cillating brain structures. In the PFC theta bands are prominent during prefrontal-hippocampal 
communication, whereas gamma bands are prevalent during prefrontal-sensory cortex commu-
nication (Benchenane et al., 2011). Atypical electroencephalic signatures have been observed 
in FXS patients in groups ranging from adolescent to adults. Specifically, a reduction in alpha 
and an increase theta and gamma band power is reported and covers also the frontal areas of 
these patients (Guerreiro et al., 1998; van der Molen and van der Molen, 2013; van der Molen et 
al., 2014; Wang et al., 2017). Functional connectivity analysis, highlighted reductions in alpha 
band long-range paths, while for theta and gamma bands functional connectivity was increased 
for long-range and for short in theta (van der Molen et al., 2014; Wang et al., 2017). Changes 
in long- and short- range functional connectivity have also been extensively documented in 
ASD (Rane et al., 2015). Interestingly, the severity of FXS patients’ social deficits was cor-
related with the observed degree of gamma and alpha changes in power (Wang et al., 2017). 
Concomitant reduction in alpha and increase in theta band power have also been reported in 
children and adults with ADHD (Barry et al., 2003; van der Molen and van der Molen, 2013). 
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Finally, increases in theta and especially gamma band power are indicative of hyperexcita-
ble neuronal networks (van der Molen and van der Molen, 2013; Wang et al., 2017). It is 
proposed that alpha band oscillations are primarily mediated and tightly regulated by GAB-
Aergic interneurons (Jensen and Mazaheri, 2010). Therefore, it is tempting to speculate 
that putative GABAergic dysfunction in FXS PFC exists, and promotes FXS pathophys-
iology to a significant extent. Moreover, up to a fifth of FXS patients experience epileptic 
attacks, with the majority having the first attack before the age of ten and as early as two 
years old (Berry-Kravis, 2002), indicative of developmental disruptions of inhibitory circuits.

4.4 mGluR5 Pathway
Although the dominant hypothesis for FXS pathophysiology, mGluR5 signalling has been ex-
tensively described in rodent hippocampus, whereas little is known about it for the PFC. A single 
post-mortem study in prefrontal tissue from FXS patients demonstrated a marginal increase in 
mGluR5 density, and a significant increase in receptor protein levels compared to healthy controls 
(Lohith et al., 2013). Although these results highlight a deviation from the norm, it should be not-
ed that in the rodent hippocampus no increase in receptor density or protein level has been doc-
umented, and instead only receptor-mediated signalling was altered (Huber et al., 2002; Lohith 
et al., 2013). Furthermore, to our knowledge no studies on mGluR levels or signalling in human 
hippocampus have thus far been conducted. As such, the increase in prefrontal mGluR5 could 
reflect species or region-specific alternations in protein levels. Interestingly though, post-mor-
tem prefrontal mGluR5 levels were found increased in ASD children, and FMRP levels were re-
duced in adult ASD patients (Fatemi and Folsom, 2011). Additionally, FMRP phosphorylation 
at Ser-499 causes FMRP-mediated translational arrest, and was found reduced in adult human 
prefrontal ASD tissue (Rustan et al., 2013). Finally, selected protein level changes in prefrontal 
tissue were in the direction of FMRP downregulation and mGluR5 signalling enhancement, 
in children and adult ASD patients (Fatemi et al., 2013). Together these results demonstrate 
on overall dysregulation in FMRP and mGluR5 pathways, with aberrant protein synthesis and 
downstream signalling upregulation, and parallel the changes observed in prefrontal FXS tissue. 
Therefore, significant evidence exists pointing toward dysfunctional mGluR5 signalling in FXS 
and ASD, and for FMRP in ASD. The work described in Chapter IV of this thesis provides a com-
prehensive description of mGluR1,5 mediated signalling for the first time in the human cortex, 
and can be utilized to further improve translational approaches and therapeutic efforts for FXS.

4.5 Prefrontal Dysfunction in Rodent Fmr1-KO
As with virtually all human diseases, considerable understanding of the underlying aetiol-
ogy and mechanisms is derived from work in model organisms. These organisms allow for 
measures and interventions that would be inaccessible, impossible, and otherwise unethi-
cal in human and many times primate species. Research from lower species such as rodent, 
fish, and even fly, is subsequently projected back to humans, enhancing our understanding 
of diseases. Albeit, considering the dissimilarities between species, and furthermore the stu-
pendous evolutionary complexity of the mammalian brain, the findings do not always over-
lap and in many cases appear contradictory (Verhoog et al., 2013; Mohan et al., 2015).

Model organisms have been developed for FXS, including fly (McBride et al., 2005) and fish  
(Broeder et al., 2009). A rat (Berzhanskaya et al., 2016) and several mouse FXS models have 
been established, including constitutive  (The Dutch-Belgian Fragile X Consortium, 1994) and 
conditional KOs (Mientjes et al., 2006), as well as ones bearing an expanded number of CGG 
repeats (Qin et al., 2011). The model used most extensively, developed in 1994, is a mouse 
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constitutive KO for Fmr1, and recapitulates features of the disease including, macroorchid-
ism, spine abnormalities, and seizure susceptibility (The Dutch-Belgian Fragile X Consortium, 
1994). Although the intellectual domain is reserved for humans, learning and memory deficits 
have been described in the model in a variety of tests including fear conditioning, maze and 
Morris water maze learning, and novel object recognition - albeit with sometimes mixed re-
sults. Additionally, anxiety, hyperactivity, abnormal vocalizations, social deficits, hypersensi-
tivity, and sensorimotor gating defects have also been described in the model (for a comprehen-
sive list see Kazdoba et al., 2014). Studies on attention, inhibitory control, and perseveration in 
Fmr1-KO including the one conducted by the author, are discussed in Chapter III of this thesis.

 4.5i Excitatory Signalling
 Given the limitations in executive function in both FXS patients and mouse model, mo-
lecular and electrophysiological evidence for PFC dysfunction, although scarce, has begun to 
emerge. Already during the 2nd postnatal week of Fmr1-KOs spine dysmorphology, akin to that 
observed in FXS patients, is also found in PL mPFC layer-II/III pyramidals (Meredith et al., 2007). 
Additionally, layer-V PL mPFC pyramidal cells form an excessive number of synapses that also 
take longer to recover from synaptic depression (Testa-Silva et al., 2012). Spike timing-depend-
ent plasticity (STDP), responsible for dynamically modulating synaptic strength based on pre- 
and post- synaptic temporal coincidence, was also found defective in PL mPFC layers II/III at 2 
weeks (Meredith et al., 2007). Unreliable Ca2+ signalling in dendrites and spines was shown to 
drive the defects in STDP, and increasing neuronal activity could rescue the STDP phenotype in 
pre-adolescent mice (Meredith et al., 2007). Hyper-connectivity and synaptic kinetics normalise 
by the first postnatal month (Testa-Silva et al., 2012). During adulthood the STDP phenotype 
persists in PL mPFC, and it is also described in adult superficial aCC (Zhao et al., 2005; Mere-
dith et al., 2007).  Environmental enrichment was shown to rescue the STDP phenotype at least 
for adult PL mPFC (Meredith et al., 2007). Finally, expression levels for N-methyl-D-aspartate 
(NMDA) receptor subunits NR1, NR2A, NR2B are found reduced in adult Fmr1-KO mPFC 
(Krueger et al., 2011). An age dependent impairment in NMDA-mediated LTP was described in 
layer-V PL mPFC, present at 12 but not 2 postnatal months, and could be rescued by mGluR5 
antagonism (Martin et al., 2016a). Moreover, tetanic- stimulation-induced LTD in young adult 
layer-V mPFC neurons was found reduced in Fmr1-KOs, recovering to baseline shortly after 
stimulation cessation (Jung et al., 2012). Generally, short term plasticity (STP) and passive/ac-
tive properties of superficial and deep layer mPFC pyramidals were reported intact (Zhao et al., 
2005; Meredith et al., 2007; Testa-Silva et al., 2012; Martin et al., 2016a). These studies provid-
ed the first evidence for defective structure, wiring, and excitatory function of mPFC through 
adulthood but especially during early critical periods of postnatal neurocircuit establishment. 

 4.5ii mGluR5 Signalling
 In striking contrast to the core hypothesis of the mGluR5 theory of FXS pathophysiolo-
gy, two separate studies provided evidence of indeed aberrant mGluR5 signalling in Fmr1-KO 
mPFC, although in the opposite direction.  Chemical induction of LTD via mGluR1/5 agonism, 
failed to sustainably depress synaptic responses in Fmr1-KO layer-V mPFC pyramidals (Martin 
et al., 2016b).. In the PFC pharmacological or electrical mGluR5-mediated LTD, is hypothe-
sized to affect presynaptic release via endocannabinoid (eCB) signalling cascades (Castillo et 
al., 2012; Martin et al., 2016b). Specifically, upon postsynaptic mGluR activation intracellular 
cascades lead to release of 2-arachidonoylglycerol (2-AG), that retrogradely activates presyn-
aptic eCB receptors to limit release (Castillo et al., 2012). Along these lines, selective activation 
of mGluR5 with a positive allosteric modulator or blockade of 2-AG degradation led to restora-
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tion of LTD in Fmr1-KO mPFC pyramidals (Jung et al., 2012; Martin et al., 2016b). Intriguing-
ly, 1,2-diacylglycerol lipase-α (DGL-α) mRNA, the enzyme responsible for 2-AG synthesis, as-
sociates with FMRP, and DGL-α localization is disturbed in Fmr1-KOs (Jung et al., 2012). The 
observation that in post-mortem human FXS PFC mGluR5 protein is found upregulated, could 
indicate compensatory mechanisms to partially restore dysfunction. It is therefore evident, that 
mGluR5 signalling is at least partially implicated in synaptic plasticity dysfunction in Fmr1-
KO PFC. However, it is remarkable that in this case the dysfunction is in the opposite direction 
of what is hypothesized to be the core of FXS symptomatology. Such findings, if translatable 
to human pathophysiology, further complicate pharmacological interventions since at the very 
least they would require site- and activity- specific interventions. Although access to human 
fresh prefrontal cortex tissue is extremely scarce, the work described in Chapter IV of this thesis 
describes mGluR1,5 signalling for the first time in human cortex, albeit from mainly temporal 
cortex. Subsequently, the work in Chapter V provides the framework for an approach to elec-
trophysiologically study virtually any human brain area through the use of post-mortem tissue.
 

 4.5iii Neuromodulator Signalling
 Dopamine neurotransmission is crucial for high order faculties and is implicated in 
motivation, reward, reinforcement, pleasure, arousal, working memory, planning, attention, and 
motor control.  Two distinct polysynaptic pathways mediate dopamine release in the mPFC, 
originating from the cerebellum – a brain area tightly associated with ASD pathology. Cer-
ebellar polysynaptic connections terminate to and stimulate ventral tegmental area (VTA) 
dopaminergic projections to the mPFC. Additionally, a second polysynaptic pathway termi-
nates to and stimulates ventrolateral thalamic (vlThl) glutamatergic projections to dopamin-
ergic terminals in the mPFC (Rogers et al., 2013). In Fmr1-KO mice amperometric measure-
ments in mPFC demonstrate attenuated dopamine responses upon cerebellar stimulation, and 
a shift toward vlThl control of mPFC dopamine release (Rogers et al., 2013). Upon release, 
dopamine exerts its activity through binding on G-protein-coupled-receptors, found on mPFC 
pyramidal and interneuronal cells, modulating their excitability (Seamans and Yang, 2004). 
FMRP is implicated in dopamine signalling, mediating α-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA) receptor surface turnover upon dopamine receptor stimulation 
in prefrontal neuronal cultures (Wang et al., 2008; 2010). Dopaminergic facilitation of LTP 
is impaired in Fmr1-KO mPFC cingulate (Wang et al., 2008; Xu et al., 2012), and blockade 
of mGluR1/5 signalling rescues the impairment, partially due enhancement of postsynaptic 
AMPA receptor surface expression (Wang et al., 2008; Xu et al., 2012). It therefore emerg-
es that Fmr1-KO mPFC dopamine responses are attenuated, affecting long-term synaptic 
plasticity and excitatory receptor expression. As such, defective dopamine signalling in FXS 
mPFC could promote substantial deficits in executive function observed in the syndrome.

Serotonin is another critical neuromodulator that plays a significant role in prefrontal func-
tion and by extension in complex high-order executive functions. The mPFC receives dense 
monosynaptic serotonergic inputs from the raphe nuclei forming connections with excitato-
ry and inhibitory neurons (Puig and Gulledge, 2011). Additionally, the mPFC projects back 
to raphe nuclei, mainly synapsing onto local inhibitory neurons, forming thus a tight feed-
back loop to regulate serotonin release (Fuster, 2015). With the exception of one cation-gating 
channel, serotonin receptors are metabotropic, and bidirectionally modulate neuronal activity 
based on the subtype activated (Puig and Gulledge, 2011). Serotonin receptor blockade was 
shown to facilitate LTP, partially due to increased AMPA receptor membrane insertion (Xu 
and Sudhof, 2013). In Fmr1-KO cingulate mPFC serotonergic modulation of STDP was found 
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impaired, in the absence of presynaptic glutamate release deficits, but instead due to reduced 
post-induction AMPA receptor insertion (Xu and Sudhof, 2013). Coupled to the effects ob-
served in dopaminergic signalling, FMRP emerges as an important regulator of downstream 
monoamine receptor signalling, mediating excitatory receptor membrane turnover. Impair-
ments in this process due to absent FMRP thus lead to aberrant synaptic plasticity, which can 
in turn severely impact formation and function of PFC circuit underlying executive functions.

Central to attentional faculties is the cholinergic modulation of the mPFC, where acetylcholine 
(ACh) levels spike during attentional load (Parikh et al., 2007). Cholinergic deafferentation 
in mPFC is shown to compromise attentional performance in rodents, while pharmacological 
augmentation of cholinergic signalling in mPFC improved performance (Bloem et al., 2014). 
The mPFC receives cholinergic innervation mainly from the basal forebrain, that signals to 
ionotropic nicotinic or metabotropic muscarinic receptors (Bloem et al., 2014). During foetal 
development FMR1 expression is seen highest in the nucleus basalis of basal forebrain (Abit-
bol et al., 1993).  In FXS patients basal forebrain activation was found reduced during a visual 
memory task (Greicius et al., 2004), and PFC levels of acetylcholine precursor choline were 
marginally reduced (Kesler et al., 2009). A prevailing hypothesis for ACh function in atten-
tion is that it decorrelates neuronal activity - reduces synchronous firing, thus increasing the 
coding capacity of individual neurons (Goard and Dan, 2009; Luongo et al., 2016). In Fmr1-
KO layer-V mPFC, ACh receptor agonism failed to significantly decorrelate neuronal activi-
ty (Luongo et al., 2016). Therefore, lack of FMRP during development might interfere with 
cholinergic neurocircuitry establishment, causing impairments in acetylcholine signalling and 
function. Importantly, a pilot trial with Donepezil, an acetylcholinesterase inhibitor, showed 
marked improvement in inhibitory control and attention, in addition to reductions in hyper-
activity and irritability (Kesler et al., 2009). However, a subsequent randomized controlled 
trial failed to demonstrate cognitive and behavioural improvements in FXS boys, although 
Donepezil was shown to be safe and well tolerated (Kumar et al., 1988; Sahu et al., 2013).

5. GABAergic Signalling, and Dysfunction in Fragile X Syndrome
“The most general law in nature is equity. The principle of balance and symmetry, which 

guides the growth of forms along the lines of the greatest structural efficiency.”
 – Herbert Read

A poet and philosopher, Herbert Read could have easily been referring to the brain. Al-
though structural and functional brain asymmetries exist (Toga and Thompson, 2003), 
they are overshadowed by the apparent symmetry that much of the brain exhibits. More-
over, balance between excitatory and inhibitory activity of neuronal signals, is cen-
tral not only to the development of the brain but also inseparable from healthy function.
 
5.1 GABA Receptors
Inhibitory communication in the mammalian central nervous system is primarily relayed by 
the GABAergic (γ-amino-butyric acid) system, while glycinergic inhibition is mainly found in 
brainstem and spinal cord (Mohler, 2012). GABA neurotransmitter is synthesized in inhibitory 
neurons by decarboxylation of Glutamate, through the enzymatic action of Glutamic Acid De-
carboxylase (GAD). Upon release in the synaptic cleft and subsequent activation of receptors, 
residual neurotransmitter is uptaken via action of GABA transporters (GAT) present presyn-
aptically and on surrounding glia, effectively terminating its action. Presynaptically reuptaken 
GABA can be reutilized, while GABA taken up by glia is degraded through a process cata-
lysed by GABA-Transaminase (GABA-T) (Enna, 2007; Mohler, 2012; Rowley et al., 2012).
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Relaying the effect of GABA is the responsibility of primarily two distinct classes of receptors 
termed GABAA and GABAB (Fig.3A,B). The GABAA family of ionotropic receptors gates Cl-, 
and is composed of 19 different subunits belonging to eight classes – α1-6, β1-3, γ1-3, δ, ε, 
ϑ, π, ρ1-3, that combine to form a functioning pentameric unit (Enna, 2007; Mohler, 2012). 
GABAA receptor structure closely resembles that of other ionotropic receptors. A large extracel-
lular N-terminal domain confers ligand-binding capacity, a transmembrane domain shapes the 
central ion channel, and an intracellular loop is responsible for protein-protein interaction and 
possesses phosphorylation sites (Enna, 2007; Mohler, 2012; Sigel and Steinmann, 2012; Miller 
and Aricescu, 2014). The most frequently observed stoichiometry is that of 2α:2β:γ subunits 
coming together to form functioning receptors, while other subunits can substitute for γ (Enna, 
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Figure 3: A. Ionotropic GABAA receptor structure deduced from crystallisation of the human GABAA receptor, 
viewed either from parallel to the cell membrane (Ai) or viewed from the synaptic cleft (Aii). Different col-
ours represent individual GABAA subunits that come together to form a functioning pentameric receptor. The 
N-terminus of the receptor forms the extracellular domain (ECD) that confers ligand-binding capacity, followed 
by the transmembrane domain (TMD) that shapes the central ion channel - clearly viewed from the synaptic 
cleft orientation (Aii). The intracellular C-terminus is not depicted in this image. B. Structure of the of the me-
tabotropic human GABAB receptor subunits B1 -left, and B2 -right, coming together to form a functioning het-
erodimer, viewed from parallel to the cell membrane. The N-terminus ECD of the two subunits form the ve-
nus fly-trap domain that allows for ligand binding. The heterodimer is stabilised in the cell membrane through 
fourteen TMD helical structures, that also provide G protein coupling near the B2 region. Ligand binding is 
provided by the B1 subunit and causes receptor conformational rearrangements leading to intracellular G pro-
tein activation cascades. C. Illustration of several different interneuron subtypes depicting the preferential tar-
geting of their synapses onto an excitatory cell. Parvalbumin expressing interneurons are subdivided into ei-
ther basket (purple) or chandelier (yellow) cells, targeting soma and proximal dendrites or axon initial segments 
respectively. Somatostatin expressing interneurons (blue) mainly target distant dendritic arbours of excitatory 
cells. Finally, vasoactive intestinal peptide expressing bipolar cells (red), and reelin expressing neurogliaform 
(dark green) cells mainly target the apical dendrites of excitatory cells, as well as other interneurons. The struc-
ture of GABAA receptor was retrieved from (Miller and Aricescu, 2014), and of GABAB receptor from (Geng 
et al., 2013; Pin and Bettler, 2016). The interneuron illustration was modified from http://knowingneurons.com.
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2007; Mohler, 2012). Notable exceptions are ρ1-3 subunits that self-associate to form homomer-
ic or heteromeric channels found in the retina - classified as GABAC receptors due to their atyp-
ical pharmacology (Naffaa et al., 2017). GABAA receptor activation and deactivation kinetics, 
as well as ligand-binding affinities are determined by the underlying subunit composition (Dun-
ning et al., 1999; Banks et al., 2002; Mody and Pearce, 2004; Rudolph and Mohler, 2004; Enna, 
2007). Regional distributions of subunits have been described, ranging from the extreme α6 ex-
pression solely in cerebellum granule cells, to the promiscuous α1 (Enna, 2007). Found on both 
pyramidal and interneuron cells, GABAA synapses are present throughout the somato-dendritic 
axis as well as on axons (Enna, 2007; Kubota et al., 2016). Receptors directly opposing presyn-
aptic GABAergic terminals are mainly responsible for fast-acting phasic inhibition, while those 
found further away are activated by synaptic spill-over and provide a slow tonic inhibitory tone 
on the cell (Luscher and Keller, 2004; Mody and Pearce, 2004; Enna, 2007). Several postsyn-
aptic proteins have been identified to associate with inhibitory synapses, including gephyrin, 
collybistin and GABAA–Receptor-Associated-Protein, that impact receptor clustering, anchor-
ing, trafficking, and kinetics (Moss and Smart, 2001; Luscher and Keller, 2004; Enna, 2007).

The second major class of GABA activated receptors is the GABAB G protein-coupled me-
tabotropic receptor (Fig.3B). Unlike its ion-gating counterpart, the GABAB family is com-
posed of only two different subunits, the GABAB-R1 and GABAB-R2 that come together to 
form a functional heterodimer (Enna, 2007; Mohler, 2012). The ligand-binding domain is 
mediated by GABAB-R1, while G-protein coupling is mediated solely by GABAB-R2 (Enna, 
2007; Mohler, 2012; Rowley et al., 2012; Geng et al., 2013). Alternative splicing of the 
GABAB-R1 gene is reported to generate up to fourteen different variants (Enna, 2007; Jiang 
et al., 2012; Mohler, 2012). However, besides the dominant cross-species GABAB-R1a and 
GABAB-R1b variants, only trace amounts have been detected for the rest and species spec-
ificity is also observed (Jiang et al., 2012). GABAB-R1a possesses two tandem sushi repeat 
domains that GABAB-R1b lacks, conferring binding capacity to several complement and ad-
hesion proteins (Mohler, 2012). Additionally, developmental, spatiotemporal, and functional 
specificity has been described for the two major GABAB-R1 variants (Jiang et al., 2012). The 
functional heterodimer’s extracellular N-terminal forms a venus fly trap domain, whereupon 
ligand binding conformational changes lead to G protein activation (Pin and Bettler, 2016). 
Fourteen transmembrane domains, seven per subunit, anchor the heterodimer to the mem-
brane, provide G protein-coupling in the GABAB-R2 region, and structurally rearrange to in-
itiate activation cascades (Enna, 2007; Gassmann and Bettler, 2012; Mohler, 2012; Geng et 
al., 2013). Interaction of the subunits’ short C-terminal coil-coil domains forms the heterod-
imer, and leads to masking of GABAB-R1’s ER-retention signal, affording cell surface traf-
ficking of the receptor (Jiang et al., 2012). Lastly, GABAB receptors exert inhibitory control 
both at the pre- and post- synaptic domains, by decreasing voltage-gated Ca2+ or increasing 
K+ channel activity respectively (Enna, 2007; Gassmann and Bettler, 2012; Mohler, 2012).

5.2 Inhibitory Interneurons
Although comprising approximately a fourth of the total number of cortical neurons, inhibitory 
interneurons (IN) are indispensable to healthy brain structure and function. Their prominence 
is further highlighted by their immense specialization that confounds regular classification 
schemes. A combination of morphological characteristics, axonal branching and synaptic tar-
geting, molecular markers, and electrophysiological properties, is used in an attempt to broadly 
classify these cells (Fig.3C). Generally, INs can be classified by the expression of one of three 
Ca2+ binding proteins, parvalbumin (PV), calbindin (CB), and calretinin (CR). These three mark-
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ers appear to label the majority of cortical INs, with each marker expressed in IN subpopulations 
according to their compartmental- or cell- specific targeting. Specifically, pyramidal targeting 
INs preferentially express PV or CB, while CR expression is found in INs targeting other INs. 
Moreover, perisomatic targeting INs have been found to preferentially express PV, while dendrit-
ic targeting INs preferentially express CB  (DeFelipe, 1997; Hof et al., 1999; Wang et al., 2004). 

The most readily identifiable interneuron is the fast-spiking, PV expressing type, also known 
as basket cell. These INs provide strong inhibition directly on the somata and proximal den-
drites of pyramidal cells, and their axonal arborisation can span cortical columns and layers. 
The term fast-spiking is derived from their fast action potentials that permit high-frequen-
cy firing trains without amplitude adaptations (Markram et al., 2004; Wamsley and Fishell, 
2017). Their unique characteristic has largely been attributed to the expression of specialized 
K+ channels with unique gating properties (Lien and Jonas, 2003; Jonas et al., 2004). A sub-
group of FS INs are the chandelier cells, that preferentially synapse on the axon initial seg-
ments of pyramidals, and have comparatively modest and local axonal arborizations (Povy-
sheva et al., 2013; Wamsley and Fishell, 2017). Given synapse selectivity for soma and axon 
initial segment, where signal integration and action-potential generations occur, basket and 
chandelier cells impose an outstanding control over the cells capacity to transfer information.

With the exception of Martinotti cells that occasionally exhibit low-threshold or burst spiking, 
besides high input resistance, no remarkable electrophysiological feature marks other IN classes. 
Martinotti INs can be identified by the expression of the neuropeptide somatostatin. They exhibit 
extensive cross-columnar axonal arbores especially in layer-I, and synapse on dendrites and den-
dritic tufts of target cells (Wamsley and Fishell, 2017). Consequently, these cells impact the flow 
of information to the soma by modulating local integration of functionally specific excitatory in-
puts (Kubota et al., 2016), and affect plasticity by altering channel- and receptor- mediated Ca2+ 
fluxes  (Higley, 2014). The last two general groups of INs express vasoactive intestinal peptide 
(VIP) or reelin, and include multipolar, bipolar, and neuroglia form cells. Their axonal arbores tend 
to be confined within a single column and rarely do cross laminas (Wamsley and Fishell, 2017). 
Although comprising the minority of cortical INs, they can be considered as master regulators 
since they primarily target other INs and thus allowing for disinhibition of neuronal networks.  

5.3 Inhibition in Fragile X Syndrome
Considering the extended reach and tight control that GABAergic inhibition holds over neu-
ronal activity, even the smallest deviations from the norm can severely impact health and 
cognition. The most evident manifestation of GABAergic dysfunction is in epilepsy, given 
the centrality of interneurons in neuronal synchronization and coordination of oscillatory ac-
tivity (Gonzalez-Burgos and Lewis, 2008; Isaacson and Scanziani, 2011). Additionally, the 
presence of inhibitory control in virtually every brain structure, renders GABA signalling an 
accomplice in executive function deficits, anxiety, addiction, and a range of neuropsychiat-
ric and neurodevelopmental disorders (Wong et al., 2003; Rudolph and Mohler, 2014; Braat 
and Kooy, 2015). The effects that FMRP deletion imposes on the GABAergic system have 
been described in several animal models as well as in human embryonic stem cells (hESCs). 

Neurons derived from FXS hESCs exhibited immature inhibitory responses, with decreased 
desensitization to GABA application, prolonged receptor kinetics, and insensitivity to phar-
macological manipulation (Telias et al., 2016). GABAA subunits govern receptor kinetics and 
endogenous/exogenous ligand binding (Enna, 2007; Rudolph and Mohler, 2014). In FXS hESC 
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derived neurons, GABAA subunit expression was altered, demonstrative of FMRP’s contri-
bution to the developmental establishment of human inhibitory circuitry (Telias et al., 2016). 
In the drosophila FXS model (dFMRP-KO), expression of all three insect GABA receptor 
subunits and of the GABA synthesizing enzyme GAD is significantly decreased (Gatto et al., 
2014). Additionally, in dFMRP-KO flies GABAergic neuron architecture is developmentally 
dysregulated during both early establishment and late refinement (Gatto et al., 2014). Elevated 
Ca2+ signalling, increased interneuron excitability, defective establishment of lateral inhibition 
mediating synapses, and impaired sensory integration have also been described in dFMRP-KO 
flies (Gatto et al., 2014; Franco et al., 2017). Pharmacological enhancement of GABAergic 
signalling was shown to rescue lethality related to a glutamate-rich diet, and to restore mush-
room body morphology and courting behaviour in the fly (Chang et al., 2008). Lastly, deletion 
of FMRP in the developing Xenopus tadpole led to enhanced feedforward inhibition, reduced 
schooling behaviour and altered sensitivity to seizures (Truszkowski et al., 2016). It is therefore 
evident the key and evolutionary conserved role of FMRP in establishing and maintain proper 
inhibitory circuitry, as well as the potential therapeutic value of augmented GABA signalling. 

Extensive characterization in Fmr1-KO rodents has revealed brain wide dysregulated expres-
sion of several GABAergic components at the transcript or protein level (Fig.4A). Importantly, 
FMRP has been shown to bind both GABAB receptor subunit mRNAs (Wolfe et al., 2016), and 
to at least GABAA receptor subunit δ and α1 mRNA (Miyashiro et al., 2003; Braat et al., 2015). 
GABAB-R1a subunit expression was found reduced in the cortex and midbrain of Fmr1-KO’s, 
and in the hippocampus of patients (not significant reduction) and Fmr1-KO’s (Kang et al., 
2017). Rodent FXS cortical expression of GABAA subunits α1, α3, α4, β1, β2, γ1, γ2 and δ, as 
well as GAD67, GAT1, GAT4, and Gephyrin was reduced (D’Hulst et al., 2006; Gantois et al., 
2006; D’Hulst et al., 2009; Adusei et al., 2010). Additionally, cortical GAD65 expression was 
increased while PV+ interneuron numbers were increased in deeper and decreased in superficial 
somatosensory cortical layers (Selby et al., 2007; Adusei et al., 2010). In the hippocampal area, 
α2, α5, β1, β2, and δ subunit expression was downregulated while GAD65 expression was found 
increased (Idrissi et al., 2005; D’Hulst et al., 2006; Curia et al., 2009; Sabanov et al., 2017; Zhang 
et al., 2017). Cerebellar expression of GAD67, GAT1, GAT4, was reduced (D’Hulst et al., 2009), 
while brainstem expression of GAD65 was found increased (Idrissi et al., 2005). Furthermore, 
in amygdala GAD expression and GABA release were reduced (Olmos-Serrano et al., 2010). 

Aside from the aforementioned changes in adult Fmr1-KOs, in KO forebrain of post-na-
tal day 22 or younger subunits α2, β2, and δ were downregulated while GABA-T expres-
sion was increased (Adusei et al., 2010). Cortical and cerebellar expression of α1, α2, and 
α3 and cortical γ2 and δ levels were also found reduced in these mice (Braat et al., 2015). 
Moreover, GABA concentration in hippocampus and cerebellum of young Fmr1-KO’s was 
reduced (Braat et al., 2015). Taken together, these studies demonstrate robust alternations in 
the GABAergic system, during developing and adult time points, encompassing behavioural-
ly relevant brain regions. To our knowledge no changes in GABAergic subunits or enzymes 
have been described in FXS patients (except see Kang et al., 2017). However, a Positron 
Emission Topography in these patients demonstrated significant reduction of GABAA re-
ceptor binding potential throughout the brain, with thalamus exhibiting the highest decrease 
(D’Hulst et al., 2015). Furthermore, subunit changes have been described in post-mortem tis-
sue from other NDD including Rett syndrome and ASD (Blue, 1999; Lawrence et al., 2010).
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Fragile X mouse model 
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Figure 4: Summary of GABAergic machinery components whose expression has been found altered in the A. 
Fmr1-KO mouse model, or B. from post-mortem tissue derived from patients with autism spectrum disorders. 
Changes are grouped per general brain, where green represents an increase while red represents a decrease in the 
expression of the highlighted component. The changes in expression were quantified at different levels, including 
at the mRNA and protein level. Changes are discussed in more detail at section 5.3 of Chapter I. 
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Despite the extensive characterisation of GABAergic component deficits in the Fmr1-KO mouse, 
literature currently lacks any data from FXS patients. However, substantial evidence of GABAe-
rgic dysregulation exists from post-mortem studies in ASD patients (Fig.4B) (Blatt et al., 2001; 
Fatemi et al., 2002; Guptill et al., 2007; Yip et al., 2007; 2009; Fatemi et al., 2009a; 2009b; 
2010; Lawrence et al., 2010; Fatemi et al., 2011; 2014; Fatemi and Folsom, 2015; Robertson et 
al., 2015; Hashemi et al., 2017; Soghomonian et al., 2017), a disorder often co-diagnosed with 
FXS. Additionally, the prevalence of epilepsy in FXS patients is further suggestive of substan-
tial changes in GABAergic function. Hyperexcitable neuronal networks can confer increased 
vulnerability to epileptogenic attacks, and have been described in the cortex of Fmr1-KOs 
(Gibson et al., 2008; Paluszkiewicz et al., 2011b). Crucially, somatosensory cortex layer-IV/V 
PV+ FS INs, and layer-II/III SST+ MN INs, were found to experience up to 50% reduction on 
incoming excitatory drive (Gibson et al., 2008; Paluszkiewicz et al., 2011b; Patel et al., 2013a). 
Moreover, the inhibitory output from these interneurons exhibited reduced synchrony, leading 
to attenuated and aberrant control over excitatory pyramidal cells (Gibson et al., 2008; Paluszk-
iewicz et al., 2011b). Such changes have been described as early as the 2nd postnatal week (Gib-
son et al., 2008), and are present at least through the 4th week (Gibson et al., 2008), while the 
GABA switch from excitatory to inhibitory is shifted by a few days in the same brain area (He 
et al., 2014). Together, this evidence is in support of early-onset disrupted inhibition, promoting 
hyperexcitable sensory circuits, potentially driving epileptogenic activity in FXS. Intriguingly, 
a recent study demonstrated similar reductions in sensory cortex synchronizations of adolescent 
FXS patients (Ethridge et al., 2017), and in the visual cortex of juvenile Fmr1-KO rats, and 
were attributed to defective FS IN function (Berzhanskaya et al., 2016; Ethridge et al., 2017).

Persistent changes in inhibition have been described also in the Fmr1-KO amygdala and hip-
pocampus demonstrative again of underling hyperexcitable networks. In amygdala frequency 
and amplitude of inhibitory post-synaptic currents  (IPSCs) was reduced during the 4th postna-
tal-week, concomitantly with a reduction in inhibitory synapses, and GABA transmitter release 
(Olmos-Serrano et al., 2010). IPSCs were also impacted even during earlier post-natal periods, 
however in a more dynamic and complex manner (Vislay et al., 2013). Tonic inhibition and α5 
or δ subunit mediated currents were also found attenuated in Fmr1-KO amygdala. Reduced ton-
ic inhibition was also found in the CA1, DG, and subiculum of these mice as early as 4 weeks 
post-natal (Curia et al., 2009; Sabanov et al., 2017; Zhang et al., 2017). Additionally, GABAB 
receptor modulation of excitatory transmission was impaired in Fmr1-KO hippocampus (Kang 
et al., 2017). Finally, cortico-hippocampal feed-forward inhibition was markedly reduced due to 
increased presynaptic GABAB activity, thusly attenuating GABA release (Wahlstrom-Helgren 
and Klyachko, 2015). Taken together, the excitatory/inhibitory balance is disturbed in Fmr1-KO 
amygdala and hippocampus, leading to hyperexcitable subcortical networks. Changes in GAB-
Aergic inhibition are also reported in the Fmr1-KO striatum, exhibiting increased frequency and 
amplitude of IPSCs, as well as heightened neurotransmitter release probability (Centonze et al., 
2008). Although these alterations are in opposition from the aforementioned changes, they are 
in line with reports of reduced frontostriatal activation in FXS patients (Menon et al., 2004).

To date, eight compounds targeting the GABAergic system have made their way to various 
stages of pre-clinical and clinical studies, to test their efficacy in treating symptoms of FXS. 
Collectively all these interventions aim at strengthening inhibition by targeting different com-
ponents of the GABAergic system. Ganaxolone, Gaboxadol, Riluzole, Acamprosate, and 
AZD7325 are GABAA receptor agonists, Arbaclofen is a GABAB receptor agonists, and Ti-
agabine and Metadoxine block GAT mediated GABA reuptake (Paluszkiewicz et al., 2011a; 
Lozano et al., 2014). As of August 31st 2017, no results have been published for Gaboxad-
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ol, AZD8325, and Metadoxine (ClinicalTrials.gov). Furthermore, Tiagabine has thus far only 
been tested in the Fmr1-KO FXS model, successfully attenuating audiogenic seizures (Lozano 
et al., 2014). Unfortunately Riluzole, Arbaclofen, and Ganaxolone failed to meet the prima-
ry outcomes of the respective clinical studies, and to show significant clinical improvement 
(Erickson et al., 2011; Berry-Kravis et al., 2017; Ligsay et al., 2017). Although, for Arbal-
foen and Ganaxolone some benefit might occur in a subset of FXS children (Berry-Kravis 
et al., 2017; Ligsay et al., 2017). In a three-person trial Acamprosate was shown to improve 
language and social behaviour (Erickson et al., 2010), while results from a larger trial were 
benefitial for 75% of (9 out of 12) participants (Erickson et al., 2013; Lozano et al., 2014). 
A larger phase II/III clinical trial on Acamprosate is currently ongoing (NCT01911455).

5.4 Prefrontal Inhibition in Fragile X Syndrome
As described earlier in this chapter, FXS is accompanied by extensive PFC mediated deficits such 
as in executive function and attention. Moreover, GABAergic inhibition crucial for high order 
cognitive processing, is severely impaired in FXS, and frontal epileptic activity is observed in 
FXS infants. It is surprising thus, that PFC GABAergic inhibition has received little attention.  
Only one study to this date indirectly addressed that, demonstrating impairments in dopamine 
induced enhancement of inhibitory synaptic transmission (Paul and Cox, 2013). To that end, the 
second chapter of this work aims to begin addressing deficits in prefrontal inhibitory signalling 
that could underlie several cognitive and behavioural impairments observed in the syndrome.

6. Synopsis
Chapter II of this thesis focuses on the GABAergic communication in the mPFC cortex of 
the preclinical model of FXS, the Fmr1-KO mouse model. During two different epochs of 
postnatal prefrontal cortex development, inhibitory signalling was found altered. During pre-
puberty, short-term synaptic depression is attenuated while the frequency and amplitude of 
inhibitory postsynaptic currents is increased. During adolescence the frequency of inhibition 
is found reduced while receptor kinetics are slower in Fmr1-KO mPFC, reflective of recep-
tor-subunit composition alternations. These data add to the existing literature of GABAer-
gic deficits in FXS now shown in the mPFC, the cortical region responsible for high order 
cognitive processing, highlighting a global dysregulation of inhibitory signalling in FXS.

Chapter III explores behavioural functioning in the Fmr1-KO, by using the 5-Choice Seri-
al Reaction Time Task, as well as the open-field arena and home-cage monitoring. Sustained 
attention was found intact during early adulthood, mirroring findings in late adolescent FXS 
patients. However, Fmr1-KO mice exhibited novelty induced hyperactivity and perseveration 
when introduced to new surroundings or when task rules have been abruptly changed. Upon fa-
miliarisation with the environment or rules both hyperactivity and perseveration normalise. Ad-
ministration of an mGluR antagonist did not impact attentional processing in FXS or WT mice.

Chapter IV takes advantage of fresh human brain tissue resected during surgery, to electro-
physiologically probe for the first time mGluR-mediated signalling in human neurocircuitry. 
Acute activation of mGluR1,5 increased the frequency of excitatory postsynaptic currents 
onto interneuron cells without affecting amplitude or kinetics, while inhibitory current fre-
quency increased on pyramidal and interneuron cells. Furthermore, acute mGluR1,5 activa-
tion depressed evoked excitatory responses onto both cell types, while a subset of interneu-
rons exhibited transient potentiation of responses. Finally, mGluR1,5 activation appeared 
to increase excitability of a subset of pyramidal cells and of putative Martinotti interneu-
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rons. These results add to the existing literature on mGluR-mediated signalling, now for the 
first time in human neurocircuitry. Furthermore, this work brings to focus a neglected as-
pect of the mGluR theory of FXS, namely the effect of mGluRs on inhibitory interneurons.

Chapter V begins to address the limitations inherent to recordings from human brain tissue 
resected during surgery. That is, the limitations in terms of brain region received, almost exclu-
sively temporal cortex, and patient origin, mainly patients with mesial temporal sclerosis. For the 
first time, in Chapter V it is demonstrated that recordings from post-mortem human brain tissue 
could be feasible. Extensive electrophysiological probing of this tissue from various post-mor-
tem delays sets the ceiling for such recordings below three hours after death. With further char-
acterization of several vital electrophysiological measures, this approach can provide a great 
leap forward into our understanding of human brain physiology both in health and disease, by 
affording access to any brain region, neuronal disease, and importantly also to healthy controls.
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ABSTRACT
Changes in excitation and inhibition are associated with the pathobiology of neurodevelop-
mental disorders of intellectual disability and autism, and are widely described in Fragile X 
syndrome (FXS). In the prefrontal cortex (PFC), essential for cognitive processing, excitatory 
connectivity and plasticity is found altered in the FXS mouse model, however little is known 
about the state of inhibition. To that end, we investigated GABAergic signalling in the Fragile 
X Mental Retardation 1 knock out (Fmr1-KO) mouse medial PFC (mPFC). We report changes 
at the cellular, molecular, and functional levels of inhibition at three (prepuberty) and six (ad-
olescence) postnatal weeks. Functional changes were most prominent during early postnatal 
development, resulting in stronger inhibition, by potentiation of postsynaptic currents, reduc-
tion of short-term synaptic depression, and increased inhibitory drive. Noise analysis of prepu-
bertal postsynaptic currents demonstrated an increase in the number of receptors open during 
peak current in Fmr1-KO inhibitory synapses. During adolescence amplitudes and plasticity 
changes normalized, however inhibitory drive was now reduced, while synaptic kinetics were 
prolonged independently of presynaptic activity. Finally, adolescent GABAA receptor subunit 
α2 and GABAB receptor subtype B1 expression levels were immature, and developmental es-
tablishment of prefrontal interneurons was altered. Together these results extend the degree of 
pre- and postsynaptic GABAergic alterations in FXS, now to the mPFC of Fmr1-KO mice, a 
behaviorally relevant brain region in neurodevelopmental disorder pathology.
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INTRODUCTION
Deregulated excitatory/inhibitory balance is proposed to underlie neuronal dysfunction and 
cognitive impairments in neurodevelopmental disorders of autism and intellectual disability, 
including Fragile X syndrome (FXS) (Rubenstein and Merzenich, 2003; Gibson et al., 2008; 
Lozano et al., 2014; Contractor et al., 2015). Caused by silencing of the Fragile X Mental Retar-
dation 1 (FMR1) gene, FXS is characterized by intellectual disability with high concomitance 
for autism spectrum disorders, epilepsy, attentional, executive control, and behavioural deficits 
(Munir et al., 2000a; 2000b; Wilding et al., 2002; Sullivan et al., 2006; Hagerman et al., 2010). 
Central to many deficits presented in FXS is the prefrontal cortex (PFC), known to coordinate 
high order cognitive processes (Miller and Cohen, 2001). PFC dysfunction is associated with 
several neurodevelopmental and neuropsychiatric disorders (Arnsten and Rubia, 2012). De-
velopmental delays in the maturation and timing of both excitatory and inhibitory synaptic 
processing are observed in the FXS mouse model particularly during critical periods of devel-
opment (Harlow et al., 2010; Meredith et al., 2012; He et al., 2014). In medial PFC (mPFC) of 
FXS mice, excitatory synaptic function, connectivity, and plasticity are altered (Meredith et al., 
2007; Krueger et al., 2011; Testa-Silva et al., 2012; Martin et al., 2016). However, little is cur-
rently known about prefrontal inhibitory synaptic function and plasticity in FXS, particularly 
during early postnatal and pre adulthood periods.

Encoded by the FMR1 gene, the Fragile X Mental Retardation Protein (FMRP), not expressed in 
FXS, exerts multiple functions both pre- and post- synaptically. As an mRNA-binding protein, 
FMRP’s role to traffic cargo and locally regulate postsynaptic translation in dendritic compart-
ments is well described (Bramham and Wells, 2007; Darnell et al., 2011). On the presynaptic 
side, FMRP is expressed in granules occurring in axons and presynaptic terminals (Christie et 
al., 2009; Akins et al., 2012) and its absence correlates with altered axon morphology (Bureau et 
al., 2008) and growth cone motility (Antar et al., 2006). Importantly, FMRP has been shown to 
bind both GABAB receptor subunit mRNAs (Wolfe et al., 2016), and to at least GABAA recep-
tor subunit δ and α1 mRNA (Braat et al., 2015). Additionally, positron emission topography in 
FXS patients demonstrated significant reduction of GABAA receptor binding potential through-
out the brain, with thalamus exhibiting the highest decrease (D’Hulst et al., 2015). Furthermore, 
in autistic patients (Brondino et al., 2016) and FXS mouse model GABAergic changes occur 
across multiple brain regions, including cortex, amygdala, striatum and hippocampus (Idrissi 
et al., 2005; D’Hulst et al., 2006; Selby et al., 2007; Centonze et al., 2008; Paluszkiewicz et 
al., 2011; Vislay et al., 2013). Finally, postsynaptic deletion of FMRP is sufficient to prolong 
inhibitory decay kinetics, while global FMRP deletion also impacts synaptic GABA levels and 
neurotransmitter clearance (Vislay et al., 2013). Thus, FMRP is critical for proper inhibitory 
synaptic communication, both at pre- and post- inhibitory synaptic sites.

GABAergic inhibition undergoes significant maturation during at least the first month of post-
natal development (Deidda et al., 2014). During then, rodent hippocampal and cortical inhibito-
ry kinetics quicken accompanied by GABA subunit expression changes, frequency of inhibition 
gradually increases to adult levels, while amplitudes remain fairly stable (Dunning et al., 1999; 
Banks et al., 2002). Related patterns of inhibitory kinetics and frequency maturation have also 
been reported in monkey dorsolateral PFC at comparable postnatal developmental times (Gon-
zalez-Burgos et al., 2015). Changes caused by FMRP deletion are not always persistent, and in 
many cases are found to be transient or shifted in developmental time (Meredith et al., 2012; 
Contractor et al., 2015). In Fmr1-KO somatosensory cortex, GABA polarity switch is shifted by 
a few days accompanied by transient increase in expression of neuronal chloride cotransporter 
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1, responsible for maintaining immature ion gradients (He et al., 2014). In Fmr1-KO amygdala, 
spontaneous inhibitory frequency is persistently changed during the first month of postnatal 
development, while spontaneous inhibitory decay kinetics transiently normalise during the 2nd 
and 3rd postnatal weeks (Vislay et al., 2013). Consequently, deletion of FMRP appears to im-
pact inhibitory signalling in a dynamic and complex manner.

Early postnatal development is marked by intense neuronal organization, myelination, synap-
togenesis and pruning, crucial for proper neurocircuitry establishment. Furthermore, while in-
hibition mostly matures by adolescence (Le Magueresse and Monyer, 2013; Gonzalez-Burgos 
et al., 2015), prefrontal rodent and human development carries through (summarized in (de 
Almeida et al., 2013)), and is shown altered in adolescent FXS patients (Hoeft et al., 2007; Bray 
et al., 2011) and (Menon et al., 2004). In this study, we provide the first evidence for changes 
in GABAergic inhibition during the 3rd (prepuberty) and 6th (adolescence) postnatal weeks in 
Fmr1-KO mPFC. At the cellular level, we report changes in the developmental establishment 
of calbindin and parvalbumin interneurons. At the molecular level, adolescent GABAA receptor 
α2 subunit and GABAB B1 subtype levels were altered. Inhibitory amplitudes were potentiat-
ed in prepuberty in an activity independent manner, reflective of an increase in the number of 
receptors open during peak activation current. Additionally, the frequency of inhibition was 
increased and activity dependent. In adolescence we report a prolongation of inhibitory kinet-
ics, and a reduction in frequency that was also activity dependent. Finally, short-term synaptic 
plasticity of inhibitory currents was significantly altered in prepubertal Fmr1-KO mPFC but not 
in adolescent. Together, these provide the first evidence of GABAergic pre- and postsynaptic 
changes in the mPFC of Fmr1-KO mice.

METHODS
Animals
Only male mice were used for all experiments described in this work. Fmr1 knockout (KO) 
(The Dutch-Belgian Fragile X Consortium, 1994) and wildtype (WT) littermate controls were 
generated by crossing heterozygote Fmr1 C57BL/6J females with WT C57BL/6J males. The 
females used for breeding originated from backcrossing on the C57BL/6J line (Charles River) 
for at least 10 generations. Experiments were carried in accordance with the European Commu-
nities Directive of 24th of November 1986 (86/609/EEC), and with approval of the local animal 
care and use committee of the Vrije Universiteit. For all experiments prepubertal animals were 
between the ages of postnatal (P) day 14 to P21, and adolescent animals were between P42-P49, 
with the exception of the adolescent spontaneous IPSC group that ranges between P36-P42.

Immunofluorescence
Data were acquired from 4WT and 3KO prepubertal mice, and from 3WT and 3KO adolescent 
mice. Animals were perfused with PBS and subsequently with 4% paraformaldehyde (PFA) in 
PBS. Brains were removed and postfixed in 4% PFA for another 48hrs at +4oC, and later stored 
in 0.05% sodium azide in PBS at +4oC. Coronal brain sections containing the PFC were re-
trieved at 50μm thickness using a vibrating blade microtome and stored in 0.05% sodium azide 
in PBS at +4oC. For each antibody used, three complete brain sections with both left and right 
hemispheres containing the mPFC were selected per animal, ensuring that sections were com-
parable across animals and genotypes. Slices were incubated for 1hr at room temperature in 5% 
normal goat serum, 2.5% bovine serum albumin, 0.2% Triton-X, in PBS (blocking solution), 
followed by overnight incubation in blocking solution containing antibodies either against par-
valbumin (1:500, rabbit host, Swant) or against calbindin (1:500, rabbit host, Swant), on a 
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shaker at +4oC. Slices were subsequently incubated for 2hrs at room temperature in blocking 
solution containing secondary fluorescent antibody (1:1000, Alexa 488, anti-Rabbit, Life Tech-
nologies). Sections were mounted using Vectashield anti-fade mounting medium containing 
DAPI (Vectorlabs). All steps were separated by 4x10min washes in PBS, on a shaker, at room 
temperature. Slices damaged during the staining protocol or exhibited increased background 
levels of staining were excluded from analysis.

Images were acquired with a confocal microscope (Zeiss LSM 510 Meta). The whole dorsal to 
ventral region inscribing the mPFC was imaged per hemisphere. For quantification of the num-
ber of cells, the Matlab GUI EvA (Hjorth et al., 2016) was used followed by visual inspection. 
For each section, the region of interest (prelimbic and infralimbic regions) was indicated within 
the software environment using the Allen Mouse Brain Atlas as reference. The threshold for de-
tection of positively stained cells was kept constant (0.98 for PV-stained sections; 0.97 for CB-
stained sections). The ‘Mark pia’ option was used to define the midline. For each hemisphere 
the total number of cells within the tiled ROI was taken as our measure.
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Figure 1: Immunohistochemical analysis of interneuronal expression in Fmr1-KO mPFC
The number of calbindin and parvalbumin expressing interneurons was quantified in prepubertal and adolescent 
Fmr1-KO and WT littermate mPFC. (A) Hemispheres for each genotype and for both ages were fluorescently 
labeled for either calbindin (Ai) or parvalbumin (Aii) and the number of labeled cells was quantified within the 
region of interest. (B) The number of calbindin expressing cells was transiently increased during prepuberty in the 
Fmr1-KO mPFC, and was normalized by adolescence (Bi, prepuberty [WT(n=22) = 204±67#cells, KO(n=16) = 
257±54#cells], adolescence [WT(n=18) = 162±50#cells, KO(n=18) = 150±37#cells]). The number of parvalbumin 
expressing cells was normal during prepuberty, however the developmental increase in parvalbumin expressing 
cells was affected in Fmr1-KO, with the number of cells reduced compared to adolescent WT littermates (Bii, pre-
puberty [WT(n=23) = 52±25#cells, KO(n=18) = 49±16#cells], adolescence [WT(n=17) = 117±35#cells, KO(n=17) 
= 91±28#cells]). Differences were assessed with 2way-ANOVA and Bonferroni post-test analysis (Suppl. Table). 
For all panels asterisks denote statistical significances of  **** p < 0.0001, * p < 0.05. Error bars represent SD.
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mPFC Synaptosomal preparation and protein analysis
Following swift decapitation, brains were removed and placed on an ice-cold platform. Three 
frontal cortex slices were excised, and excess tissue surrounding the mPFC was cut away. Re-
maining tissue, was first frozen in dry ice and subsequently stored at -80°C until further use. 
mPFC samples from 3 animals were pooled together for each age and genotype, resulting in 8 
samples per age per genotype. Synaptosomal fractions, enriched in pre- and post- synaptic pro-
teins (Li et al., 2004), were isolated following sucrose gradient-assisted biochemical fraction-
ation. In brief, samples were homogenized in ice-cold 0.32M sucrose (5% of homogenate was 
collected as total tissue lysate) and then centrifuged at 1,000xg for 10 minutes. The supernatant 
was loaded on top of a sucrose gradient consisting of 0.85M and 1.2M sucrose. After centrifu-
gation at 100,000xg for 2hrs, the synaptosomal fraction at the interface of 0.85M ⁄ 1.2M sucrose 
was collected. Following a last centrifugation step (71,000xg for 30min), the resulting pellet 
was dissolved in 70μl 5mM Hepes (pH 7.4) and stored at –80 °C until further use.
 
For each sample, protein concentration was determined with a Bradford assay (Bio-Rad Labo-
ratories) and 5μg protein was used for immunoblotting. Samples were lysed in Laemmli lysis 
buffer, separated by electrophoresis on gradient precast gels (4-20% Criterion TGX stain-free, 
Bio-Rad Laboratories), and blotted to PVDF membrane (Bio-Rad Laboratories). Samples were 
loaded in alternate order, so as each KO sample ran adjacent to a WT sample. The following 
primary antibodies were used: mouse anti-GABAAα1 (1:1,000, Neuromab), rabbit anti-GAB-
AAα2 (1:500, Novus Biologicals), mouse anti-GABAAβ3 (1:500, Neuromab), rabbit anti-GAB-
AAγ2 (1:1000, Thermo Scientific -Pierce), mouse anti-GABABR1 (1:500, Neuromab), mouse 
anti-GABABR2 (1:1,000, Neuromab), rabbit anti-GAT1 (1:1,000, Chemicon/Millipore), goat 
anti-gephyrin (1:500, Santa Cruz). After incubation with horseradish peroxidase-conjugat-
ed secondary antibody (1:10,000 or 1:5,000; Dako, Glostrup) and visualization with Femto 
Chemiluminescent Substrate (Thermo Scientific) blots were scanned using the Li-Cor Odyssey 
Fc (Westburg) and analysed with Image Studio (Li-Cor). Total protein was visualized using 
trichloro-ethanol staining, scanned using a Gel Doc EZ imager (BioRad Laboratories) and ana-
lysed with Image Lab (BioRad Laboratories) to correct for input differences per sample, as this 
is a reliable method not dependent on a single protein for normalization (Van den Oever et al., 
2010).

Slicing
For spontaneous, miniature, evoked, and unitary recordings tissue was prepared as follows. 
Mice were swiftly decapitated and brains were extracted in ice-cold choline solution (110mM 
choline chloride, 11.6mM Na-ascorbate, 7mM MgCl2, 3.1mM Na-pyruvate, 2.5mM KCl, 
1.3mM NaH2PO4, 0.5mM CaCl2, 26mM NaHCO3, 10mM glucose, at ~300mOsm, 7.4pH) 
continuously gassed with carbogen mixture (95% O2 and 5% CO2). Subsequently the brain 
was mounted and acute coronal slices 300-350μm were obtained using a vibrating microtome 
(Microm) while submerged in ice-cold choline solution, continuously gassed with carbogen. 
Slices were left to recover for <5min in room temperature choline solution before being trans-
ferred into a slice chamber containing continuously carbogen gassed ACSF (125mM NaCl, 
3mM KCl, 1.2mM NaH2PO4, 1mM MgSO4, 2mM CaCl2, 26mM NaHCO3, 10mM glucose, 
~at 300mOsm, 7.4pH) for at least 1hr before recordings.

Electrophysiology
For spontaneous, miniature, evoked, and unitary recordings, measurements were conducted in 
the presence of AMPA receptor blocker CNQX (10μM, Abcam), NMDA receptor blocker DL-
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AP5 (50μM, Abcam), and the GABAB receptor blocker CGP55845 (4μM, Tocris). For minia-
ture IPSC recordings tetrodotoxin (1μM, Abcam) was additionally used to block Na+ gating 
channels. Slices were transferred to a submerged recording chamber, and left to equilibrate for 
10min under continuous perfusion of ~2mL/min of ACSF solution at 32oC. mPFC was selected 
under visual guidance from differential interference contrast microscopy and layer V pyrami-
dal cells were identified based on their distance from the midline, morphology, and responses 
to current injections of 1000ms from -200pA to +100pA at 25pA steps. Whole cell recordings 
were conducted using borosilicate glass pipettes (2.5-5.5MΩ) containing high Cl- intracellu-
lar solution (70mM K-Gluconate, 70mM KCl, 10mM Hepes, 4mM Mg-ATP, 4mM K2-phos-
phocreatinine, 0.4mM GTP, 0.2% biocytin, at 280-290mOsm, 7.2-7.3pH). Cells were held at 
-70mV and recordings were terminated if series resistance changed by more than 20% during 
recordings; cells were rejected if access resistance was greater than 20-25MΩ. Recordings were 
acquired with pClamp software (Molecular Devices), using a Multiclamp 700B amplifier (Mo-
lecular Devices), low-pass filtered at 3kHz, and digitized with an Axon Digidata 1440A (Mo-
lecular Devices). Sampling frequency for spontaneous and miniature IPSCs was at 10kHz, and 
for evoked and unitary STP at 50kHz.

Spontaneous and Miniature IPSCs
For sIPSC and mIPSC recordings, a total of 15min were recorded per cell, and only the last 
10min were analysed, to allow for equilibration and stabilisation of the patch. Data report-
ed are from the following number of animals (a) and cells (c): Prepuberty [sIPSC WT(4a, 
12c) KO(4a, 12c), mIPSC WT(6a, 9c) KO(7a, 10c)], Adolescence [sIPSC WT(7a, 14c) KO(9a, 
11c)], mIPSC WT(5a, 13c) KO(5a, 14c)]. Traces were analysed with mini Analysis software 
(Synaptosoft) to extract frequency, amplitude, rise time (10%-90% of peak amplitude), decay 
kinetics, and current waveforms. Biexponential fittings of spontaneous, miniature, end evoked 
IPSC decays were also conducted in mini Analysis, on a subset of events that were evaluated 
for the goodness of such fits, from an original set of ~400 randomly selected events, using the 
following equation: f(t) = Ifast*exp(–t/taufast) + Islow*exp(–t/tauslow). Weighted tau was cal-
culated using the following equation: τweighted = (τfast*Ifast + τslow*Islow) / (Ifast + Islow). 
General amplitude histograms at 3pA bin widths were generated from a random selection of 
5000 events per genotype/pharmacology/age from the pool of all events per condition, to avoid 
confounding effects due to differences in total numbers. Non-parametric probability density fits 
were performed using the statistics toolbox of Matlab (Mathworks).

Evoked Short-Term Plasticity (eSTP)
Data reported are from the following number of animals (a) and cells (c): Prepuberty [WT(7a, 
10c) KO(7a, 11c)], Adolescence [WT(7a, 8c) KO(6a, 8c)]. Upon achieving a stable whole-cell 
patch with pyramidal cells, a unipolar stimulating electrode was positioned at a distance of <= 
100μm from the soma. Test pulses were delivered to assess the location, and recordings pro-
ceeded if stable and uniform (<2ms rise time 10%-90%) responses could be observed. Injection 
current magnitude was set to yield >= of half-maximal synaptic responses, ranging from 20μA 
to 50μA. The short-term plasticity protocol was initiated, by delivering 5 pulses at frequencies 
of either 5Hz, 20Hz, 50Hz, or 100Hz, with a recovery pulse delivered 500ms after the 5th pulse. 
The stimulation regime cycled between these frequencies, with an inter-sweep interval of 16s, 
until a total of 15-30 sweeps were recorded for each frequency. Sweep duration was set to 2sec, 
and pulse duration was set at 300μs. A small voltage step was included 80ms from the start of 
each sweep in order to monitor the stability of the recording. Current injections were mediated 
through a Master-9 pulse stimulator and an ISO-flex stimulus isolator (A.M.P.I). For both ages 
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and genotypes 1-2 cells per group exhibited an averaged potentiation of responses and were 
excluded from analysis.  A low number of failures was observed under our eSTP protocol, and 
such sweeps were removed during analysis, leaving 20-25 sweeps per frequency. In a few cells, 
especially at 100Hz, the number of failures was increased and a lower number of sweeps were 
used, typically 10-15.

Unitary Short-Term Plasticity (uSTP)
Data reported are from the following number of animals (a) and cells (c): Prepuberty [WT(4a, 
4c(6c for 50Hz) KO(7a, 11c)]. Upon achieving a stable whole-cell patch with pyramidal cells, 
fast-spiking interneurons in the vicinity were identified by the rounded morphology, and patched. 
Action potential profiles of putative interneurons were generated and if they matched profiles of 
fast-spiking cells, current injections were initiated to probe for a unitary inhibitory connection 
between the interneuron and the pyramidal cell. If a unitary inhibitory to excitatory connection 
was present, the uSTP protocol was initiated, akin to the eSTP protocol. In uSTP however, 
each pulse was generated by supra-threshold current injections, for 2ms at 1800pA per pulse, 
delivered via the patch pipette to the interneuron to elicit presynaptic action potentials. Due to 
the general fragility of paired recordings, uSTP frequencies were prioritized, recorded as sets, 
and were not cycled. This was done to maximize complete data sets, and frequencies were col-
lected in the order of 50Hz, 20Hz, 5Hz, and 100Hz. A maximum of 25 sweeps were averaged 
per frequency per cell, with a minimum of 10 sweeps for some cells at the highest frequency. 
Due to the high degree of failures for at least one of the 5 pulses, no sweeps were excluded on 
the basis of that.

Quantal analysis and Peak-Scaled non-Stationary Noise (PSnSN) analysis of mIPSCs
Quantal analysis relies on the hypothesis that the variation in postsynaptic responses occurs 
at multiples of the current elicited by elementary release (Bekkers, 1994). As such amplitude 
histograms can be described by multiple equidistant gaussian distributions, reflecting discrete 
postsynaptic responses upon elementary release. For each cell events ranging from 5pA to 
150pA amplitudes were binned at 2pA increments, and best-fit functions were determined by 
the least squares method along with visual confirmation of the fits (Edwards et al., 1990; Vislay 
et al., 2013). Average peak separation was equal between genotypes and remained constant 
between ages.

In the absence of single-channel measurements the use of PSnSN analysis on the decay current 
waveform can provide accurate estimates of single-channel currents, and number of postsyn-
aptic receptors open during peak current (De Koninck and Mody, 1994; Hartveit and Veruki, 
2007). From each cell 50-500 events were selected, ensuring no overlapping events occurred 
during their decay phase. The mean response from all events per cell was calculated, scaled to 
the peak amplitude of each event, and subsequently subtracted from that event, generating a 
matrix of the remainders from each event per cell. The variance of this matrix was calculated 
across each index point. Next, the amplitude of the mean response of the cell was divided into 
25 bins, and the time (index) ranges corresponding to each amplitude bin were used to calculate 
the mean variance (σ2) from the remainders matrix, for each amplitude bin (I). The relation-
ship between mean amplitude bin and corresponding variance was fitted with the following 
equation: σ2(I)=(i*I)-(I2/N)+σb2, where (i) corresponds to the single-channel current, (N) cor-
responds to the number of receptors open during peak, and (σb2) is mean variance of baseline. 
Unitary conductance was calculated by dividing the single-unit currents with the driving force 
corresponding to the intracellular and extracellular Cl- concentrations in our preparations.
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Tsodyks-Markram Phenomenological Synaptic Transmission Model
eSTP dynamics were further analysed using the Tsodyks-Markram phenomenological synaptic 
transmission model as described before (De Koninck and Mody, 1994; Hartveit and Veruki, 
2007).

Data Analysis and Statistics
Analyses of Quantal distributions, PSnSN, Tsodyks-Markram modelling, eSTP, and uSTP, were 
performed with custom built Matlab (Mathworks) scripts. Fittings of eSTP decay current wave-
forms were performed in GraphPad (Prism), using the same functions as with spontaneous and 
miniature IPSCs. Statistical tests were performed as described in each figure legend and in the 
Supplemental Table. Normality distribution was assessed with either D’Agostino-Pearson om-
nibus normality test or the Shapiro-Wilk normality test. Welch’s correction was applied in cases 
where parametric data exhibited unequal distribution of variances. 
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Figure 2: Protein expression profiles of GABA components in Fmr1-KO mPFC
Western blot analysis of selected GABAA subunits (Ai,Bi), the two GABAB subtypes (Aii,Bii), gephyrin (Aiii,-
Biii), and GABA transporter 1 (Aiv,Biv), in mPFC enriched synaptosomal fractions from Fmr1-KO and WT age-
matched littermates. (A) No difference in protein expression in any of the GABA machinery components tested 
was found in prepubertal Fmr1-KO mPFC. (B) GABAA receptor subunit α2 expression was enhanced during ado-
lescence (Bi, WT(n=7) = 0.93±0.16, KO(n=8) = 1.18±0.25, p = 0.04), while expression of GABAB receptor sub-
type B1 was found reduced during the same postnatal developmental period (Bii, WT(n=8) = 0.99±0.31, KO(n=8) 
= 0.77±0.27, p = 0.03). Depending on the sample distributions, differences between genotypes were assessed with 
either the Student’s t-test or with the Mann-Whitney U test. For all panels asterisks denote statistical significances 
of  * p < 0.05. Error bars represent SD.
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RESULTS
Prepubertal and adolescent changes in interneuron numbers in Fmr1-KO mPFC
Interneuron number changes have been reported in FXS for both parvalbumin (PV) (Selby et 
al., 2007), and calbindin (CB) (Giráldez-Pérez et al., 2013) expressing cells. However, their 
prefrontal manifestation remains elusive. To determine their prefrontal manifestation, mPFC 
brain sections were stained for two major interneuronal markers PV and CB (DeFelipe, 1997; 
Hof et al., 1999), during prepuberty and adolescence. Representative coronal slices labelled 
for PV (Fig1.Ai) and CB (Fig1.Aii) Ca2+ binding proteins, marking a significant portion of in-
terneurons of the rodent neo- (Markram et al., 2004) and frontal cortices (Osterop et al., 2015). 
During prepubertal development, the number of CB+ interneurons per hemisphere increased in 
Fmr1-KO mPFC, and subsequently normalised to WT levels during adolescence (Fig1.Ai,Bi, 
Suppl. Table, 2way-ANOVA; Genotype [F(1, 70) = 2.52, p = 0.18], Age [F(1, 70) = 34.86, p < 
0.0001], Interaction [F(1, 70) = 6.63, p = 0.01], Bonferroni’s multiple comparison [prepuberty p 
= 0.03, adolescence p > 0.99]). Conversely, PV+ interneuron numbers were comparable during 
prepuberty, but significantly decreased in Fmr1-KO mPFC during adolescence (Fig1.Aii,Bii, 
Suppl. Table, 2way-ANOVA; Genotype [F(1, 71) = 5.24, p = 0.03], Age [F(1, 71) = 74.34, p < 
0.0001], Interaction [F(1, 71) = 3.50, p = 0.07], Bonferroni’s multiple comparison  [prepuberty 
p > 0.99, adolescence p = 0.04]). Together these data demonstrate changes in prefrontal inhibi-
tory cell establishment in Fmr1-KO during both prepuberty and adolescence.

Altered GABAA,B component expression in Fmr1-KO mPFC during adolescence
The precise composition of GABAergic receptors and the degree of expression of GABAergic 
auxiliary proteins is both a cause and a therapeutic target for several neuropathological condi-
tions including FXS (Fritschy and Brünig, 2003; Lozano et al., 2014). To that end, synaptoso-
mal fractions were prepared from mPFC enriched protein lysates (see Methods) and analysed 
for the expression of several GABA subunits and auxiliary proteins (Fig2). No differences in 
protein expression for either GABAA or GABAB components tested were reported during pre-
puberty (Fig2.Ai,ii). However, during adolescence an increase in expression of GABAA recep-
tor α2 subunit was observed in the Fmr1-KO mPFC (Fig2.Bi, p = 0.04). Furthermore, during 
adolescence expression of the GABAB receptor B1 subtype, was found reduced compared to 
WT littermate controls (Fig2.Bii, p = 0.03). During either postnatal developmental times no 
difference in the expression of gephyrin (Fig2.Aiii,Biii), or GABA transporter 1 (GAT1, Fig2.
Aiv,Biv) was observed. An increase in α2 GABAA subunit and a reduction in GABAB receptor 
subtype B1 expression is suggestive of dysregulated inhibition in adolescent FXS mPFC.

Action potential dependent IPSC frequency changes in Fmr1-KO mPFC
Alternations in the GABAergic machinery or in neuronal network connectivity and excitability 
can severely impact inhibitory communication. To assess putative changes in functional inhibi-
tion onto layer V mPFC pyramidal neurons, inhibitory postsynaptic currents (IPSCs) were stud-
ied either in the absence (spontaneous IPSC, Fig3.A) or presence (miniature IPSC, Fig3.B) of 
Na+ channel blocker tetrodotoxin. Fmr1-KO sIPSC frequency was increased during prepuberty 
(Fig3.Ci, p = 0.04) with a shift toward shorter inter-event intervals (solid blue line, Fig3.Cii). 
During adolescence however, Fmr1-KO sIPSC frequency was significantly reduced compared 
to WT littermate controls (Fig3.Di, p = 0.03) with a concomitant shift toward longer inter-event 
intervals (solid green line, Fig3.Dii). These changes were not observed in mIPSC recordings 
during either prepuberty (Fig3.Ci, p = 0.53) or adolescence (Fig3.Di, p = 0.12). Together our 
data reveal dynamic and activity dependent changes of prepubertal and adolescent GABAA me-
diated inhibitory drive in Fmr1-KO mPFC, abolished upon action potential blockade.



46

Chapter 2

Prolongation of adolescent GABAA receptor kinetics in Fmr1-KO mPFC 
Receptor kinetics orchestrate precise transitions between open and close channel states, and 
changes due to stoichiometry, neurotransmitter levels, or general synaptic morphology, can 
impact gating currents. Analysis of IPSC kinetics revealed no significant differences in GABAA 
synaptic rise time (Fig4.Ai) and weighted tau (tauW) of decay (Fig4.Aii) during prepuberty, 
although in sIPSC recordings slower kinetics were observed (Fig4.Ai,Aii, Rise Time p = 0.12, 
tauW  p = 0.12). Further analysis of sIPSC tauW did reveal a significant prolongation of the 
fast component of decay (Suppl. Fig2.Ai, Suppl. Table, 2way-ANOVA; Genotype [F(1, 32) = 
6.48, p = 0.02], Tetrodotoxin [F(1, 32) = 5.56, p = 0.02], Interaction [F(1, 32) = 3.36, p = 0.08], 
Fisher’s LSD post-test analysis [sIPSC p = 0.004, mIPSC p = 0.62]). By adolescence, synaptic 
kinetics in KO neurons slowed down substantially, exhibiting prolonged synaptic activation 
times (Fig4.Bi, sIPSC p = 0.04, mIPSC p < 0.01) and tauW of decay (Fig4.Bii, sIPSC p < 0.01, 
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Figure 3: Prepubertal and adolescent mPFC inhibitory postsynaptic currents 
Example traces of action potential profiles and whole-cell spontaneous (no tetrodotoxin, A) and miniature (1μM 
tetrodotoxin, B) IPSCs from layer V mPFC pyramidal cells in prepubertal (Ai,Bi) and adolescent (Aii,Bii) Fmr1-
KO and WT mPFC. Recordings were conducted in the continuous presence of AMPA, NMDA, and GABAB recep-
tor blockers (see Methods). (C) Frequency of prepubertal sIPSCs was increased (Ci, WT(n=12) = 1.68±1.09Hz, 
KO(n=12) = 2.84±1.50Hz, p = 0.04), and shorter inter-event intervals were observed (solid blue line, Cii). In the 
presence of tetrodotoxin no difference was found in prepubertal IPSC frequency (Ci, WT(n=9) = 1.03±0.34Hz, 
KO(n=11) = 0.91±0.44Hz), or in inter-event interval times (broken lines, Cii). (D) Adolescent IPSC frequency 
was significantly reduced in spontaneous (Di, WT(n=14) = 3.49±1.46Hz, KO(n=11) = 2.14±1.28Hz, p = 0.03) but 
not miniature recordings (Di, WT(n=13) = 1.78±1.16Hz, KO(n=14) = 1.23±0.34Hz, p = 0.12). Inter-event inter-
val times for both genotypes were overall shorter as expected developmentally, with an observable shift towards 
longer times in spontaneous (solid green lines, Dii) and miniature (broken green lines, Dii) IPSCs in Fmr1-KO 
recordings. Genotypic differences were assessed with the Student’s t-test. For all panels asterisks denote statistical 
significances of  * p < 0.05. Error bars represent SD.
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mIPSC p = 0.01), in an action potential independent manner (Suppl. Table). The timing of 
this coincides with the observed increase in GABAA α2 subunit expression, known to prolong 
receptor decays (Lavoie et al., 1997), can support the extended charge transfer times observed 
(data not shown), enhancing the postsynaptic inhibitory tone.

Enhanced IPSC amplitudes in prepubertal Fmr1-KO mPFC
During prepuberty synaptic amplitudes in Fmr1-KO were larger for both spontaneous and min-
iature IPSCs (Fig5.Ai, sIPSC p < 0.01, mIPSC p < 0.01). Amplitude distributions from pre-
pubertal Fmr1-KO cells exhibited a reduction in smaller currents with a parallel shift towards 
larger amplitude bins in both recording conditions (Fig5.Aii,Aiii). During adolescence sIPSC 
and mIPSC amplitudes were comparable between the two genotypes (Fig5.Bi, sIPSC p = 0.18, 
mIPSC p = 0.36), and no differences in amplitude distributions were observed (Fig5.Bii,Biii). 
The nature of synaptic current amplitude distributions can reveal the number of discrete post-
synaptic responses underlying the variations in amplitudes, deduced by the number of gaussi-
ans best fitting amplitude distributions (Edwards et al., 1990). In line with the increased IPSC 
amplitudes during prepuberty, a greater number of distributions better fitted Fmr1-KO ampli-
tudes as compared to WT littermates (Fig6.Aiii, p < 0.05). During adolescence no difference in 
the number of gaussians that best fitted the data was observed (Fig6.Avi, p = 0.67). Our analy-
sis of IPSCs received by layer V mPFC pyramidal cells, demonstrates an early potentiation in 
amplitudes along with an expansion in discrete postsynaptic responses that normalises during 
adolescence. 
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Averages of 50-100 example IPSCs (Average: solid lines, SD: shaded area) during prepuberty (A) and adolescence 
(B). During prepuberty both synaptic rise times (Ai, sIPSC [WT(n=12) = 1.57±0.29ms, KO(n=12) = 1.86±0.53ms 
p = 0.12], mIPSC p = 0.89) and weighted tau of decays (Aii, sIPSC [WT(n=10) = 9.15±1.43ms, KO(n=8) = 
10.63±2.37ms, p = 0.12], mIPSC p = 0.80) were similar for the two genotypes in spontaneous and miniature IPSC 
recordings. (B) Receptor activation times were significantly prolonged during adolescence in both conditions 
(Bi, sIPSC [WT(n=14) = 0.78±0.14ms, KO(n=11) = 0.92±0.18ms, p = 0.04], mIPSC [WT(n=13) = 0.88±0.11ms, 
KO(n=14) = 1.10±0.17ms, p < 0.01]). Additionally, adolescent weighted tau of decay was also prolonged (Bii, 
sIPSC [WT(n=13) = 5.81±1.41, KO(n=10) = 7.81±1.56, p < 0.01], mIPSC [WT(n=10) = 6.41±0.76ms, KO(n=11) 
= 7.70±1.28ms, p = 0.01]), independently of tetrodotoxin application (Suppl. Table). Genotypic differences were 
assessed with Student’s t-test. Asterisks denote significances of  ** p < 0.01, * p < 0.05. Error bars represent SD.
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To better define the nature of the postsynaptic changes observed, we applied peak-scaled 
non-stationary noise (PSnSN) analysis on synaptic current waveforms (Fig6.B). Such analysis 
can reveal the single-channel current and the average number of receptors open at peak (Hart-
veit and Veruki, 2007). During prepuberty PSnSN analysis revealed a significantly greater num-
ber of receptors open during peak activation in Fmr1-KO cells (Fig6.Biii, p < 0.05), without a 
change in unitary conductance (Fig6.Biv, p = 0.94). During adolescence the number of recep-
tors open at peak current (Fig6.Bv, p = 0.55) and unitary conductance (Fig6.Bvi, p = 0.16) were 
similar between genotypes. Therefore, the observed shift towards larger prepubertal amplitudes 
in an action potential independent manner can partly rise from an increase in the number of 
receptors open during peak activation. Whether this reflects a general increase in total receptor 
numbers per synapse, or an increase in the number of receptors engaged, can not be deduced 
from this analysis. Nevertheless, during prepuberty heightened GABA receptor activation leads 
to stronger postsynaptic inhibition onto layer V mPFC pyramidal cells.
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Figure 5: IPSC amplitude potentiation in prepubertal Fmr1-KO mPFC
(A) Prepubertal IPSC amplitudes were found potentiated regardless of Na+ channel blockade (Ai, sIPSC 
[WT(n=12) = 23.64±5.62pA, KO(n=12) = 31.18±7.17pA, p < 0.01], mIPSC [WT(n=9) = 26.65±2.12pA, KO(n=10) 
= 31.83±4.50pA, p < 0.01]). (B) During adolescence sIPSC (Bi, [WT(n=14) = 32.75±6.64pA, KO(n=11) = 
36.82±8.05pA, p = 0.18]) and mIPSC (Bi, [WT(n=13) = 28.72±4.72pA, KO(n=14) = 30.79±6.64pA, p = 0.36]) 
amplitudes were equal between genotypes. Histograms of amplitude distributions for sIPSC (Aii,Bii) and mIPSC 
(Aiii,Biii) revealed a drop at small amplitudes along with a shift toward larger amplitude bins during prepuberty 
(Aii,Aiii), whereas no observable shift in amplitude distributions was observed during adolescence (Bii,Biii). 
Solid lines represent WT (black) and Fmr1-KO (red) probability density plots of the underlying amplitude distri-
butions. Genotypic differences were assessed with the Student’s t-test. For all panels asterisks denote statistical 
significances of  ** p < 0.01. Error bars represent SD.
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Reduced short-term depression of evoked and unitary IPSC responses in prepubertal 
Fmr1-KO mPFC
Short-term plasticity (STP) reflects use-dependent dynamic changes in synaptic transmission 
during repeated presynaptic activity, and it is believed to participate in neuronal information 
processing (Zucker and Regehr, 2002). To study STP a stimulating electrode was used to deliv-
er five pulses at frequencies of 5Hz (Fig7.i), 20Hz (Fig7.ii), 50Hz (Fig7.iii), and 100Hz (Fig7.
iv), and a recovery pulse was evoked at 500ms after the 5th response (Fig7.i-iv). This proto-
col resulted in progressively depressing plasticity. No differences in the magnitude of the first 
response were observed between the two genotypes, during either prepuberty (Suppl. Fig1.
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Figure 6: Quantal and peak scaled non-stationary noise analysis of miniature IPSCs
Quantal (A) and peak scaled non-stationary (B) analyses were conducted on mIPSC recordings to dissect putative 
synaptic changes driving amplitude augmentations. (A) Example analysis of quantal distributions from individual 
cells during prepuberty (Ai,Aii) and adolescence (Aiv,Av). Amplitudes from each cell were binned at 2pA incre-
ments, and the number of individual gaussians (red lines) that best fitted the overall distributions (black line, sum 
of guassians) was assessed. During prepuberty a larger number of gaussians best inscribed the amplitude distri-
butions of Fmr1-KO mIPSCs (Aiii, WT(n=9) = 4.67±1.00#fits, KO(n=10) = 6.00±1.63#fits, p < 0.05), whereas 
during adolescence an equal number of distributions described the data between the genotypes (Avi, WT(n=13) 
= 4.39±1.45#fits, KO(n=14) = 4.14±1.46#fits, p = 0.67).  (B) Example plots from prepubertal (Bi) and adolescent 
(Bii) PSnSN analysis of noise fluctuations around the mean of the decay phase of current waveforms in mIPSCs. 
The number of receptors open during peak current was found increased in prepubertal Fmr1-KO recordings (Biii, 
WT(n=9) = 17.75±4.46#Rs, KO(n=10) = 23.47±6.71#Rs, p < 0.05), and this difference was normalised by adoles-
cence (Bv, WT(n=13) = 29.59±7.74#Rs, KO(n=14) = 27.70±8.35#Rs, p = 0.55). No difference in unitary conduct-
ance was observed during either postnatal developmental time point: Prepuberty (Biv, WT(n=9) = 26.44±5.42pS, 
KO(n=10) = 26.66±5.67pS, p = 0.94), Adolescence (Bvi, WT(n=13) = 19.62±4.25pS, KO(n=14) = 23.66±9.28pS, 
p = 0.16). Genotypic differences were assessed with the Student’s t-test. For all panels asterisks denote statistical 
significances of  * p < 0.05. Error bars represent SD.
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Ai, Suppl. Table) or adolescence (Suppl. Fig1.Bi, Suppl. Table), over all frequencies. At the 
lowest (Fig7.i) or highest (Fig7.iv) stimulation, no difference was observed between the two 
genotypes either during prepuberty (Fig7.Ai,Aiv, Suppl. Table) or adolescence (Fig7.Bi,Biv, 
Suppl. Table). However, during prepuberty stimulation at intermediate frequencies resulted 
in reduced inhibitory synaptic depression in Fmr1-KO, both at 20Hz (Fig7.Aii, Suppl. Table, 
2way-RM-ANOVA; Genotype [F(1, 19) = 4.49, p = 0.04], Evoked Response [F(3, 57) = 50.14, 
p < 0.0001], Interaction [F(3, 57) = 0.82, p = 0.49], Subjects [F(19, 57) = 9.7, p < 0.0001], Fish-
er’s LSD post-test analysis [2nd p = 0.23, 3rd p = 0.02, 4th p = 0.04, 5th p = 0.05]) and at 50Hz 
(Fig7.Aiii, Suppl. Table,  2way-RM-ANOVA; Genotype [F(1, 19) = 4.75, p = 0.04], Evoked 
Response [F(3, 57) = 29.37, p < 0.0001], Interaction [F(3, 57) = 0.72, p = 0.55], Subjects [F(19, 
57) = 12.38, p = < 0.0001], Fisher’s LSD post-test analysis [2nd p = 0.15, 3rd p = 0.08, 4th p = 
0.03, 5th p = 0.02]). By adolescence the reduction in depression in Fmr1-KO at 20Hz and 50Hz 
was comparable to the degree of depression exhibited in WT littermate controls (Fig7.Bii,Biii, 
Suppl. Table). 

Furthermore, we extended the STP protocol, now between connected pairs of layer V mPFC 
pyramidal and perisomatically synapsing fast-spiking interneurons (Fig8). Unitary connections 
were subjected to a stimulation regime similar to the evoked IPSC protocol (Fig7.i-iv, see 
Methods). No differences in unitary STP depression were observed between the two genotypes 
at 5Hz, 50Hz, and 100Hz (Fig8.Bi,Biii,Biv, Suppl. Table). However, a significant attenuation 
in the depression of unitary STP responses was observed in Fmr1-KO connected pairs at 20Hz 
(Fig8.Bii, Suppl. Table, 2way-RM-ANOVA; Genotype [F(1, 13) = 5.00, p = 0.04], Unitary 
Response [F(3, 39) = 9.71, p < 0.0001], Interaction [F(3, 39) = 0.58, p = 0.63], Subjects [F(13, 
39) = 4.77, p = < 0.0001], Fisher’s LSD post-test analysis [2nd p = 0.12, 3rd p = 0.02, 4th p 
= 0.26, 5th p = 0.06), akin to the one observed during the evoked STP protocol (Fig7.Aii). 
Our STP experiments reveal an activity-induced reduction in inhibitory synaptic depression, 
partially recapitulated in fast-spiking to pyramidal synaptic communication. Reduced synaptic 
depression can lead to augmented inhibitory signalling, altering information transfer and poten-
tially corrupting information processing. Collectively, our data highlight dynamic GABAergic 
alternations at the molecular, cellular, and functional levels, for the first time in the mPFC of 
FXS mice, during two crucial timepoints for postnatal prefrontal development.

Figure 7: Short term plasticity of evoked IPSC is reduced in prepubertal Fmr1-KO mPFC
Average responses from a single data set at each frequency tested (i-iv). (A) During prepuberty a reduction in 
short-term inhibitory depression was observed at 20Hz (Aii, Suppl. Table, Evoked Response: 2nd [WT(n=10) 
= 0.72±0.04, KO(n=11) = 0.77±0.02], 3rd [WT(n=10) = 0.58±0.04, KO(n=11) = 0.70±0.04], 4th [WT(n=10) = 
0.53±0.04, KO(n=11) = 0.63±0.04], 5th [WT(n=10) = 0.49±0.03, KO(n=11) = 0.58±0.03]), and 50Hz stimulations 
(Aiii, Suppl. Table, Evoked Response: 2nd [WT(n=10) = 0.63±0.04, KO(n=11) = 0.72±0.04], 3rd [WT(n=10) 
= 0.54±0.04, KO(n=11) = 0.64±0.04], 4th [WT(n=10) = 0.49±0.03, KO(n=11) = 0.59±0.04], 5th [WT(n=10) = 
0.43±0.03, KO(n=11) = 0.57±0.05]), while for 5Hz (Ai) and 100Hz (Aiv) responses were comparable between the 
two genotypes. (B) By adolescence no differences in the amount of depression were observable at all frequencies 
tested (Bi-iv, Suppl. Table). Differences were assessed with 2way-Repeated Measures ANOVA and Fisher’s LSD 
post-test analysis  (Suppl. Table). For all panels asterisks denote statistical significances of **** p < 0.0001, * p 
<= 0.05. Error bars represent SEM.
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DISCUSSION 
GABAergic deficits in FXS have been described in several brain areas in Fmr1-KO mice and 
FXS patients are shown to suffer from increased susceptibility to seizures (Musumeci et al., 
1999). We now extend the reach of such deficits to the mPFC, shown to underlie high order 
cognitive functions. Furthermore, our data suggest sustained and dynamic inhibitory deficits 
during postnatal mPFC maturation. In prepubertal Fmr1-KO mPFC, IPSC amplitudes were 
potentiated and inhibitory synaptic depression was reduced, while frequency was increased in 
an action potential dependent manner. Synaptic kinetics were significantly prolonged during 
adolescence, while developmental expression of GABA receptor components was delayed in 
Fmr1-KO mPFC. Additionally, expression of two major interneuronal subtypes, forming pe-
risomatic and dendritic inhibitory synapses (Markram et al., 2004), was dynamically altered 
between prepuberty and adolescence. These data further support the impact FMRP imposes on 
GABAergic signaling both at the pre- and postsynaptic domains of inhibitory synapses.

Postsynaptic mediated potentiation of prepubertal IPSC amplitudes
IPSCs recorded during prepuberty exhibited an action potential independent augmentation of 
amplitudes in Fmr1-KO. Quantal analysis of mIPSC amplitudes, revealed an expanded number 
of discrete postsynaptic responses in Fmr1-KOs during prepuberty. Such expansions along with 
amplitude augmentation have been reported to reflect increases in the number of postsynaptic 
GABAA receptor at the EM level (Nusser et al., 1998). Conversely, in Fmr1-KO amygdala a 
reduction in IPSC amplitude and in discrete postsynaptic responses was accompanied by an 
apparent reduction in postsynaptic GABAA receptors (Vislay et al., 2013). PSnSN analysis 
revealed a significant increase in the number of GABAA receptor channels open during activa-
tion in prepubertal Fmr1-KO, without a change in unitary conductance. No changes in GABA 
receptor subunit expression were detected, although the exact stoichiometric composition re-
mains unknown. Comparable prepubertal IPSC kinetics and channel conductance are in favour 
of similar receptor composition between the genotypes.

Changes in the amount of GABA neurotransmitter can influence the current gated by inhibitory 
receptors. Although direct quantitative assessment of presynaptic GABA levels in Fmr1-KO 
is lacking, general neurotransmitter levels in juvenile and adult KO mPFC and frontal cortex 
are overall normal (Gruss and Braun, 2001; Gruss, 2004). Furthermore, application of the Tso-
dyks-Markam model on the prepubertal and adolescent evoked IPSC responses did not show 
a genotypic difference in absolute efficacy (Suppl. Fig1.Aiii,Biii, Suppl. Table), a measure of 
the impact of total synaptic resource utilization (Tsodyks and Markram, 1997; Loebel et al., 
2009). Additionally, peak separation from quantal analysis of mIPSCs was no different between 
the two genotypes at either developmental points, suggestive of normal quantal size in Fmr1-
KO mPFC (data not shown) (Edwards et al., 1990). Comparable levels of GAT1 between the 
two genotypes, are also supportive of normal neurotransmitter clearance rates from the extra-
cellular space (Scimemi, 2014).

An increase in the number of receptors available is an efficient way to augment inhibition and 
it has been observed as a response to kindling, yielding potentiated mIPSC amplitudes without 
changes in single-channel conductance or mIPSC frequency (Otis et al., 1994). On the other 
hand, attenuated excitatory drive is shown to be accommodated by a reduction in the number 
of postsynaptic GABAA receptors (Kilman et al., 2002). Although direct measurements of FXS 
mPFC excitatory drive are currently lacking, prepubertal excitatory cells are hyperconnected 
(Testa-Silva et al., 2012). These data point towards an increase in the number of postsynaptic 
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Figure 8: Reduced short-term inhibitory depression partially recapitulated in paired recordings of fast-spik-
ing and pyramidal cells 
Fast-spiking interneurons in the vicinity of layer V pyramidal cell were patched (A) and unitary connectivity was 
probed via a stimulation protocol similar to the one applied for evoked STP (see Methods). A reduction in unitary 
short-term depression was observed in the Fmr1-KO mPFC at the 20Hz stimulation frequency (Bii, Suppl. Table, 
Evoked Response: 2nd [WT(n=11) = 0.77±0.06, KO(n=4) = 0.62±0.07], 3rd [WT(n=11) = 0.61±0.06, KO(n=4) 
= 0.38±0.06], 4th [WT(n=11) = 0.55±0.04, KO(n=4) = 0.44±0.05], 5th [WT(n=11) = 0.56±0.04, KO(n=4) = 
0.38±0.07]). No difference in unitary inhibitory plasticity was observed at all other frequencies tested (Suppl. 
Table, Bi,Biii,Biv). Differences were assessed with 2way-Repeated Measures ANOVA and Fisher’s LSD post-test 
analysis (Suppl. Table). For all panels asterisks denote statistical significances of **** p < 0.0001, * p < 0.05. Error 
bars represent SEM.
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receptors open during peak current activation, which could occur in response to enhanced ex-
citation from hyperconnected FXS excitatory circuitry. A variation in the number of receptor 
open during each release, or an overall increase in the number of receptors expressed postsyn-
aptically can equally explain the exaggeration in discrete postsynaptic responses we observed.

Reduced inhibitory short-term depression in prepubertal Fmr1-KO mPFC
STP represents use-dependent dynamic changes in synaptic transmission during repeated up-
stream stimulation, thereby integrating on-going synaptic activity essential to proper infor-
mation processing (Zucker and Regehr, 2002; Regehr, 2012). For all frequencies tested, in 
both genotypes and ages, we observed a short-term depression (STD), in line with established 
observations in the neocortex (Galarreta and Hestrin, 1998). During prepuberty however, Fmr1-
KO inhibitory currents displayed a reduction in the depression of each subsequent event, most 
prominently at 20Hz and 50Hz frequencies. Notably, we could replicate the 20Hz reduction 
in inhibitory STD also in paired connections between fast-spiking interneurons and pyramidal 
cells in layer V Fmr1-KO mPFC. Fast-spiking interneurons are central to brain oscillations 
(Bartos and Elgueta, 2012) and the changes we observed in STP fall within frequency bands 
essential to proper cognitive processing and function (Schnitzler and Gross, 2005; Benchenane 
et al., 2011). This reduction in GABAergic STD can lead to changes in the excitability of pre-
frontal networks, corrupting proper information flow, and could underlie cognitive deficits in 
FXS models (Krueger et al., 2011; Kramvis et al., 2013).

The transient nature of STP is supported mainly by presynaptic changes (Regehr, 2012), how-
ever post-synaptic components of STP have been described (Blitz et al., 2004; Papke et al., 
2011). Central to the dynamics of STP are Ca2+ fluxes in synaptic compartments (Zucker and 
Regehr, 2002; Catterall et al., 2013). Interestingly, abnormal Ca2+ flux is mediating reductions 
in excitatory STP in prepubertal Fmr1-KO hippocampus (Deng et al., 2011). Additionally, dur-
ing prepuberty Fmr1-KO frontal levels of L-type Ca2+ channels, shown to mediate pyramidal:-
fast-spiker STP (Jensen and Mody, 2001), are found reduced (Chen et al., 2003), and superficial 
mPFC Ca2+ signalling is shown to be unreliable (Meredith et al., 2007). Importantly, modula-
tion of L-type Ca2+ channels is shown to preferentially impact evoked but not miniature IPSCs 
(Jensen and Mody, 2001; Malinina et al., 2010). Reduction of release probability decreases 
STD upon repetitive stimulation and can be caused by unreliable Ca2+ signalling. Within the 
Tsodyks-Markam model we did observe a reduction in neurotransmitter release probability, yet 
this difference was just above significance (Suppl. Fig1.Aiii, Suppl. Table), raising the pos-
sibility that auxiliary mechanisms might also be at play. The fast component of biexponential 
decays, proposed to reflect receptor oscillations between open and closed states (Lambert et al., 
2001), was significantly prolonged in Fmr1-KO (Suppl. Fig2.Ai,Bi, Suppl. Table), and can be 
indicative of postsynaptic changes in receptor affinity and gating. Taken together, the increase 
of receptors open during peak current, the potentiation of IPSC amplitudes, and the reduction in 
inhibitory synaptic depression, promote strengthening of Fmr1-KO mPFC inhibitory signalling 
during prepuberty.

Enhancement of inhibitory transmission in prepubertal Fmr1-KO mPFC
Along with the changes in amplitude and plasticity of inhibition, during prepuberty IPSC fre-
quency was increased in an action potential dependent manner. Gephyrin expression was normal 
and no changes in mIPSC frequency were observed, supporting comparable number of inhibi-
tory synapses between the two genotypes. A hyperconnected excitatory network that promotes 
elevated inhibitory drive, might instead drive the frequency increase in sIPSC. Indeed layer V 
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excitatory cells in prepubertal Fmr1-KO mPFC are interconnected at higher probabilities than 
in WT (Testa-Silva et al., 2012). Although it remains to be shown whether such hyperconnec-
tivity extends to excitatory:inhibitory connections, it is likely that this enhanced excitatory 
drive will impact interneuron activity as well. Notably, Fmr1-KO frequency returned to control 
levels upon action potential generation blockade (Suppl. Table). It is therefore proposed that 
the activity dependent increase in IPSC frequency, in the absence of a change in the number of 
inhibitory synapses, is partially promoted by ongoing elevated levels of presynaptic excitatory 
drive. Moreover, exaggerated mGluR signalling facilitates FXS pathology (Bear et al., 2004), 
has been reported in autistic frontal cortex along with FMRP downregulation (Fatemi and Fol-
som, 2011), and could drive action potential dependent increase in IPSC frequency (Chu and 
Hablitz, 1998).

Figure 9: Proposed model of inhibitory changes in Fmr1-KO mPFC   
Generic WT mPFC neuronal network. The model does not incorporate neurotypical developmental changes of 
inhibitory signalling. As such comparisons are between Fmr1-KO Prepuberty and WT, and separately between 
Fmr1-KO Adolescence and WT.

Fmr1-KO Prepuberty: Compared to WT, the rate of sIPSC is increased in prepubertal Fmr1-KO mPFC. En-
hanced excitatory drive due to hyper-connectivity between mPFC pyramidal cells is proposed to underlie the 
activity dependent increase in sIPSC frequency. Additionally, an increase in the number of CB+ INs in Fmr1-KO 
could further enhance sIPSC frequency. A putative increase in the number of postsynaptic GABAARs, as deduced 
from noise analysis, could promote the observed activity independent potentiation of sIPSC amplitudes. Finally, 
reduced probability of presynaptic release, possibly driven by attenuated expression of Ca2+ channels, can underlie 
the reduction in Fmr1-KO eIPSC depression.

Fmr1-KO Adolescence: An activity independent slow down of sIPSC kinetics was observed in adolescent Fmr1-
KO mPSC compared to WT age-matched controls. Enhanced expression of α2 GABAA subunit, if functionally 
incorporated, could partially explain receptor kinetic slowdown. The reduction in the number of PV+ INs, can 
drive mPFC sIPSC frequency attenuation during Fmr1-KO adolescence. The slow down of receptor kinetics could 
further promote a reduction in frequency, given the increase time required for receptor re-sensitisation. 
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Reduced drive and prolonged kinetics of inhibitory transmission in adolescent mPFC
During adolescence the Fmr1-KO levels of discrete postsynaptic responses, number of recep-
tors open, IPSC amplitude and STD were equal to WT levels. An activity dependent change 
in IPSC frequency was still apparent in adolescence, however it was instead found reduced 
concomitantly with a reduction in PV+ cells. Decreases in the perisomatically synapsing PV+ 
cells have been reported in the mPFC of autists (Hashemi et al., 2016) and Fmr1-KO soma-
tosensory cortex (Selby et al., 2007), and can underlie the decrease in IPSC frequency. Inter-
estingly, activity dependent frequency reductions without amplitude changes are also observed 
in the hippocampus of an autism mouse model, behaviourally rescued upon augmentation of 
α2,3-subunit containing GABAA receptors (Han et al., 2014). Moreover, 
speculate that increased α2 subunit expression is restorative in nature, and augmenting α2 sub-
unit signalling could provide behavioural rescue in FXS.

Equally however, this increase could also be due to changes in the developmental trajectory of 
α2 expression, causing delays in the switch of α2 with the faster α1 subunit expression (Fritschy 
et al., 1994). Interestingly, in the primate PFC this switch occur over a longer time window and 
carries through adolescence (Hashimoto et al., 2009). Furthermore, during adolescence mPFC 
expression of the GABAB B1 subtype, a target in FXS clinical trials (Berry-Kravis et al., 2012), 
was reduced in Fmr1-KO. B1 expression peaks at 20 days postnatal, when a developmental 
switch promotes alternative mRNA splicing of the B1 isoform, and total B1 expression recovers 
to adult levels by the end of the first month (Fritschy et al., 2004). Absence of FMRP expression 
has been linked with maturation delays of inhibitory and excitatory function (Meredith et al., 
2012), and the reported subunit changes can instead reflect developmental delays in maturation.

In conclusion, our study extends the reach of GABAergic dysfunction in the FXS mouse mod-
el, now to the mPFC relevant to syndrome related cognitive deficits. Functional inhibition was 
stronger and inhibitory synaptic depression reduced during prepuberty, while in adolescence 
synaptic kinetics were prolonged and receptor subunit expression altered. Furthermore, expres-
sion of perisomatic and dendritic synapsing interneurons was disturbed in the mPFC.  These 
dynamic changes occurred during inhibitory and prefrontal circuit maturation, and can thus 
permanently alter downstream cognitive and behavioural circuits.
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Suppl. Figure 1: Tsodyks-Markram phenomenological synaptic transmission model of eSTP
We applied the Tsodyks-Markram phenomenological synaptic transmission model to retrieve measurements mod-
elling the nature of synaptic depressions we observed for the two genotypes. The raw amplitudes of the 1st evoked 
response was no different between the two genotypes at either postnatal developmental age (Ai,Bi, Suppl. Table). 
A marginally significant greater current was required to evoke >= half-maximal responses in prepubertal Fmr1-KO 
mPFC (Aii, WT(n=8) = 29.63±6.63μA, KO(n=11) = 35.45±5.68μA, p = 0.055), but not during adolescence (Bii, p 
= 0.93). The presynaptic release probability deduced from the Tsodyks-Markram model appeared reduced during 
prepuberty but not during adolescence in Fmr1-KO recordings, however this difference did not reach significance 
(Aiii,Biii, Suppl. Table, 2way-RM-ANOVA; Genotype [F(1, 18) = 4.12, p = 0.06], Stimulation Frequency [F(3, 
54) = 8.13, p < 0.0001], Interaction [F(3, 54) = 0.29, p = 0.84], Subjects [F(18, 54) = 3.67, p < 0.0001]). Absolute 
efficacy, a measure by the model of the impact of total resource utilization during activation, was comparable be-
tween the two genotypes at either prepuberty or adolescence (Aiv,Biv, Suppl. Table). Finally, the measure of the 
time it takes for the synapse to recover fully was also equal between the two genotypes at either age (Av,Bv, Suppl. 
Table). For panels Aii and Bii differences between the genotypes were assessed with the Student’s t-test, for all 
else differences were assessed with 2way-Repeated Measures ANOVA and Fisher’s LSD post-test analysis (Suppl. 
Table). For all panels asterisks denote statistical significances of **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p 
< 0.05. For panels Aii and Bii error bars represent SD. For all else error bars represent SEM.

Supplementary Figures
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Suppl. Figure 2: Decay kinetics of spontaneous, miniature, and evoked IPSC in WT and Fmr1-KO mPFC
The kinetics of decay were further analysed for their individual components that compose the weighted tau of 
receptor decay. (A) During prepuberty we report a significant prolongation of the fast component of decay, that 
normalised upon tetrodotoxin application (Ai, Suppl. Table, sIPSC [WT(n=10) = 4.71±1.12ms, KO(n=8) = 
6.41±1.90ms], mIPSC [WT(n=9) = 4.51±0.48ms, KO(n=9) = 4.78±0.76ms]). The slow component of decay was 
equal between genotypes regardless of action potential generation (Aii, Suppl. Table). A trend for a small increase 
in tau weighted was observed in sIPSC, that normalised with tetrodotoxin (Aiii, Suppl. Table). (B) The fast com-
ponent of recovery pulse decay was found significantly longer in prepubertal Fmr1-KO eSTP (Bi, Suppl. Table). 
No differences were observed in the either the slow component of decay (Bii) or in weighted tau (Biii) in prepu-
bertal evoked IPSCs. For all panels in A differences were assessed with 2way ANOVA and Fisher’s LSD post-test 
analysis (Suppl. Table), and for all panels in B differences were assessed with 2way-Repeated Measures ANOVA 
and Fisher’s LSD post-test analysis (Suppl. Table). For all panels asterisks denote statistical significances of *** p 
< 0.001, ** p < 0.01, * p < 0.05. For all A panels error bars represent SD, for all B panels error bars represent SEM.
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ABSTRACT
Attentional deficits and executive function impairments are common to many neurodevelop-
mental disorders of intellectual disability and autism, including Fragile X syndrome. In the 
knockout mouse model for Fragile X syndrome, significant changes in synaptic plasticity and 
connectivity are found in the prefrontal cortex – a prominent region for attentional processing 
and executive control. Given these alterations in prefrontal cortex synaptic function, we test-
ed whether adult Fragile X knockout mice exhibited corresponding impairments in inhibitory 
control, perseveration and sustained attention. Furthermore, we investigated individual per-
formance during attentional rule acquisition. Using the 5-choice serial reaction time task, our 
results show no impairments in inhibitory control and sustained attention. Fragile X knockout 
mice exhibited enhanced levels of correct and incorrect responding, as well as perseveration 
of responding during initial phases of rule acquisition, that normalised with training. For both 
knockout and wild type mice, pharmacological attenuation of metabotropic glutamate receptor 
5 signalling did not affect response accuracy but reduced impulsive responses and increased 
omission errors. Upon rule reversal, Fragile X knockout mice made more correct and incorrect 
responses, similar to the initial phases of rule acquisition. Analogous to heightened activity 
upon novel rule acquisition, Fragile X knockout mice were transiently hyperactive in both a 
novel open field arena and novel home cage. Hyperactivity ceased with familiarisation to the 
environment. Our findings demonstrate normal inhibitory control and sustained attention but 
heightened perseveration, responding, and hyperactivity during novel rule acquisition and dur-
ing exposure to novel environments in Fragile X knockout mice. We therefore provide evidence 
for subtle but significant differences in the processing of novel stimuli in the mouse model for 
the Fragile X syndrome.
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INTRODUCTION
Prominent impairments in attentional processing and inhibitory control occur in many intel-
lectual disability syndromes and autism spectrum disorders (ASD) (Hagerman, 2006; Scerif 
and Steele, 2011). In Fragile X syndrome (FXS), deficits in sustained & selective attention, 
impaired executive control and behavioural inflexibility are reported in both children and adults 
(Munir et al., 2000a; Cornish et al., 2001; Scerif et al., 2007; Hooper et al., 2008). The prefron-
tal cortex (PFC) is prominently involved in attentional processing, executive function, inhib-
itory control, and rule acquisition in operant tasks (Dalley et al., 2004; Peyrache et al., 2009; 
Rossi et al., 2009). In the FXS mouse model (Fmr1-KO), significant alterations in synaptic 
connectivity and plasticity occur in prefrontal cortex (Meredith et al., 2007; Gocel and Larson, 
2012; Testa-Silva et al., 2012; Paul and Cox, 2013). Previous studies with adult Fmr1-KO mice 
report no deficits in sustained attentional performance compared to wildtype (WT) littermates 
(Krueger et al., 2011) while earlier findings indicated impairments in inhibitory control and in 
attentional processing (Moon et al., 2006). Given the disruption of multiple attentional com-
ponents in FXS (Wilding et al., 2002; Scerif and Steele, 2011), and the role of PFC in specific 
executive functions and rule acquisition, we determined to assess inhibitory control, sustained 
attention and rule acquisition in the Fmr1-KO mouse.

Attentional processing can be subdivided into different task-specific components (Knudsen, 
2007). In rodents, the five choice serial reaction time task (5CSRTT) is designed to test various 
aspects of attentional control, including sustained, selective and divided attention, (Robbins, 
2002). We challenged the mice on a visuo-spatial sustained-attentional paradigm, for their abil-
ity to maintain a consistent behavioural response during continuous repetitive activity. The 
accuracy with which mice performed this task was taken as a measurement of their attentional 
capacity and function. Refraining from prematurely responding to a food- predictive stimulus 
was used as an index of inhibitory control.  Besides measuring attentional performance and in-
hibitory control in Fmr1-KO and WT mice under standard task conditions, we tested the effect 
of a metabotropic glutamate receptor 5 (mGluR5) inverse agonist 6-Methyl-2-(phenylethyny)
pyridine (MPEP), a therapeutic candidate for FXS, upon performance in this attentional par-
adigm. Lastly, we investigated the degree of behavioural flexibility of Fmr1-KO mice when 
adapting to a rule reversal of the sustained attention task. 

Hyperactivity is common to several monogenic models for neurodevelopmental disorders 
(Crawley, 2007), and the degree of activity can depend on the context in which it is measured 
(i.e novel, familiar, anxiogenic). Thus, measuring activity in different contexts could provide 
a better understand of the factors contributing to differences in activity between Fmr1-KO and 
WT mice (e.g. differences in emotionality, response to novelty, or general activity). To better 
understand activity differences between Fmr1-KO and WT mice, we investigated locomotion in 
a novel brightly-lit open field (putatively anxiogenic) at developmental stages both before and 
after behavioural testing, as well as in a novel and familiar home cage environment.

Our results demonstrate that Fmr1-KO adult male mice exhibit no impairments in sustained 
attention or inhibitory control in the standard 5CSRTT. KO mice were hyperactive in novel 
environments at developmental stages both before and after behavioural training and displayed 
enhanced rates of responding during acquisition of novel rules in the learning phases of the 
5CSRTT. Heightened perseveration and increased responding in KO mice was significantly 
reduced during attentional training, as was hyperactivity upon familiarisation with the environ-
ment. Furthermore, in both Fmr1-KO and WT mice, MPEP did not affect response accuracy but 



63

Executive Function in Fragile X Mouse Model

3

significantly attenuated impulsive responses and increased errors of omission. Finally, similar 
to learning phases of 5CSRTT, KO mice exhibited enhanced responding and significantly high-
er error rates following attentional rule reversal.

MATERIALS and METHODS
Animals
To obtain male Fmr1-KO (The Dutch-Belgian Fragile X Consortium, 1994) and male WT age-
matched littermates we crossed heterozygote Fmr1 C57BL/6J females with WT C57BL/6J 
males. Breeding females had been previously backcrossed more than 10 generations on the 
C57BL/6J line (Charles River). Upon weaning at 3 weeks postnatal, mice were separated by 
gender and socially-housed until 8 to 9 weeks postnatal age. From that point onward male mice 
used for experiments were housed in individual cages, with water and food ad libitum except 
during the 5CSRTT (7:00/19:00 lights on/off). Experiments were carried out in accordance with 
the European Communities Council Directive of 24 November 1986 (86/609/EEC), and with 
approval of the local animal care and use committee of the VU University.

Open-Field activity
Open-Field activity was tested for two consecutive days in naïve, 10 week old mice (n=20 KO, 
n=18 WT) and in a cohort of 25 week old mice that had been previously tested in the 5CSRTT 
(n=15 KO, n=16 WT). Mice were placed at a corner of the white open field chamber (50lx-
50wx35h cm) directly below a single white fluorescent light bulb (130 lx), and their activity 
was recorded for 10 minutes (Viewer2, Biobserve, St. Augustin, Germany). For the analysis 
of exploration the chamber was virtually divided in 9 equal squares and entries into the centre 
square, time spent in centre, distance covered in the centre, velocity through the centre, total 
distance covered, the percentage of inactivity at 0.1cm/s threshold, and the velocity during 
mobility were measured (Viewer2, Biobserve, St. Augustin, Germany). The experiment was 
performed during the subjects’ light cycle.

Novel home-cage activity
At 9 weeks of age, one week after initial single housing in conventional cages, a separate batch 
of mice (n=23 KO, n=25 WT) was placed in an automated home-cage (PhenoTyper model 
3000, Noldus Information Technology, Wageningen, The Netherlands; 30lx30wx35h cm) in the 
second half of the subjective light phase (14:00h–16:00h). The top unit of each cage contained 
an array of infrared LEDs and an infrared-sensitive video camera used for video-tracking. The 
X-Y coordinates of the mice’ centre of gravity, sampled at a resolution of 15 coordinates per 
second, were acquired and smoothed using EthoVision software (EthoVision HTP 2.1.2.0, 
based on EthoVision XT 4.1, Noldus Information Technology, Wageningen, The Netherlands). 
Data processing to generate the total distance moved was performed with the AHCODATM 
analysis software (Synaptologics BV, Amsterdam, The Netherlands) as previously described in 
detail (Maroteaux et al., 2012).

Pharmacology
The mGluR5 receptor inverse agonist 6-Methyl-2-(phenylethyny) pyridine (MPEP) (Sig-
ma-Aldrich, St. Louis, MO, USA) was dissolved in physiological saline (0.9% sodium chlo-
ride) at 5mg/mL stock concentration. Two different concentrations of MPEP were tested, 5mg/
kg (low), 20mg/kg (high), in addition to saline control injection matching the volume of the 
highest MPEP dose. A 10ml/kg maximum injection volume was used. The order of adminis-
tration for each subject was randomly assigned and followed a within-subjects Latin square 
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design. All injections were administered intraperitoneally (IP) 25 minutes prior to testing in the 
5CSRTT. Pharmacology testing occurred every other day with a washout 5CSRTT session in 
between to avoid possible carry-over effects between different dosages. 

Five-choice serial reaction time task (5CSRTT)
The procedure was adapted from a previously published methodology (Loos et al., 2009). All 
5CSRTT experiments were performed from 10:00 to 13:00, 5 days a week, during the subjects’ 
light cycle. 15 Fmr1-KO and 16 WT age-matched littermates were tested. A week before the 
onset of the 5CSRTT, subjects were placed on a restricted diet and were gradually brought to 
90% of their free feeding body weight. For the duration of the experiment the subjects were 
weighed daily and the amount of food provided was adjusted to maintain their body weight to 
90%. Operant chambers were equipped with five response holes, a food magazine at the op-
posite wall and a house light. Both response holes and food magazine contained yellow LED 
stimulus lights and infrared response detectors. Each operant chamber was placed within sound 
attenuating ventilated cubicles. 

On week 10, mice were introduced in the operant chamber for a single 20-minute habituation 
session. Subsequently, mice performed two reward retrieval sessions during which food re-
wards (Dustless Precision Pellets, 14 mg, Bio-Serve, Frenchtown, NJ, USA) were delivered in 
the magazine at random fixed inter-trial intervals (ITI; 4, 8, 16, 32 seconds). Reward delivery 
coincided with switching on the magazine stimulus light, and ITI was initiated when the pre-
vious pellet has been collected during which the magazine stimulus light went off. A session 
ended after 25 minutes or upon initiating 50 trials.

Following magazine training, subjects entered Learning Phase 1 (L1) during which a trial start-
ed with all 5 response-hole lights illuminated. A poke in any of the response holes switched 
off all the 5 lights, switched on the stimulus light in the magazine, and delivered a reward into 
the magazine. Upon pellet collection the magazine stimulus light went off and an ITI (5s) was 
initiated. A session lasted for 25min or until 60 pellets were earned. The reaction time to any of 
the lit response holes after an ITI and the number of trials initiated were recorded. As soon as 
50 or more pellets were collected or after 7 sessions, mice graduated to the next learning phase.

In Learning Phase 2 (L2) trials started with only one response-hole light illuminated. Responses 
in non-lit holes were of no consequence. A poke in the lit response-hole switched off the light, 
switched on the stimulus light in the magazine, and delivered a reward. Upon pellet collection 
the magazine stimulus light went off and an ITI (5s) was initiated. Sessions lasted for 25min 
or until 60 earned pellets. The reaction time to the lit response hole (correct reaction time), the 
number of pokes in the non-lit response-holes (incorrect pokes), and the number of trials initi-
ated were recorded. As soon as 50 or more pellets were collected within one session or after a 
total of 7 sessions, mice graduated to the training phase.

During the training phase, a trial started with a response of the subject into the illuminated 
magazine, which switched off the magazine light and after an ITI of 5s a response-hole stim-
ulus light turned on for a limited duration (stimulus duration; SD). A poke in the correct re-
sponse-hole during stimulus duration up to an additional limited hold (LH) of 4s after the light 
went off, switched on the magazine stimulus light and delivered a reward in the magazine. An 
incorrect response to a non-lit response-hole or an omission of a response resulted in a 5s time-
out period during which all stimulus lights and house light were turned off. After the time-out 
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both the house light and magazine stimulus light went on and the subject could initiate a new 
trial by poking into the magazine. A premature response into a non-illuminated hole during 
the ITI also resulted in a time-out period. In the first phase of the training stage SD was set 
to 16sec, and was gradually decreased to 8, 4, 2, 1.5 when the subject reached criterion (>30 
Trials + >60% Accuracy + <60% Omissions) or after 7 consecutive sessions at any given SD 
stage. Errors of omission were defined as [100 x (omissions)/(omissions + correct responses + 
incorrect responses)]. Accuracy was defined as [100 x (correct responses)/(correct responses + 
incorrect responses)]. In a similar manner, accuracy was determined during the 1st half and 2nd 
half of session duration.  Premature responses (impulsivity) were defined as [100 x (premature 
pokes)/(premature pokes + correct responses + incorrect responses)]. Perseverative responses 
in a lit response-hole were without consequences, but recorded as a measure of perseveration. 
Finally, latency to retrieve a pellet from the magazine as well as reaction times for a correct, 
incorrect, and premature response were also recorded. Sessions lasted for either 25min or until 
60 trials were reached. For all phases of the training stage the final session for each subject was 
used for analysis.

During the testing phase stimulus duration was decreased to 1sec and subjects were given 10 
sessions. Experimental procedures and definitions were the same as the training stage. Baseline 
performance for each subject was calculated from the 6th to the 10th session. Following the 
first testing phase (SD1), performance was also tested under two different MPEP concentrations 
with saline control trials. All mice received a saline injection at the end of their training session 
one week prior to drug testing, in order to habituate them to IP injections.

Finally, upon completion of pharmacology, mice were subject to 10 reversal sessions to assess 
their ability to acquire a new rule after prolonged training. Reversal was similar to L2, how-
ever a trial consisted of 4 response-hole stimulus lights on and 1 response-hole stimulus off. A 
correct trial was scored as a poke in the non-illuminated response-hole. Upon a correct trial all 
response-hole lights went off, the magazine stimulus light switched on and a reward was deliv-
ered in the magazine. All responses to the illuminated response-holes were of no consequence 
and were recorded as incorrect pokes. No time-out period was assigned for any action during 
this phase. Sessions lasted for either 25min or until 60 trials were reached.

Statistical analysis
Data was analysed as indicated in the figure legends. Differences between groups were analysed 
with a Student's t-test for data following a parametric distribution, and the Mann-Whitney test 
for non-parametric data. A Welch’s t-test was used when parametric data exhibited unequal 
distribution of variances. For non-parametric paired test analysis the Wilcoxon matched pairs 
test was used. A two-way repeated measures ANOVA was used for the analysis of perseverative 
responses, correct and incorrect responses, sessions to criterion, trials initiated, reward latency, 
correct reaction time, for the effects of MPEP, and for correct, incorrect responses during the 
reversal paradigm; a Bonferroni post-test analysis was used to compare the different means. 
Pearson or Spearman coefficients were used to analyse parametric and non-parametric correla-
tions respectively. Linear regression analysis was used to model the relationship between open-
field activity and open-field centre entries. A two-way repeated measures ANOVA was used 
for the analysis of distance covered, mobility, and velocity in the novel open field arena and in 
the novel home cage; a Bonferroni post-test analysis was used to compare the different means. 
Analysis was performed with GraphPad Prism and IBM SPSS Statistics packages.
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Figure 1: Activity of young and mature adult Fmr1-KO mice in novel environments
Fmr1-KO mice covered significantly greater distance than WT age-matched littermates during the first but not 
the second day of testing in a novel open field arena at 10 (a) and 25 (b) postnatal weeks; values plotted represent 
means ± SEM. The total distance covered correlated significantly with the number of centre entry crossings for 
both 10 (ci-ii) and 25 (di-ii) week old mice during both days of testing; filled circles represent values from individ-
ual mice, dotted lines show linear regressions, r denotes Pearson correlation coefficient. Distance covered in novel 
home-cage was greater in young adult Fmr1-KO mice during the first two dark-cycles but not during the third 
dark-cycle (e).  For panels (a), (b) and (e) data was analysed with a 2-way repeated measures ANOVA with Bon-
ferroni’s post-test analysis. For all panels asterisks indicate significance levels; ***p<0.001, **p<0.01, *p<0.05.
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Figure 2: Fmr1-KO mice progress faster during the activity-dependent learning phase of the 5-CSRTT
Overview of the sequence of learning, training, and testing phases during the 5CSRTT (a). Fmr1-KO mice reacted 
more quickly to the illuminated magazine (bi) with more anticipatory responses (bii) during both reward retrieval 
sessions. Fmr1-KO mice achieved criterion in fewer sessions than WT during both learning phase 1 (L1) and 2 
(L2) (ci), and initiated significantly more trials at both L1 and L2 (cii). Fmr1-KO mice reacted more quickly to the 
onset of a stimulus light presented in any of the five response holes (L1) and in one of the five (i.e correct) response 
holes (L2) (ciii). During L2, Fmr1-KO mice committed significantly more incorrect (civ) and correct (cv) respons-
es. Values plotted represent means ± SEM. The difference between groups was calculated using the Mann-Whitney 
test ((bi), (ci-L2), (cii), (ciii), (cv)), t-test with Welch’s correction of variance ((bii), (ci-L1)) or t-test alone (civ). 
Asterisks indicate significance levels at; ***p<0.001, **p<0.01, *p<0.05.
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RESULTS
Transient hyperactivity in response to novel environments in Fmr1-KO mice
Hyperactivity is a behavioural phenotype common to many different monogenic mouse mod-
els for neurodevelopmental disorders (Pliszka, 1998; Crawley, 2007) and can have a signif-
icant impact on learning abilities. To determine whether our Fmr1-KO mouse colony on a 
C57BL/6J background strain displayed a hyperactive phenotype, general activity of mice was 
tested in a conventional novel open field (OF) arena and in a novel home-cage (Fig.1). At 
10 weeks age (young adult) Fmr1-KO mice covered significantly greater distances than WT 
littermates during the first but not the second day of testing in the novel OF arena (Fig.1a 
{2-way repeated measurements ANOVA [Days effect F(1, 36)=137.7, p<0.0001], [Genotype 
effect F(1, 36)=4.23, p<0.05], [Interaction effect F(1, 36)=1.46, p=0.24]}). In a similar man-
ner mature adult Fmr1¬-KO mice (25 weeks of age) exhibited hyperactivity that normalised 
during the second day in the novel OF arena (Fig.1b {2-way repeated measurements ANOVA 
[Days effect F(1, 29)=25.37, p<0.0001], [Genotype effect F(1, 29)=4.20, p<0.05], [Interaction 
effect F(1, 29)=0.63, p=0.43]}). For both young and mature adult stages, increased velocity but 
not increased mobility was underlying the transient hyperactivity in Fmr1-KO mice (Suppl. 
Fig.1). Furthermore, the distance covered during both days of exploration significantly correlat-
ed with the number of ‘centre entries’ for both young (Fig.1ci-cii, {Day1: [r=0.657, p<0.0001]; 
Day2: [r=0.647, p<0.0001]}) and for mature adults (Fig.1di-dii, {Day1: [r=0.485, p<0.01]; 
Day2: [r=0.505, p<0.01]). However, there was no significant difference between genotypes for 
overall time spent in the centre suggesting no difference in anxiety-related behaviour {Young 
Adult: Day1 [18.76±1.95 KO, 15.13±2.48 WT] p=0.25], Day2 [15.18±2.01 KO, 12.43±2.14] 
p=0.37; Mature Adult: Day1 [16.31±2.19 KO, 18.75±1.71 WT] p=0.38, Day2 [15.86±1.77 
KO, 14.38±2.51] p=0.63 (in seconds)}. In addition to hyperactivity during a 10min OF test, 
Fmr1-KO mice covered significantly greater distance during the first two dark cycles in a novel 
home-cage that normalised by the third cycle (Fig.1e {2-way repeated measurements ANOVA 
[Days effect F(2, 92)=17.96, p<0.0001], [Genotype effect F(1, 46)=12.26, p=0.001], [Interac-
tion effect F(2, 92)=4.74, p<0.01]}). Thus, Fmr1-KO mice exhibited hyperactivity in response 
to novel environments, which normalises with repeated exposure and familiarisation, in the 
absence of anxiety-related behaviour. 

Enhanced responding by Fmr1-KO mice during attentional rule acquisition in 5CSRTT
Executive function deficits are common in patients with neurodevelopmental disorders (Scerif 
and Steele, 2011). The 5CSRTT is an established methodology to test executive function such 
as attention, inhibitory control and perseveration (Robbins, 2002). Prior to the training and 
testing phases of 5CSRTT, mice learned to associate the magazine with reward retrieval, and 
a response to an illuminated response-hole with a reward delivered in the magazine (Fig.2a). 
During both reward retrieval sessions Fmr1-KO mice responded significantly quicker to the 
illuminated magazine (Fig.2bi {Session 1: [11.92±2.01 KO, 22.40±2.57 WT] p<0.01; Session 
2: [3.90±0.43 KO, 13.92±2.06 WT] p<0.001}) and also with significantly more anticipatory 
responses (Fig.2bii {Session 1: [80.27±10.03 KO, 42.69±5.00 for WT] p<0.01; Session 2: 
[139.5±10.0 KO, 66.06±5.40 WT] p<0.001}).

With the initiation of the learning phase, mice had to achieve a certain criterion in order to pro-
gress to the subsequent stage. During both learning phases 1 and 2 (L1, L2) Fmr1-KO mice pro-
gressed to the next phase with significantly fewer sessions than WT age-matched controls (Fig. 
2ci) by initiating more trials at both L1 and L2 (Fig.2cii {L1: [57.53±0.86 KO, 48.69±2.99 WT] 
p<0.01; L2: [57.47±0.88 KO, 52.06±2.21 WT] p<0.05}). This pattern was not due to motiva



69

Executive Function in Fragile X Mouse Model

3

tional differences since the latency to retrieve a reward was equal between the two genotypes 
for both learning sessions {L1: [3.33±0.27 KO, 3.85±0.40 WT] p=0.17; L2: [3.42±0.64 KO, 
3.27±0.39 WT] p=0.80 (in seconds)} and body weight restriction was equal between the two 
genotypes {L1: [87.63±0.56 KO, 86.66±0.47 WT] p=0.20; L2: [89.51±0.73 KO, 89.38±0.43 
WT] p=0.88 (% free feeding body weight)}, as it was throughout the duration of the 5CSRTT 
(data not shown). Reaction time to any of the five illuminated response-holes in L1 or the 
only illuminated response-hole in L2 was significantly faster for Fmr1-KO mice (Fig.2ciii {L1: 
[18.96±1.26 KO, 28.26±2.89 WT] p<0.01; L2: [14.90±1.19 KO, 21.34±2.49 WT] p<0.01}). 
Furthermore, for both groups, reaction time significantly correlated with the number of ses-
sions to criterion {L1: r=0.508, p=0.003; L2: r=0.364, p<0.05}. Levels of poking in the incor-
rect non-illuminated response-holes during L2 were significantly higher for Fmr1-KO mice 
(Fig.2civ [79.40±9.43 KO, 52.00±7.17 WT] p<0.05), as was poking in the correct illuminated 
response-hole (Fig.2cv [56.47±3.42 KO, 51.00±8.85 WT] p<0.05). Therefore, Fmr1-KO mice 
responded significantly quicker during the 5CSRTT learning phase, initiated significantly more 
trials, committed both more correct and incorrect responses - all indicative of elevated activity 
levels during rule acquisition.

Training normalises Fmr1-KO performance and activity
With the initiation of the training phase both Fmr1-KO and WT, at the same rate, progressively 
required more sessions to reach criterion to commence to the next SD (Suppl. Fig.2a {2-way 
repeated measurements ANOVA; [Sessions effect F(4, 116)=10.09, p<0.0001], [Genotype ef-
fect F(1, 29)=0.51, p=0.48], [Interaction effect F(4, 116)=0.73, p=0.57]}). Trials initiated by 
both groups remained constant throughout the training phase of the 5CSRTT (Suppl. Fig.2b 
{2-way repeated measurements ANOVA; [Sessions effect F(5, 145)=1.94, p=0.11], [Genotype 
effect F(1, 29)=0.01, p=0.89], [Interaction effect F(5, 145)=0.60, p=0.70]}). With successive 
shortening of stimulus duration the reaction time to the correct response-aperture decreased sig-
nificantly for both groups (Suppl. Fig.2c {2-way repeated measurements ANOVA; [Sessions 
effect F(5, 145)=219.8, p<0.0001], [Genotype effect F(1, 29)=2.34, p=0.14], [Interaction effect 
F(5, 145)=0.67, p=0.64]}). Finally, motivation for the task did not change during the training 
phase for either group (Suppl. Fig.2d {2-way repeated measurements ANOVA; [Sessions ef-
fect F(5, 145)=1.77, p=0.12], [Genotype effect F(1, 29)=0.12, p=0.74], [Interaction effect F(5, 
145)=0.47, p=0.80]}). Therefore, during the training phase the activity and performance of 
Fmr1-KO mice normalised to that of WT age matched controls. 
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Figure 3: Heightened perseverative be-
haviour in Fmr1-KO mice 
Fmr1-KO and WT littermate mice signifi-
cantly reduced the number of perseverative 
responses made in the correct illuminated 
hole over the entire training phase. Howev-
er, Fmr1-KO mice poked significantly more 
at SD16 than WT. Data was analysed with 
a 2-way repeated measures ANOVA with 
Bonferroni’s post-test analysis. Asterisks 
indicate significance levels; ***p<0.001, 
*p<0.05.
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Increased perseverative responding in Fmr1-KO mice at the onset of training
Perseveration, as deduced from the number of perseverative pokes in the correct response-hole, 
significantly decreased over the entire training phase and at the same rate for both genotypes 
(Fig.3 {2-way repeated measurements ANOVA [Session duration effect F(5, 145)=5.75, 
p<0.0001]}, [Interaction effect F(5, 145)=1.82, p=0.11]). However, perseverative poking was 
significantly higher for Fmr1-KO mice (Fig.3 {2-way repeated measurements ANOVA [Geno-
type effect F(1, 29)=4.33, p=0.04]. Posthoc analysis showed that KO mice poked significantly 
more at the initial training session (SD16) compared to WT littermates (Fig. 3, Bonferroni 
p<0.05).

Altered cross-trial performances in individual Fmr1-KO mice 
Progression through the training stage of the 5CSRTT became increasingly difficult, reflected 
by the significant reduction in the number of correct responses in both groups (Fig.4a {2-way 
repeated measurements ANOVA [Training phase effect F(5, 145)=16.73, p<0.0001], [Genotype 
effect F(1, 29)=1.134, p=0.30], [Interaction effect F(5, 145)=1.841, p=0.109]}). Correlating the 
correct performance of individual mice at SD16 with all subsequent stages revealed that indi-
vidual WT mice performed consistently from one training phase to the next (Fig.4b [Pearson 
correlation coefficient: SD8 0.814 (p=0.0001), SD4 0.648 (p=0.0067), SD2 0.618 (p=0.014), 
SD1.5 0.313 (p=0.237), SD1 0.6541 (p=0.008)]). However, even though by the end of training 
Fmr1-KO mice as a group performed similarly to WT controls, KO individuals failed to sustain 
a consistent performance for correct responses through the training phases (Fig.4c [Pearson 
correlation coefficient: SD8 0.339 (p=0.223), SD4 0.587 (p=0.022), SD2 0.25 (p=0.368), SD1.5 
-0.175 (p=0.533), SD1 -0.455 (p=0.089)]). Whereas the best-performing WT mice with the 
highest number of correct responses at SD16 also had the highest number of correct responses 
at SD1, this pattern did not hold for Fmr1-KO mice: those with the highest number of correct 
responses at SD16 did not consistently exhibit the highest correct responses at SD1.

For both genotypes, training reduced the number of incorrect responses made during the entire 
training phase from SD16 to SD1 (Fig.4d {2-way repeated measurements ANOVA [Train-
ing phase effect F(5, 145)=27.15, p<0.0001], [Genotype effect F(1, 29)=1.682, p=0.205], [In-
teraction effect F(5, 145)=1.880, p=0.101]}). Individual WT mice quickly learned to refrain 
from making incorrect responses, seen by the sharp drop in correlation between incorrect trials 
from SD16 to SD4 (Fig.4e [Pearson correlation coefficient: SD8 0.730 (p=0.001), SD4 0.093 
(p=0.731), SD2 0.122 (p=0.653), SD1.5 -0.068 (p=0.802), SD1 -0.496 (p=0.05)]). By SD1, 
individual WT mice initially making the most incorrect responses were making the least errors. 
In contrast, individual Fmr1-KO mice demonstrated a persistent correlation in the number of in-
correct responses made for the majority of the training phase until SD1.5 (Fig.4f [Pearson cor-
relation coefficient: SD8 0.791 (p<0.0001), SD4 0.558 (p=0.038), SD2 0.58 (p=0.029), SD1.5 
0.165 (p=0.557), SD1 0.063 (p=0.823)]). Thus, across-trial performance of individual WT mice 
differed considerably from individual Fmr1-KO mice.

Fmr1-KO mice exhibit normal sustained attention and inhibitory control
After 10 sessions of testing at SD1, both groups initiated an equal number of trials (Fig.5a 
[44.88±3.53 KO, 47.10±2.19 WT] p=0.60). With stimulus duration of 1 second (SD1), a sub-
stantial percentage of the trials initiated resulted in omissions, with comparable levels between 
the two groups (Fig.5b [67.51±2.31 KO, 65.28±1.63 WT] p=0.43). Attention was not impaired 
in Fmr1-KO mice, with accuracy levels matching those of WT mice (Fig.5c [85.82±2.40 KO, 
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81.01±2.54 WT] p=0.17). Furthermore, attentional performance was maintained throughout 
session duration for both groups, as indicated by sustained accuracy levels during the 1st and 
2nd halves of the testing session (Fig.5d {2-way repeated measurements ANOVA [Session 
duration effect F(1, 29)=1.16, p=0.30], [Genotype effect F(1, 29)=1.98, p=0.17], [Interaction 
effect F(1, 29)=0.79, p=0.38]}). Impulsivity, deduced from the amount of premature responses 
committed, was indistinguishable between the groups (Fig.5e [14.60±2.35 KO, 17.38±3.26 
WT] p=0.50).

MPEP affects performance but not accuracy in the 5CSRTT
MPEP corrects many behavioural and synaptic phenotypes in the Fmr1-KO mouse (Yan et al., 
2005; Dölen and Bear, 2008). Following SD1 testing phase, we determined whether MPEP 
would affect 5CSRTT performance. Acute MPEP administration had no effect upon the num-
ber of trials initiated by either group (data not shown, {2-way repeated measurements ANO-
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Figure 4: Individual Fmr1-KO mice fail to sustain correct response performance and are delayed in inhib-
iting incorrect responses
Correct trials are reduced for both Fmr1-KO and WT mice with progressively shorter stimulus duration during 
the 5CSRTT training and SD1 testing phase (a). Individual WT mice exhibited a consistent correlation in correct 
performance between SD16 and subsequent stages (b). Fmr1-KO individual mice failed to maintain a consistent 
correlation in correct performance (c). Incorrect responses are significantly reduced for both Fmr1-KO and WT 
groups during the 5CSRTT successive stages (d). No consistent correlation for incorrect performance for individ-
ual WT mice between SD16 and subsequent stages (e). Individual Fmr1-KO mice showed consistent correlations 
for incorrect performance for most of the 5CSRTT stages (f). For panels (a) and (d) data was analysed with a 2-way 
repeated measures ANOVA with Bonferroni’s post-test analysis. For all panels asterisks indicate significance lev-
els; ***p<0.001, **p<0.01, *p<0.05.
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VA [MPEP effect F(2, 54)=2.43, p=0.10], [Genotype effect F(1, 27)=0.46, p=0.50], [Interac-
tion effect F(2, 54)=0.90, p=0.41]}). Accuracy was also not affected (Fig.6a {2-way repeated 
measurements ANOVA [MPEP effect F(2, 54)=0.15, p=0.86], [Genotype effect F(1, 27)=3.28, 
p=0.08], [Interaction effect F(2, 54)=0.11, p=0.90]}), although one animal from each genotype 
was excluded from analysis due to failure to commit any correct responses after MPEP ad-
ministration. Errors of omission increased significantly with increasing MPEP concentrations 
(Fig.6b {2-way repeated measurements ANOVA [MPEP effect F(2, 54)=18.35, p<0.0001], 
[Genotype effect F(1, 27)=1.06, p=0.31], [Interaction effect F(2, 54)=0.44, p=0.65]}). Impul-
sive behaviour as deduced from premature responding was significantly decreased for both 
groups with increasing MPEP concentrations (Fig.6c {2-way repeated measurements ANOVA 
[MPEP effect F(2, 54)=3.29, p=0.04], [Genotype effect F(1, 27)=0.01, p=0.94], [Interaction 
effect F(2, 54)=0.18, p=0.83]}). Furthermore, reaction time showed a trend for becoming slow-
er with increasing MPEP dosage in both genotypes, with Fmr1-KO mice responding overall 
significantly quicker to the correct aperture, reflective of quicker reaction times during earlier 
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Figure 5: Fmr1-KO mice show no deficits in sustained attention and demonstrate no difference in impulsive 
behaviours during the 5CSRTT SD1 testing phase
During the 5CSRTT testing phase, with stimulus duration of 1sec (SD1), Fmr1-KO and WT mice initiated similar 
numbers of trials (a) and committed equal errors of omission (b). Accuracy for the task was comparable between 
the two groups (c). Accuracy for either group did not change during the 1st and 2nd half of the session (d). Prema-
ture responding (e) was equal between Fmr1-KO and WT mice.  
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5CSRTT learning phases (Fig.6d {2-way repeated measurements ANOVA [MPEP effect F(2, 
54)=2.26, p=0.10], [Genotype effect F(1, 27)=6.32, p=0.01], [Interaction effect F(2, 54)=0.17, 
p=0.84]}).

Increased responding upon rule reversal in Fmr1-KO mice
Behavioural inflexibility is a hallmark of ASD (South et al., 2012; D'Cruz et al., 2013). To in-
vestigate reversal learning, mice were given 10 sessions during which the previously learned 
association of illuminated response-hole to reward was switched. Under new rules, a reward 
was now received following a nose-poke in a non-illuminated response-hole. Poking in illumi-
nated response holes was of no consequence (Fig. 7a). Both groups initiated similar number of 
trials although by the last session the trials were equally reduced (data not shown {2-way re-
peated measurements ANOVA; [Sessions effect F(9, 261)=8.208, p<0.0001], [Genotype effect 
F(1, 29)=0.700, p=0.411], [Interaction effect F(9, 261)=1.860, p=0.06]}). Compared to the total 
number of responses, correct poking was comparable between the two groups throughout the 
ten sessions (Fig.7b {2-way repeated measurements ANOVA; [Sessions effect F(9, 261)=5.675, 
p<0.0001], [Genotype effect F(1, 29)=3.821, p=0.06], [Interaction effect F(9, 261)=1.553, 
p=0.13]}). However, after ten sessions, Fmr1-KO mice continued to make significantly more 
incorrect pokes compared to WT littermates (Fig.7c {2-way repeated measurements ANOVA; 
[Sessions effect F(9, 261)=12.30, p<0.0001], [Genotype effect F(1, 29)=5.113, p=0.03], [Inter-
action effect F(9, 261)=1.543, p=0.13]}). Additionally, by the last session Fmr1-KO mice also 
performed significantly more correct pokes (Fig.7d {2-way repeated measurements ANOVA; 
[Sessions effect F(9, 261)=7.788, p<0.0001], [Genotype effect F(1, 29)=5.534, p=0.03], [Inter-
action effect F(9, 261)=4.756, p<0.0001]}). Therefore, although Fmr1-KO performance and 
activity normalised upon completion of the standard 5CSRTT testing, these remerged upon 
exposure to rule reversal. Interestingly, incorrect poking during L2 significantly correlated with 
the number of correct trials during the reversal task (in both phases such a response was in the 
non-illuminated response hole) for individual Fmr1-KO mice during sessions 1 and 10 (Fig.7e) 
whereas no such correlation existed for WT mice (Fig.7f).

DISCUSSION
FXS is associated with selective impairments in executive function, inhibitory control and spe-
cific aspects of attention, which become more pronounced as the cognitive demands of the task 
increase (Munir et al., 2000b; 2000a; Hagerman, 2006; Scerif et al., 2007; Hooper et al., 2008; 
Dickson et al., 2013). Given the multicomponent aspects of attentional processing, disrupted 
in neurodevelopmental disorders (Scerif and Steele, 2011), we assessed attentional processing 
in Fmr1-KO mice using the 5CSRTT. Our results demonstrated an absence of specific impair-
ments in a sustained attentional task in adult male Fmr1-KO mice compared with WT litter-
mates. Fmr1-KO mice were able to perform similarly to WT mice under increased attentional 
demand required by short stimulus durations of 1 second, in agreement with a previous study 
(Krueger et al., 2011). Unlike previous reports using a variation of the 5CSRTT (Moon et al., 
2006), we observed no differences in premature responses. Increased arousal arising from the 
variable cue-onset delay and variable cue duration used in the previous study could underlie the 
reported increase in premature response. In our study, KO mice displayed enhanced responding 
during the initial 5CSRTT stages of attentional rule acquisition. In addition, KO mice perse-
veratively poked at the correct aperture during initial training phases but not once the task had 
been learned. Detailed analysis of task training in each individual mouse demonstrated a sig-
nificantly altered learning pattern in Fmr1-KO mice, with a failure to sustain ‘correct response’ 
performance and a delay in inhibiting incorrect responses across the training phases. Similar 
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to the initial phases of rule acquisition, Fmr1-KO mice also made more responses following 
rule reversal. Together with the transient hyperactivity observed in two different novel environ-
ments, our data suggests that processing of novel stimuli induces heightened activity in Fmr1-
KO mice that normalises upon familiarisation and habituation to their environment.

Hyperactivity and increased responding in reaction to novelty 
Hyperactivity and attentional impairments are comorbid with a number of psychiatric condi-
tions, including neurodevelopmental disorders (Pliszka, 1998). In Fmr1-KO mice, hyperactivi-
ty and increased time spent in the centre of the open field arena often co-occur, the latter param-
eter indicating decreased anxiety (Yan et al., 2005; Yuskaitis et al., 2010; Olmos-Serrano et al., 
2011; Spencer et al., 2011). We did not observe any difference in anxiety levels between the two 
genotypes, as indicated by non-significant differences in time spent in the centre during both 
days of testing in the open-field. However, in our data, distance covered in the open field tests 
was significantly correlated to the number of centre entries made for both genotypes, in line 
with the idea that general activity and anxiety-related behaviours are linked and cannot easily 
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Figure 6: Effect of MPEP on 5CSRTT performance
Accuracy in the 5CSRTT testing phase was unaffected by either low (5mg/Kg) or high (20mg/Kg) MPEP dos-
age (a). Errors of omission were significantly enhanced with increasing concentrations of MPEP (b). Premature 
responses decreased significantly for both groups with increasing MPEP concentrations (c). Reaction time to the 
correct aperture did not significantly change with MPEP for either group, although Fmr1-KO mice reacted faster 
to the correct aperture (d). Values plotted represent means ± SEM. Analysis was performed with a 2-way re-
peated measures ANOVA with Bonferroni’s post-test analysis. Asterisks indicate significance levels; ***p<0.001, 
*p<0.05.
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be dissociated in this assay (Milner and Crabbe, 2008). Hyperactivity is consistently reported 
in Fmr1-KO mice in both young and adult stages (The Dutch-Belgian Fragile X Consortium, 
1994; Mineur et al., 2002; Yuskaitis et al., 2010; Olmos-Serrano et al., 2011; Spencer et al., 
2011). Similarly, we observed hyperactivity in Fmr1-KO mice at two different developmental 
stages in a novel open field arena as well as in a novel home cage. Upon repeated exposure to 
the open field and with subsequent days in the home cage, activity of KO mice decreased to 
WT levels. Thus, in both anxiogenic (open-field) and normally reared (home-cage) settings KO 
mice exhibited hyperactivity due to environmental novelty that normalised with familiarisation.

Reflective of the transient hyperactivity observed, was the performance of Fmr1-KO mice dur-
ing acquisition of novel attentional rules and during reversal rule acquisition in the 5CSRTT. 
Attainment of sustained attentional rules required an activity-dependent progression through 
the learning & training phases. During both learning phases, KO mice reacted significantly 
quicker to the light stimulus, initiated more trials, and achieved criterion after fewer sessions, 
than WT littermates. Furthermore, Fmr1-KO mice made significantly more correct and incor-
rect responses during the second learning phase. This response was not due to motivational 
differences since the latency to retrieve rewards and the body weight was equal between the two 
genotypes for both learning sessions. KO mice also made significantly more nose pokes in the 
magazine during pellet retrieval and were faster in collecting the reward from the magazine than 
WT littermates. However, these performance measures of correct reaction time, trials initiated, 
sessions to criterion (Suppl. Fig.2), and number of responses all normalised during training to 
WT levels. It is therefore evident that novel attentional rules promoted heightened activity and 
responding in Fmr1-KO mice that attenuated with repeated exposure. Furthermore, although 
activity measures normalised during the training phase, heightened responding in Fmr1-KO 
mice re-emerged upon rule-reversal.

Rule Reversal
Insistence on sameness and behavioural inflexibility lies at the core of many autistic spectrum 
disorders (Carcani-Rathwell et al., 2006; Didden et al., 2008). Reversal of a previously-learned 
rule and adaptation (testing behavioural flexibility in a task) is significantly delayed in children 
and adolescents with autistic spectrum disorder (South et al., 2012) and impaired in FXS young 
males (Wilding et al., 2002). Our data show that both groups of mice swiftly (i.e. from the sec-
ond session onwards) adapted to the new rule by decreasing the number of unrewarded, incor-
rect responses. WT mice showed less poking by the last session, indicative of an extinction re-
sponse. However, Fmr1-KOs continued making more errors by continuing to poke illuminated 
holes and thus were more resistant to adjust to the new rule, or less able to extinguish respond-
ing to the previously rewarded stimulus. KO mice made more correct responses during rule-re-
versal, but given the concomitant higher level of incorrect responding, there was no significant 
difference in the proportion of correct responses made overall compared to WT. Furthermore, 
correct responses during the rule reversal of individual Fmr1-KO mice significantly correlated 
with their incorrect performance during the initial L2 learning phase of 5CSRTT (Fig.7e) - in 
both cases a poke in a non-illuminated response-hole. Taken together, during rule reversal ses-
sion, we observed increase levels of both correct and incorrect responding in KO compared to 
WT mice. Lack of the expected reward upon the performance of a previously learned rule could 
underlie the increase in arousal and heightened overall responding during rule reversal. This 
increased activity during acquisition of the novel reverse rules by KOs is also in agreement with 
previous studies pointing toward increased arousal in KO mice upon reversal of a previously 
learned rule (Moon et al., 2008).
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Figure 7: Fmr1-KO mice demonstrate enhanced responding upon rule reversal in the 5CSRTT
During the reversal task a correct trial is now a response in the non-illuminated hole and a response in any of the 
illuminated holes is deemed incorrect but without consequences (a). After 10 sessions the percentage of correct 
responses compared to the total responses was not significantly different (b). Both groups of mice performed sig-
nificantly less incorrect pokes, but Fmr1-KO made more incorrect pokes compared to WT mice (c). The number 
of correct pokes increased significantly for both groups after 10 sessions, with Fmr1-KO mice performing more 
correct responses than WT by the last session (d). Incorrect pokes during L2 correlated with the reversal correct 
trials for individual Fmr1-KO mice during sessions 1 and 10 (e). No such correlation existed for WT mice (f). 
Values plotted represent means ± SEM. For panels (a), (b) and (e) data was analysed with a t-test, for panel (c) 
with Mann-Whitney test, and panel (d) was analysed with a 2-way repeated measures ANOVA with Bonferroni’s 
post-test analysis. 
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Training normalises repetitive behaviour in Fmr1-KO mice
Repetitive behaviours are a core feature of autistic spectrum disorders (Bodfish et al., 2000). 
Enhanced repetitive stereotypes are reported in infants with FXS (Baranek et al., 2005) as well 
as compulsive behaviours in male and female FXS adolescents (Hall et al., 2008). Fmr1-KO 
mice also demonstrated increased repetitive behaviours in the marble burying task (Dansie et 
al., 2013), in self-grooming (McNaughton et al., 2008), and in stereotypy measures during open 
field exploration (Hayashi et al., 2007; Dolan et al., 2013). In the 5CSRTT, repetitive behaviour 
is measured as the number of perseverative pokes in the correct illuminate response aperture. 
We observed enhanced perseverative responses by the Fmr1-KO mice during the initial stages 
of the 5CSRTT training phase compared to WT controls (Fig.3). However, this initial persever-
ation in Fmr1-KO mice normalised with successive training. Young autistic subjects decrease 
repetitive stereotypic behaviours upon repeated prompting in an attentional task (Chen et al., 
2012). It is thus tempting to speculate that repetitive attentional training during the 5CSRTT 
could underlie the decrease in perseveration observed in Fmr1-KO mice in this task.

Different response performance of individual Fmr1-KO mice across 5CSRTT 
During the training phase, both Fmr1-KO and WT groups progressed equally with fewer in-
correct responses being made but also fewer correct responses as stimulus duration became 
shorter and the task became more demanding. However, detailed analysis revealed a significant 
difference in the performance of individual Fmr1-KO mice from one set of trials to the next:  
individual Fmr1-KO mice failed to sustain correct response performance from training to the 
final testing, SD1 (Fig.4c). KO mice performing the most correct responses at SD16 were 
amongst the worst performers by SD1, reflected in non-significant correlations for all phases 
but SD4. In contrast, individual WT mice performed consistently across training phases, with 
the best performers maintaining the highest number of correct responses throughout all phases 
(Fig.4b). Our data suggest that even though as a group Fmr1-KOs perform equally well as WTs 
in terms of the number of correct responses, individual Fmr1-KO mice lack consistency in 
correct performance during increasing attentional demands. In contrast to correct responding, 
individual Fmr1-KO mice were more persistent in maintaining incorrect responses for most 
training phases until SD1.5, indicating a slower change in inhibition of incorrect, unreward-
ed behaviours (Fig.4f). Conversely, individual WT mice making the highest initial number of 
incorrect responses at SD16 made the least number of incorrect trials at SD1 (Fig.4e). Thus, 
although ultimately Fmr1-KO and WT as a group reached similar 5CSRTT performance, indi-
vidual Fmr1-KO were slower at inhibiting unrewarded incorrect responses and failed to con-
sistently maintain correct response performance during increasing attentional demands. 

Acute MPEP treatment does not alter 5CSRTT accuracy
Excessive mGluR5 signalling has been widely reported in Fmr1-KO mice and it has been shown 
to underlie several neurophysiological and behavioural deficits observed (Dölen and Bear, 
2008; Levenga et al., 2010). Currently phase III clinical trials are underway to test the efficacy 
of mGluR5 antagonism in treating FXS symptoms. Pharmacological attenuation of mGluR5 
signalling with MPEP did not affect 5CSRTT accuracy, but significantly reduced premature 
responses and increased omission rates in both Fmr1-KO and WT mice, mirroring findings in a 
previous study in rats (Semenova and Markou, 2007). Thus, whilst acute blockade of mGluR5 
signalling did cause mice to perform fewer correct trials, it did not cause any adverse effects 
upon the accuracy of attentional performance, and reduced impulsive behaviour. It should be 
noted here that acute administration of MPEP was conducted in well trained animals when no 
difference was observed between the two groups. It remains to be investigated whether chronic 
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MPEP administration from the onset of the 5CSRTT can affect the increased responses, height-
ened activity and perseveration observed in Fmr1-KO mice.

Together, these data reveal no impairment in sustained attentional processing in 5CSRTT in 
the mouse model for Fragile X syndrome. The lack of a sustained attentional deficit but subtle 
differences in learning raise the possibilities that in the mouse, the Fmr1 gene is not necessary 
for sustained attention or that compensatory changes occur as training progresses so that any 
initial learning impairments arising from lack of FMRP are overcome (Crawley, 1999). FMRP 
is lacking from the entire brain thus it is difficult to pinpoint where any potential compen-
sation may occur, although similarities of altered cerebellar-prefrontal cortex circuit function 
are reported for Fmr1-KO and cerebellar-specific mutants with autistic behavioural phenotype 
(Rogers et al., 2013). However, our analysis reveals that Fmr1-KO mice respond differently 
when presented with novel rules or new environments. During acquisition of novel attentional 
rules Fmr1-KO mice display increased activity, heightened response levels and perseveration 
that normalises with repeated training. Similarly, exposure to novel environments induces hy-
peractivity in Fmr1-KO mice that subsides with familiarisation. Additionally, we demonstrate 
that individual KO mice fail to perform consistently during the 5CSRTT training phase and are 
delayed in inhibiting incorrect responses. Finally, we demonstrate for the first time that acute 
mGluR5 blockade, whilst increasing omitted trials and blocking impulsive responses, does not 
impair accuracy in the Fmr1-KO mouse model.
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Supplementary Figure 1: Increased velocity during introduction to the novel open field arena by Fmr1-KO 
mice
The degree of mobility for either young adult (a) or mature adult (b) mice is comparable between the two groups 
during both days of novel open field exploration and decreases significantly upon re-exposure to the arena. Young 
adult Fmr1-KO mice are significantly faster than WT controls during the first but not the second day of novel open 
field exploration (c). During the first but not the second day of novel open field exploration mature adult Fmr1-KO 
mice also move significantly faster that WT controls (d). Values plotted represent means ± SEM. Analysis was 
performed with a 2-way repeated measures ANOVA with Bonferroni’s post-test analysis. Asterisks indicate signif-
icance levels; ***p<0.001, *p<0.05.

Supplementary Figures



80

Chapter 3

(a) (b)

(c) (d)
Correct Reaction Time

SD16 SD8 SD4 SD2 SD1.5 SD1
0

1

2

3

4

5

6

7 ***

Training Phase

Ti
m

e 
(s

ec
)

Trials Initiated

SD16 SD8 SD4 SD2 SD1.5 SD1
35

40

45

50

55

60

Training Phase

# 
of

 T
ria

ls

Sessions To Criterion

SD16 SD8 SD4 SD2 SD1.5
0

1

2

3

4

5 ***

Training Phase

# 
of

 S
es

si
on

s

FXS
WT

Reward Latency

SD16 SD8 SD4 SD2 SD1.5 SD1
0

1

2

3

4

5

Training Phase

Ti
m

e 
(s

ec
)

Supplementary Figure 2: Fmr1-KO mice performance and motivation is comparable to WT throughout the 
5CSRTT training phase
The number of sessions to achieve criterion increases significantly for both groups with progressive shorter stim-
ulus duration (a). Fmr1-KO and WT mice initiate equal number of trials during training stage of the 5CSRTT (b). 
With training and progressively shorter stimulus duration reaction time to the correct aperture decreases signifi-
cantly for both groups (c). Latency to retrieve the magazine reward remains constant through the training stages of 
the 5CSRTT (d). Values plotted represent means ± SEM. Analysis was performed with a 2-way repeated measures 
ANOVA with Bonferroni’s post-test analysis. Asterisks indicate significance levels; ***p<0.001.
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ABSTRACT
Metabotropic glutamate receptors (mGluRs) are involved in remodeling of neuronal connectiv-
ity underlying memory and cognition in the brain. While their physiology has been described in 
different brain areas of rodents, no data is available on mGluR physiology in human neurons. 
Additionally, most rodent studies focused on their effects in pyramidal neurons. Here, the effect 
of group I mGluR activation was investigated in human temporal cortex pyramidal (Pyr) neu-
rons and non-pyramidal interneuron cells (IN). Pharmacological activation of group I mGluRs 
led to an increase of excitatory postsynaptic current frequency on IN but not Pyr cells. Post 
agonist application, spontaneous excitatory current frequency return to normal levels, while all 
other measurements remained unchanged. Evoked excitatory currents in Pyr cells significantly 
depressed for a period after group I mGluR activation, akin to what has been described in rodent 
models. Furthermore, evoked responses from IN cells depressed or potentiated, and the direc-
tion of the effect was correlated with IN action potential half-width. Furthermore, acute activa-
tion of mGluR Group I caused a generalised increase in the frequency of inhibitory currents, an 
effect likely mediated by the selective increase in the excitability of Martinotti INs. This study 
offers the first physiological data-set on mGluR activity in human temporal cortex Pyr and IN 
cells, showing that group I mGluR activation modulates synaptic communication and plasticity. 
Additionally, the results herein can be utilized to further improve translational approaches and 
therapeutic efforts for the Fragile X syndrome, by providing a comprehensive description of 
mGluR mediated signaling for the first time in the human cortex.
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INTRODUCTION
Metabotropic glutamate receptors (mGluRs) form a diverse set of G-protein-coupled receptors 
that are divided into three groups, of which group I, consisting of mGluR1 and mGluR5, are the 
best-studied. Group I mGluRs are mostly located perisynaptically (Luján et al., 1996) and are 
involved in a range of processes: activation of group I mGluRs can induce long-term depression 
(LTD) (Luscher and Huber, 2010), but is also required for certain types of long-term plasticity 
(LTP) (Le Duigou and Kullmann, 2011; Wang et al., 2016). Furthermore, mGluRs can depolar-
ise both Pyr (Chuang et al., 2000; Bandrowski et al., 2003) and IN cells (McBain et al., 1994; 
van Hooft et al., 2000). In recent years, group I mGluRs are of increasing interest as a potential 
therapeutic target in neurodevelopmental disorders (NDDs) such as schizophrenia (Conn et al., 
2009) and autistic disorders (Aguilar-Valles et al., 2015; Wenger et al., 2016). In particular, dys-
regulated group I mGluR-mediated plasticity was proposed to underlie the pathophysiology of 
Fragile X syndrome (FXS) (Bear et al., 2004), as mGluR-mediated long-term depression (LTD) 
is exaggerated in Pyr neurons in the Fmr1-KO mouse model (Huber et al., 2002). Promising 
preclinical work showed that antagonists of mGluR5 could reverse phenotypes in Fmr1-KO 
mice. This finding led to clinical trials using negative allosteric modulators of mGluR5 in adults 
with FXS (Berry-Kravis, 2014; Jacquemont et al., 2014). Unfortunately, these trials have thus 
far been unsuccessful (Mullard, 2015; Berry-Kravis et al., 2016).

While group I mGluRs are expressed in several types of INs in both mouse and human brain 
(López-Bendito et al., 2002; Boer et al., 2010), most studies of mGluR function, as well as 
its therapeutic effects, have centered upon mGluR expression in Pyr neurons. The effects of 
mGluRs on inhibitory signaling have not been extensively studied. However, group I mGluRs 
are known to depolarise certain types of INs and to increase synaptic inhibition (Zhou and 
Hablitz, 1997; Mannaioni et al., 2001). Activation of group I mGluRs can also synchronise net-
work activity by eliciting synchronous spiking in low-threshold spiking interneurons (Beierlein 
et al., 2000), also known as Martinotti cells (MC). Strikingly, mGluR-elicited spiking in MCs 
has been shown to be reduced in the Fmr1 knockout mouse (Paluszkiewicz et al., 2011). 

Thus far, what little is known regarding the effects of group I mGluRs has not been validated 
in human brain circuits – an essential translational step for understanding therapeutic actions. 
Therefore, we directly tested the effects of group I mGluR activation upon synaptic excitation 
and inhibition in human neurons of adult temporal cortex. We found that the function of group 
I mGluRs in human cortical neurons resembles that in juvenile rodents. Activation of group I 
mGluR induced depression of evoked excitatory events onto pyramidal cells and a subset of in-
terneurons, validating the LTD model of synaptic plasticity in adult human cortex. Furthermore, 
we show that, similar to juvenile rodent brain, MCs are depolarised and fire action potentials 
upon mGluR activation, causing increased synaptic inhibition in both Pyr cells and fast-spik-
ing INs. Our data demonstrate that group 1 mGluR stimulation alters both synaptic excitation 
and inhibition of human Pyr cells and INs, and may thereby alter the balance of excitation and 
inhibition in human cortical circuits. We suggest that this must be taken into account when de-
signing therapeutic strategies in NDDs. 

METHODS
Acute Slice Preparation from Human Cortex
All procedures carried out involving patient tissue were approved by the VU University Medical 
Center Medical Ethical Committee and in accordance with the Dutch law and the declaration of 
Helsinki. The majority of cortical samples were taken from patients that suffered from drug re-
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sistant epilepsy due to mesial temporal sclerosis (Table 1). During surgery, non-pathological 
tissue showing no structural abnormalities was resected in order to reach the pathologic focus. 
Tissue was immediately stored and transported to the physiology laboratory in ice-cold slicing 
solution containing (in mM) 110 Choline chloride, 26 NaHCO3, 10 D-glucose, 11.6 sodium 
ascorbate, 7 MgCl2, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl2. 350 – 450 
µm thick slices were prepared in the same, carbogenated, solution and were left to recover in 
carbogenated aCSF containing (in mM) 125 NaCl, 26 NaHCO3, 10 D-glucose, 3 KCl, 2 CaCl2, 
1 MgCl2, and 1.25 NaH2PO4 at 35 °C, and then for 90 minutes at room temperature.

Age Sex Diagnosis Brain Region

31 Female MTS Temporal
25 Male Tumour Temporal
44 Female MTS Temporal
47 Female Tumour Temporal
38 Male MTS Temporal
43 Male MTS Temporal
29 Female MTS Temporal
43 Male MTS Temporal
31 Female MTS Temporal
25 Male Cavernoma Temporal
56 Female Hippocampal malrotation Temporal
35 Male MTS Temporal
49 Male MTS Temporal
63 Female Cavernoma Temporal
48 Female MTS Temporal
40 Female MTS Temporal
33 Female MTS Temporal
52 Male Unspecified epilepsy Temporal
61 Male MTS Temporal
51 Female MTS Temporal
21 Female MTS Temporal
57 Male MTS Temporal
39 Male MTS Temporal
17 Female Tumour Temporal
22 Male Dysplasia Occipital
47 Male Dysplasia Frontal
41 Male MTS Temporal
31 Female MTS Temporal
60 Male MTS Temporal
24 Male MTS Temporal
25 Female Unspecified epilepsy Temporal
24 Female MTS Temporal
38 Female Low grade lesion Temporal
47 Female MTS Temporal
40 Male Low grade lesion Temporal
50 Female MTS Temporal

Table 1. Patient data. MTS, mesial temporal sclerosis. 
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Electrophysiology and Morphology
Slices in the recording chamber were perfused with aCSF heated to 31 – 33 °C. Recordings 
were made using borosilicate (GC150-10, Harvard Apparatus, Holliston, MA) glass pipettes 
with a resistance of 3 – 5 MΩ, pulled on a horizontal puller (P-87, Sutter Instrument Co., No-
vato, CA). Signals were amplified (Multiclamp 700B, Molecular Devices) and digitised (Digi-
data 1440A, Molecular Devices) and recorded in pCLAMP 10 (Molecular Devices, Sunnyvale, 
CA). Access resistance was monitored before, during, and after recording. Cells were discarded 
if the access resistance deviated more than 25 % from its value at the start of recording, or if it 
exceeded 20 MΩ. To record excitatory postsynaptic currents (EPSCs) and membrane potential 
fluctuations, pipettes contained intracellular solution consisting of (in mM) 148 K-gluconate, 1 
KCl, 10 Hepes, 4 Mg-ATP, 4 K2-phosphocreatine, 0.4 GTP and 0.5% biocytin, adjusted with 
KOH to pH 7.3 (±290 mOsm). All EPSC recordings except those shown in Fig. 1b were made 
in the presence of 10 µM Gabazine. Inhibitory postsynaptic currents (IPSCs) were measured 
using an intracellular solution containing (in mM) 70 K-gluconate, 70 KCl, 10 Hepes, 4 Mg-
ATP, 4 K2-phosphocreatine, 0.4 GTP and 0.5% biocytin, adjusted with KOH to pH 7.3 (±290 
mOsm). IPSC recordings were performed in the presence of 10 µM CNQX and 50 µM D-APV.

To measure evoked EPSCs (eEPSCs), a pipette filled with aCSF was placed on a stimulation 
electrode and positioned within 100 µm from the recorded neuron. Current pulses were applied 
using an ISO-Flex stimulation box, and timed by a Master 9 (A.M.P.I., Jerusalem, Israel). The 
stimulation pipette was positioned so a clear postsynaptic response could be observed with a 
clear separation from the stimulation artefact (Fig. 1a). The stimulus intensity was set to evoke 
a half-maximal current. Pulses were applied every 15 seconds and a 5 min baseline was record-
ed after the eEPSC amplitude stabilised. After recording baseline, 25 µM DHPG was perfused 
into the recording chamber for 5 minutes. After a 5-minute DHPG washout period, eEPSCs 
were measured every 15 s for up to 40 minutes and responses averaged per 10-minute bins. 
Custom MATLAB (Mathworks, Natick, MA) scripts were used to quantify evoked currents. 
Interneurons for EPSC and eEPSC recordings were located either at cortical layer 1 or 2/3 and 
were selected based on their morphology and relatively high input resistance. 

Post-hoc Morphological Assessment
Slices containing biocytin-filled cells were fixed in 4% paraformaldehyde in 1x PBS for 24 - 48 
hrs at 4 °C. Slices were then washed at least 3x 10 min in 1x PBS, and incubated in 1x PBS 
containing 0.5 % Triton X-100 and 1:500 Alexa 488-streptavidin (Invitrogen, Waltham, MA) 
on a shaker at room temperature (RT) for 48 hrs. Slices were then washed at least 3x 10 min in 
1x PBS and mounted on glass slides in mowiol. The morphology of recorded cells was checked 
to identify their cell type. Selected cells were imaged using an A1 confocal microscope (Nikon, 
Tokyo, Japan) using a 10x, NA 0.45 objective, scanned at 0.5 µm x 0.5 µm x 1.0 µm (xyz) res-
olution. Their morphology was reconstructed using NeuroMantic software (Myatt et al., 2012).

Immunohistochemistry
To assess the expression of mGluR1α in somatostatin-positive neurons, tissue from three MTS 
patients was used (1 male, 2 female, 25 – 47 years). Sections were incubated overnight at 4 
°C in primary antibody solution (mGluR1α, 1:100, monoclonal mouse SC-55565, Santa Cruz 
Biotechnology, Santa Cruz, CA; Somatostatin, 1:300, polyclonal rabbit, AB1595, Chemicon, 
Temecula, CA). Sections were then incubated for 2 h at room temperature with Alexa Fluor 
568-conjugated anti-rabbit and Alexa Fluor 488 anti-mouse immunoglobulin G (IgG, 1:200, 
Thermo Fisher Scientific, Waltham, MA). 
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RESULTS
mGluR mediated plasticity of excitatory synapses onto pyramidal and interneuron cells.
To determine whether mGluR-mediated plasticity occurs in human cortical neurons as in rodent 
neurons, we assessed evoked excitatory postsynaptic currents (eEPSCs) onto human layer 2/3 
(L2/3) Pyr and layer 1 (L1) and L2/3 IN cells. We measured responses to extracellular electrical 
stimulation for 10 minutes before and after a 5-minute bath-application of group I mGluR ago-
nist DHPG. Application of DHPG resulted in a rapid decrease in eEPSC amplitude on Pyr cells 
(Fig.1a,b), which remained significantly depressed during the first 10 minutes after washout 
(Fig.1c; n = 8 cells; normalised eEPSC amplitudes: 10 min, 76.1 ± 5.9 %; 20 min, 85.8 ± 8.4 %; 
30 min, 89.8 ± 11.6 %; 40 min, 81.1 ± 11.1 %), confirming the presence of this type of plasticity 
in human Pyr cells. Currents recorded from putative INs exhibited both potentiation and depres-
sion upon mGluR activation. Action potential halfwidth (AP-HW) from these cells significant-
ly correlated with the course post DHPG plasticity moved (Fig.1e, R2=0.39, p=0.02, n=13). 
No correlation between AP-HW and post DHPG evoked synaptic responses was observed in 
pyramidal cells (R2=0.07, p=0.61, data not shown). INs with AP-HW lower than the mean 
demonstrated depression of post DHPG eEPSCs during the first 20min (Fig.1f; 10min 0.67 ± 
0.08 % p=0.03 n=6, 20min 0.70 ± 0.09 % p=0.03 n=6). On the other hand interneurons with 
AP-HW greater than the mean exhibited potentiated eEPSCs during the first 10min post DHPG 
application (Fig.1d,g; 10min 1.29 ± 0.08 % p=0.02 n=7, 20min 1.18±0.22 % p=0.09 n=6), and 
returned to baseline during the rest of the recording. These results recapitulate findings recorded 
in rodent brain slices, where Pyr cells exhibited Group I mGluR mediated depression, while INs 
exhibited both depression and potentiation of eEPSCs. 

mGluR activation transiently increases spontaneous EPSCs caused by eliciting action po-
tential firing in pyramidal cells.
To investigate the acute effects of group I mGluR activation upon the balance of synaptic ex-
citation and inhibition, we first examined excitatory transmission in both L2/3 Pyr cells and L1 
INs. Using whole-cell voltage-clamp recordings, we measured spontaneous excitatory postsyn-
aptic currents (sEPSCs) from identified neurons. Bath application of DHPG (Fig. 2a) increased 
the frequency of sEPSCs in some, but not all, L2/3 pyramidal cells, with no significant increase 
in sESPC frequency as a group overall (Fig.2b,c; PYR: n = 14, mean pre = 2.63 ± 1.16 Hz, 
mean DHPG = 3.80 ± 2.62 Hz, mean post = 2.62 ± 1.11 Hz). No changes in sEPSC amplitudes 
or kinetics were observed (Fig.2d). However, in INs DHPG significantly increased sEPSC 
frequency (Fig.2e; L1-IN: n = 12 cells, mean pre = 0.73 ± 0.13 Hz, mean DHPG = 1.16 ± 0.18 
Hz, mean post = 0.63 ± 0.07 Hz), without changing sEPSC amplitudes or kinetics (Fig.2f). This 
increase in frequency was transient and sEPSC frequency returned to baseline values after a 
5-minute washout period.

In rodent hippocampus, DHPG depolarises Pyr cells (Mannaioni et al., 2001). Voltage-clamp 
recordings of Pyr cells were performed in aCSF containing CNQX and D-APV to prevent any 
interference of synaptic excitation. An increase in holding current could be seen during the 
wash-in period in 2 out of 7 cells (Fig.2g left panel). During current-clamp recordings, ap-
plication of DHPG leads to action potential firing in a subset of Pyr cells (Fig.2h; 2 out of 10 
pyramidal neurons), with other neurons either responding with a small depolarisation, or not 
responding at all. Hence, group I mGluR-induced depolarisation of pyramidal cells in human 
cortex directly leads to transient action potential firing in a subset of pyramidal cells and a sub-
sequent increase in synaptic excitation.
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Figure 2. DHPG transiently increases spontaneous EPSC frequency by inducing action potential firing in 
pyramidal cells.
a: Experimental protocol. b: Example traces of sEPSCs recorded before (Pre) and during washin of DHPG, and af-
ter a 5 minute washout period (Post). c: DHPG transiently increases sEPSC frequency in some pyramidal neurons. 
d: sEPSC kinetics in pyramidal cells are not affected by DHPG. e: DHPG transiently increases sEPSC frequency 
in L1 interneurons (repeated-measures ANOVA: F(2,22) = 9.38, p = 0.001; Tukey’s post-hoc test: Pre vs DHPG p 
< 0.01, DHPG vs Post p < 0.01,  Pre vs Post ns). f: sEPSC kinetics in L1 interneurons are not affected by DHPG. 
g: Diverse responses to DHPG. In voltage-clamp, 2 of 7 pyramidal cells showed a shift in baseline current (left 
panel). 5 of 7 cells showed no shift (right panel). h: In current-clamp, DHPG-induced depolarisation can lead to 
robust action potential firing in pyramidal cells.
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Group I mGluR activation causes a prolonged increase in spontaneous inhibitory events.
In addition to modulating synaptic excitation, group I mGluR activation increases the frequency 
of spontaneous inhibitory postsynaptic currents (sIPSC) in rodent neurons (Zhou and Hablitz, 
1997; Chu and Hablitz, 1998). In human cortex, the frequency of sIPSCs in both L2/3 Pyr and 
layer 1 INs was increased by bath application of DHPG (Fig.3b; PYR: n = 7 cells, mean pre = 
5.28 ± 1.05 Hz, mean DHPG = 15.7 ± 2.34 Hz, mean post = 13.4 ± 2.15 Hz; Fig. 3e; L1-IN: n 
= 12 cells, mean pre = 2.54 ± 0.96 Hz, mean DHPG = 7.39 ± 2.58 Hz, mean post = 4.45 ± 1.49 
Hz). This increase was transient on INs, resembling the increase in sEPSCs in this cell type. 
In Pyr cells however, this increase lasted longer and remained even after washout of DHPG. 
Furthermore, while amplitudes of sIPSCs were unchanged by mGluR activation, kinetics were 
significantly slower during and after washout (Fig.3d; PYR: Rise time: Pre, 0.61 ± 0.04 ms; 
Post, 0.84 ± 0.08 ms; Decay time: Pre, 7.14 ± 0.35 ms; Post, 8.45 ± 0.53 ms; L1-IN: Fig. 3f; 
Decay time: Pre, 6.98 ± 0.34 ms; Post, 7.92 ± 0.50 ms). To determine whether local L1 IN2 
could be the origin of this increased synaptic inhibition, either membrane potential or current 
was measured following DHPG application. In voltage-clamp, a small proportion of L1 INs 
showed an increase in holding current (2/12 cells) (Fig.3g). However, although some L1 INs 
responded to DHPG with a small depolarisation in current-clamp, none of them fired action po-
tentials (Fig.3h). We therefore concluded that the increase in enhanced and sustained synaptic 
inhibition in superficial cortex has a different source.  

Prolonged Martinotti cell activation following mGluR stimulation.
In juvenile rodent cortex, activation of group I mGluRs leads to an increase in synaptic inhi-
bition mediated by Martinotti cells (MC) (Beierlein et al., 2000; Paluszkiewicz et al., 2011). 
We identified MCs primarily by their low-threshold spiking behaviour and their morphology, 
with axonal arbors that branch out in L1, assessed post-hoc (Fig.4a). Furthermore, one cell 
was confirmed as a MC by its lateral inhibition of a neighbouring postsynaptic pyramidal cell 
upon input from a connected presynaptic Pyr cell (Fig.4b,c). Brief bath application of DHPG 
caused MCs to fire action potentials, which persisted for several minutes after washout (Fig. 
4d; 4 out of 4 cells). Upon cessation of action potential firing, spiking could again be induced 
following re application of DHPG (data not shown). Postsynaptic Pyr cells showed time-locked 
inhibitory responses to the DHPG-induced action potential firing in MCs (Fig.4e,f; same triplet 
recording as shown in panel 4c). To further confirm DHPG mediating its effect via MCs, we 
performed immunohistochemistry, finding colocalisation of mGluR1a and somatostatin in a 
subset of human interneurons (Fig. 4g). We conclude that Martinotti cells mediate at least part 
of the increase in synaptic inhibition seen in Pyr cells following group I mGluR activation.

mGluR activation causes membrane depolarisation and increased synaptic inhibition in 
fast-spiking interneurons.
Since parvalbumin+ fast-spiking (FS) INs in human cortex express mGluRs, we investigated if 
they also contribute to the observed increase in synaptic inhibition (Fig.5a,b). Upon wash-in of 
DHPG, FS cells consistently depolarised (Fig.5c,d; 7/7 FS cells; 4.51 ± 0.61 mV). However, no 
FS tested reached the action potential threshold, and are therefore unlikely to cause the increase 
in synaptic inhibition mediated by DHPG. In addition IPSP frequency increased in all FS cells 
(Fig.5e,f; baseline, 3.2 ± 0.8; DHPG, 15.0 ± 3.1). This increase in IPSP frequency could be 
caused by an increase in driving force due to the depolarised membrane potential. However, 
we found no correlation between the increase in IPSP frequency and the level of membrane 
depolarisation (Spearman’s R = -0.26, p = 0.62). It is therefore likely that increased synaptic 
inhibition in FS is also mediated by MCs, as observed in mouse (Beierlein et al., 2000). 
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Figure 3. DHPG leads to a lasting increase in synaptic inhibition.
a: Experimental protocol. b: Example traces of sIPSCs recorded before (Pre) and during washin of DHPG, and 
after a 5 minute washout period (Post). c: DHPG elicits a lasting increase in sIPSC frequency in pyramidal neurons 
(repeated-measures ANOVA: F(2,12) = 14.32, p < 0.001; Tukey’s post-hoc test: Pre vs DHPG p < 0.001, DHPG 
vs Post ns,  Pre vs Post p < 0.05). d: sIPSC rise and decay times in pyramidal cells are slower after DHPG appli-
cation (rise: F(2,12) = 7.96, p = 0.006; Tukey’s post-hoc test: Pre vs DHPG ns, DHPG vs Post ns,  Pre vs Post p < 
0.01; Decay: F(2,12) = 8.61, p = 0.005; Tukey’s post-hoc test: Pre vs DHPG ns, DHPG vs Post ns,  Pre vs Post p 
< 0.01). e: DHPG transiently increases sIPSC frequency in L1 interneurons (repeated-measures ANOVA on log-2 
transformed data; F(2,22) = 12.09, p < 0.001; Tukey’s post-hoc test: Pre vs DHPG p < 0.001, DHPG vs Post ns,  
Pre vs Post p < 0.05). f: sIPSC decay times in L1 interneurons are slower after DHPG application (F(2,22) = 4.27, 
p = 0.03; Tukey’s post-hoc test: Pre vs DHPG ns, DHPG vs Post ns,  Pre vs Post p < 0.01). g: Diverse responses 
to DHPG. In voltage-clamp, 1 of 11 L1 interneurons showed a shift in baseline current (left panel). 10 of 11 cells 
showed no shift (right panel). h: In current-clamp, DHPG could induce depolarisation in L1 interneurons, but not 
action potential firing.
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Figure 4. DHPG induces repeated action potential firing in Martinotti cells and subsequent synaptic inhibi-
tion in connected pyramidal cells.
a: Example reconstruction of a Martinotti cell (teal) and two pyramidal neurons (grey) in layer 2/3. b: Schematic 
representation of connectivity between recorded cells (PYR, pyramidal neuron; MC, Martinotti cell). c: Train of 
action potentials in the presynaptic pyramidal neuron evokes action potentials in the Martinotti cell, and subse-
quent IPSPs in the postsynaptic pyramidal neuron. d: Bath application of DHPG (red bar) induces prolonged spik-
ing in the Martinotti cell. e: Bath application of DHPG increases frequency of IPSPs. Dotted lines indicate timing 
of action potentials in Martinotti cell. f: Left panel: Average membrane potential of PYR 2 after Martinotti action 
potentials (teal line) shows time-locked inhibition during DHPG application. Right panel: Average membrane 
potential after randomly generated time points does not show any consistent fluctuation. g: Somatostatin-positive 
neurons (cyan) express mGluR1α (yellow). Scale bar, 10 µm.
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Figure 5. Fast-spiking interneurons depolarise and receive increased synaptic inhibition upon mGluR acti-
vation.
a: Representative morphological reconstruction of human FS-interneuron (dendrites black, axon red).
b: FS-interneurons were identified by high-frequency non-adapting firing profile in response to current injection. 
c: Example trace, DHPG induces membrane depolarisation but not action potential firing in FS-interneuron. d: 
DHPG induces membrane depolarisation in FS interneurons (Wilcoxon signed rank test, n = 7, W = -28, z = -2.37, 
p = 0.016). e: Representative traces show an increase in inhibitory potentials before (baseline) and during DHPG 
bath application. f: DHPG increases the frequency of spontaneous inhibitory events in FS-interneurons (Paired 
t(5) = 4.233, p = 0.008).
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DISCUSSION
Our data demonstrate that synaptic excitation of human temporal cortical Pyr and IN cells is 
modulated by group I mGluRs. Activation of these receptors leads to an increase in sEPSC 
frequency while leaving amplitude and kinetics unaffected, with the effect being stronger on 
IN cells. Furthermore, DHPG infusion induced long lasting changes in synaptic efficacy of 
evoked proximal synaptic inputs, for several minutes after termination of receptor agonism. 
Whereas Pyr cells exhibited depression in synaptic efficacy, IN exhibited both depression and 
potentiation of synaptic responses, and the direction of the effect was likely dependent on IN 
subtype. Finally, we demonstrate that mGluR activation causes a sustained increase in synaptic 
inhibition in human cortical circuits, and suggest that this increase is due to prolonged action 
potential firing in Martinotti cells.

Our data demonstrate, for the first time, a cell-type specific recruitment of human cortical in-
terneurons by group I mGluR activation. In rodents, L1 INs and deeper layer FS INs have previ-
ously been reported to fire action potentials upon mGluR activation with quisqualic acid (Zhou 
and Hablitz, 1997). We did not see action potential firing in L1 INs or FS INs. This discrepancy 
may be species specific, or may be due to the difference in pharmacological ligands used in the 
earlier study, as our data are in agreement with similar ligand effects upon FS INs in rodents 
(Beierlein et al., 2000). However, we did observe increased action potential firing selectively in 
putative MCs upon DHPG application. Although we cannot exclude the involvement of other 
IN subtypes, the increased sIPSC frequency we observed can be thus partially driven by the 
heightened excitability of MCs. 

Mean amplitudes of spontaneous currents were not affected by mGluR activation. Interestingly, 
group I mGluRs have been shown to increase the amplitude of spontaneous events in rodent so-
matosensory cortex (Bandrowski et al., 2003). It is possible that in our spontaneous recordings, 
the mGluR-induced depression of a subpopulation of synapses is masked by a simultaneous 
increase in events of large amplitude (Bandrowski et al., 2003). Conversely, a depression of 
excitatory synapses might cause the smaller responses from these synapses to fall below the 
detection threshold for spontaneous events. This might also explain why we observed no in-
crease in sEPSCs frequency in most Pyr cells, even though DHPG increased potential firing in a 
subset of Pyr cells, and we find an increase in sEPSC frequency in L1 INs. The later, might also 
suggest a microcircuit where a subset of Pyr cells responding to DHPG selectively synapses 
onto L1 IN cells.

Our eEPSCs recordings show that activation of group I mGluRs led to depression on proximal 
excitatory synaptic inputs to Pyr and IN cells, while a subset of INs exhibited potentiation. 
Therefore, like in the juvenile rodent, activation of group I mGluRs in human temporal cortex 
can cause LTD in Pyr (Huber et al., 2000) cells, while INs can exhibit a bidirectional modu-
lation of eEPSCs (Le Duigou et al., 2011). mGluR-LTD in mature human temporal cortical 
neurons validates occurrence of this type of plasticity in the non-pathological human brain. 
This implies that the mechanism underlying the mGluR theory for FXS, that is established in 
rodents, could also apply to mature human neurons. However, it was not possible with these 
data to experimentally test and validate this theory in human brain, since the tissue used was 
from surgical patients without any form of neurodevelopmental disorder. Furthermore, a subset 
of human temporal INs cells demonstrated potentiation of locally evoked EPSCs upon DHPG 
activation. Although post-hoc morphological characterisation of eEPSC INs was not possible, 
the direction of plasticity was correlated with AP HW raising the possibility that distinct IN sub-
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set respond differently to group I mGluR activation. Interestingly, in rodent visual superficial 
cortex DHPG alone was able to induce LTP of excitatory synapses onto superficial INs and not 
on other GABA INs (Sarihi et al., 2008). Potentiation has been reported in rodent hippocampal 
INs, requiring IN hyperpolarization during DHPG infusion (Le Duigou and Kullmann, 2011). 
Our observation was in the absence of external IN hyperpolarization, and as such it remains to 
be determined whether this form of potentiation is human specific, or if it is also present in adult 
rodent temporal cortical INs. If subsets of human cortical INs indeed undergo such LTP, their 
activity would need to be assessed in FXS models, especially since cortical IN potentiation is 
mGluR5 dependent (Sarihi et al., 2008). Furthermore, therapeutic strategies aiming at attenu-
ating group I mGluR signalling in FXS would need to be revised in light of such observations. 

Acute fresh brain tissue suitable for physiology from FXS patients is not available. An option 
to assess group I mGluR physiology would be to use human stem cell derived neurons from 
FXS patients. This would allow the effect of the lack of FMRP in human neurons to be stud-
ied. However, neurons cultured in this manner cannot capture the complexity of in vivo or ex 
vivo neuronal networks and the effect of FMRP deficiency during brain development would be 
lacking. A promising approach affording neurophysiological assessments in human brain tissue 
from a variety of neurodevelopmental and neuropsychiatric disorders is acute brain samples 
from autopsies. Preliminary results gauging the validity of this approach are promising and will 
be discussed in Chapter V of this thesis. However extensive evaluation of this approach is still 
imperative before widespread utilization of such tissue (Kramvis et al., 2018).

In conclusion, our study describes for the first time the effects of group I mGluR activation 
in human cortical networks. We observed plasticity of evoked excitatory currents, a transient 
increase of excitatory events onto INs, and increased inhibition across cell types. Taken to-
gether, our observations indicate that group I mGluRs activation can shift the balance between 
excitation and inhibition in a cortical network. Given that group I mGluRs are located mostly 
perisynaptically and thus activated by synaptic spillover of glutamate, MC depolarisation may 
constitute a homeostatic mechanism to increase inhibition upon prolonged excitatory drive. 
Finally, these data can improve translational approaches and therapeutic efforts for the Fragile 
X syndrome, by providing a comprehensive description of mGluR mediated signaling for the 
first time in the human cortex.
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ABSTRACT
Recordings from fresh human brain slices derived from surgically-resected brain tissue are be-
ing used to unravel mechanisms underlying human neurophysiology and for the evaluation of 
potential therapeutic targets and compounds. Data resulting from these studies provide unique 
insights in physiological properties of human neuronal microcircuits. However, substantial lim-
itations still remain with this approach. First, the tissue is always resected from patients, never 
from healthy controls. Second, the patient population undergoing brain surgery with tissue re-
section is limited to epilepsy and tumour patients; never from patients with other neurological 
disorders. Thirdly, the vast majority of tissue resected is limited largely to temporal cortex and 
hippocampus, occasionally amygdala. Therefore, the possibility to study brain tissue (i) from 
healthy controls, (ii) from patients with different neuropathologies, (iii) from different brain 
areas, and (iv) from a wide spectrum of ages, only exists through autopsy derived brain tissue. 
Here we describe methods and results from physiological recordings of adult human neurons 
and microcircuits, in both surgically-derived brain tissue as well as in tissue derived from au-
topsies. We define post-mortem time windows during which physiological recordings could 
match data obtained from surgical tissue.
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INTRODUCTION
Much of our understanding about human brain neuronal microcircuitry function comes from 
electrophysiological recordings in rodent and primate brain, and is subsequently extrapolated 
to human systems. However, in the last decade, functional recordings and morphological data-
sets are revealing not only the similarities, but also key differences between human and rodent 
neurons  (Nimchinsky et al., 1999; Elston et al., 2001; Molnár et al., 2008; Bianchi et al., 2013; 
Geschwind and Rakic, 2013; Testa-Silva et al., 2014; Mohan et al., 2015). Recent initiatives 
such as the European Human Brain Project (https://www.humanbrainproject.eu/) and the US 
BRAIN initiative (http://www.braininitiative.nih.gov/) both aim to increase understanding of 
human brain physiology. Consequently, in the coming years our knowledge of cellular mecha-
nisms governing human brain function is likely to increase significantly, given the technologi-
cal, theoretical, and experimental approaches supported by these initiatives.

With the majority of cellular research carried out in rodent models as a starting point for subse-
quent translation to human pathophysiology, it is vital to elucidate similarities and dissect out 
fundamental differences between the two species. Through that, the value and accuracy of these 
animal models can be assessed, and as such the validity of hypotheses that are projected to hu-
man brain can be evaluated. Crucially, differences between animal and human expression and 
function of neuronal cell subtypes, receptors, and ion channels, may partially underlie the fail-
ure of many drug trials that were developed solely on animal models (Denayer et al., 2014; Mak 
et al., 2014; Vargas-Caballero et al., 2016). For example, the distribution and classification of 
neuron subtypes can differ between species, a prominent example being the presence of specific 
spindle neurons found in the cortex of primates and cetaceans but not in rodents (Nimchinsky 
et al., 1999; Butti et al., 2009; Hakeem et al., 2009). More recently, another type of interneuron 
has been described, exhibiting persistent ion channel activity, observed only in primate and 
human brains (Wang et al., 2015). Within brain circuits, it is not only differences in neurons 
that should be considered, but differences in non-neuronal cells as well. Astrocytes in human 
temporal cortex have been quantified as significantly larger and more complex, with 10-fold 
more processes than rodent astrocytes. They have unique genomic and functional traits, and nu-
merous astrocytic subtypes documented in human cortex are not found in rodents (Oberheim et 
al., 2009; Zhang et al., 2016). Specific knowledge regarding human neuronal and non-neuronal 
cell function, may thus lead to re-evaluation of textbook facts and key presumptions that are 
currently extrapolated from other species and projected to humans.

In recent years, implantation of electrodes prior to epilepsy surgery or deep-brain stimulation 
enabled single unit and local field potential neuronal recordings in human cortex, hippocampus 
and nucleus accumbens (Kreiman et al., 2000; Quiroga et al., 2005; Gelbard-Sagiv et al., 2008; 
Patel et al., 2012). However, to quantify individual cell properties and for example, to manip-
ulate the tissue pharmacologically, an ex vivo approach similar to that in rodent brain tissue is 
necessary. Human brain slice recordings from surgically removed brain tissue have been pio-
neered in the early 1970s (Kato et al., 1973).

Following this ground breaking work for establishing electrophysiological recordings from 
human acute fresh brain slices, the first study to intracellularly measure single-cell activity 
emerged, allowing for the assessment of physiological properties of human neurons (Schwartz-
kroin and Prince, 1976). Subsequently, studies have provided more detailed analyses of active, 
passive, and morphological properties of human neurons (Foehring et al., 1991; Lorenzon and 
Foehring, 1992; Avoli et al., 1994; Molnár et al., 2008; Testa-Silva et al., 2014; Mohan et al., 
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2015). Activity of K+ and Ca2+ ion channels (Halliwell, 1986; Sayer et al., 1993) and neurotrans-
mitter systems has also begun to be investigated in surgically-resected brain tissue, including 
the GABA (McCormick, 1989; McCormick and Williamson, 1989; Avoli et al., 1994; Deisz, 
1999; Olah et al., 2007; Scimemi, 2014; Varga et al., 2015), Glutamate (Lieberman and Mody, 
1999; Beck et al., 2000), Acetylcholine (McCormick and Williamson, 1989; Albuquerque et al., 
2000; Alkondon et al., 2000; Verhoog et al., 2013a), Cannabinoid (Kovacs et al., 2012), Sero-
tonin and Dopamine (McCormick and Williamson, 1989; Hamilton et al., 2010; Komlósi et al., 
2012) systems. Furthermore, human synaptic activity and plasticity have also been probed in 
these slices (Chen et al., 1996; Beck et al., 2000; Molnár et al., 2008; Testa-Silva, 2010; Ver-
hoog et al., 2013a), and at least one neuronal cell type unique to human and monkey cortex has 
been electrophysiologically identified (Wang et al., 2015).  

Almost half a century has lapsed since the feasibility for recording from resected brain tissue 
of patients was established (Kato et al., 1973; Schwartzkroin and Prince, 1976), and multiple 
studies have since also tested how cellular physiology is affected in epilepsy (Wölfer et al., 
2006). However, only a handful of electrophysiological studies on human neurons have been 
carried out that aimed to reveal healthy physiological properties of human neurons. Availabil-
ity of human tissue, particularly for functional recordings, has been a major limiting factor to 
expanding our knowledge regarding human neuronal function at cellular and synaptic levels. 

Figure 1. (A) Human hippocampal pyramidal (B) and non-pyramidal neuron. Top insets show membrane potential 
changes in response to step current injections. Different scale bars apply to the hyperpolarising and depolarising 
steps. Bottom insets: EPSPs in response to extracellular stimulation.  Figure taken from Testa-Silva et al., 2010.
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To-date, the main sources for obtaining human brain tissue samples are from (i) surgical resec-
tions of patients with drug-resistant epilepsy, brain tumours, or cavernomas, (ii) post-mortem 
brain material from brain bank storage facilities or (iii) foetal tissue from elective abortions. 
With the advent of stem cell technology, human neurons are also increasingly being generated 
from stem cell precursors derived either from patient groups or from healthy controls. However, 
these neurons are limited to early developmental stages and it is not yet fully clear how their 
growth, maturation, and functional patterns may resemble those from neurons in the intact brain 
(Dolmetsch and Geschwind, 2011; Paşca et al., 2015). Furthermore, surgically resected tissue is 
mainly limited to hippocampal and temporal cortex and comes only from a very narrow popula-
tion of neuropathological patients; never from controls. Although post-mortem tissue currently 
available from brain bank storage facilities could overcome such limitations, tissue will have 
been fixed or frozen for preservation, thereby excluding it as a source for measuring neuronal 
function. Finally, use of foetal tissue comes with unique challenges, and it can also not capture 
the physiology of postnatal or adult brain, that is crucial when assessing most disease related 
pharmacological effects. 

To overcome some of the limitations described above, we have initiated studies to evaluate the 
utility of acute fresh brain slices derived from post-mortem brain tissue following rapid autop-
sy (<10hrs post-mortem delay), from ethically-consenting donors registered with the Dutch 
Netherlands Brain Bank (http://www.brainbank.nl/). Building upon our knowledge from surgi-
cally-resected tissue, we modified our protocols to determine whether functional neuronal prop-
erties and morphologies could be retrieved from post-mortem brain tissue. Use of post-mortem 
tissue enables sampling from multiple different brain regions, provides tissue from healthy 
controls as well as from donors with neuropsychiatric and neurodegenerative disorders, and 
expands the age range for sampling since many donors die from natural causes over the age of 
65 years. 

Experimental methodology for adult human brain slice preparation
Slice preparation from surgical resections
All procedures on human tissue were performed with the approval of the Medical Ethical Com-
mittee of the VU University Medical Center Amsterdam and in accordance with the Dutch 
licence procedures and the Helsinki Declaration. Written informed consent was obtained from 
patients prior to surgery. Anaesthesia was induced with fentanyl (1-3 μg/kg, i.v.) and a dose of 
propofol (2-10mg/kg) and was maintained with remyfentanyl (250 μg/kg.min) and propofol 
(4-12 mg/kg). Human brain slices were mainly made from anterior medial temporal, frontal, or 
hippocampal tissue that was resected to access deeper brain areas for epilepsy focus or tumour 
removal. In all patients, resected neocortical tissue was located outside of the epileptic focus 
or tumour, was neither gliotic nor necrotic, and displayed no gross structural abnormalities in 
preoperative MRI investigations, and was judged as non-pathological neocortical tissue by the 
resident pathologist of the VU University Medical Center.

After resection, the tissue block was placed in ice-cold choline buffer containing the following 
(in mM): 110 choline chloride, 26 NaHCO3, 10 D-glucose, 11.6 sodium ascorbate, 7 MgCl2, 
3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4 and 0.5 CaCl2. Subsequently, the tissue was 
transported from the operating room to the neurophysiology lab, a distance of a few hundred 
metres. Transition time between resection of the tissue and the start of slice preparation was less 
than 10-15 minutes. For cortical blocks, any remaining dura was carefully removed from the 
pial surface of the tissue block and suitable sections were identified, ideally covering all cortical 
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layers and underlying white matter. For both cortex and hippocampus, brain slices (300-400um 
thick) were prepared in ice-cold choline buffer and transferred to holding chambers filled with 
artificial cerebrospinal fluid (ACSF) containing, in mM, 125 NaCl, 3 KCl, 1.25 NaH2PO4, 2 
MgSO4, 2 CaCl2, 26 NaHCO3 and 10 glucose for recovery at 34 oC for 30 minutes. Subse-
quently holding chambers were left to equilibrate to room temperature for at least one hour 
prior to recording. Both choline and ACSF solutions were continuously gassed with carbogen 
(95% O2 and 5% CO2), with osmolarity adjusted to ~305mOSM and ~7.4pH.

Slice preparation from rapid autopsy samples
To partially overcome limitations imposed by the nature of surgically resected brain tissue, we 
initiated parallel studies from autopsy retrieved brain tissue. If proven viable, autopsy derived 
brain tissue will allow access to virtually any brain structure, from an array of neuropathologi-
cal donors, and importantly from healthy controls. Tissue retrieval was afforded via collabora-
tion with the Netherlands Brain Bank through their extensive ethically- and legally- consent-
ing donor program (www.brainbank.nl). Through arrangements made with the Brain Bank and 
autopsy teams, researchers are informed about pending autopsies at the same time as the Bank 
itself, allowing for enough preparatory time prior to collecting brain tissue. Time between re-
searchers being informed and autopsy was approximately 60min to 90min. Furthermore and in 
order to minimise idle time, tissue was collected almost immediately after removal of the top 
of the skull, while the brain was still situated inside. Subsequently, tissue was transported to 
the laboratorium, a distance of <300m, and processed for slicing in an identical manner as for 
surgically resected material. Although several buffer solutions are currently being evaluated in 
ongoing studies, the majority of tissue was processed in choline buffer and ACSF, exactly as 
surgically-resected tissue.

Electrophysiology in human brain slices
Slices were placed in the recording chamber submerged in ACSF (32-35oC) and whole-cell 
patch-clamp recordings were made from identified neurons. Typically, pyramidal and interneu-
rons were identified using differential interference contrast microscopy (DIC), based on cell 
body orientation and size, and on the position of prominent apical and basal dendrites. Cells 
were filled with biocytin (4-5 mg/ml) and later processed for posthoc cell identification. Slices 
of human tissue used were of good quality and did not show signs of spontaneous epileptiform 
activity (Fig.1 from Testa-Silva, 2010). Recordings were made up to 24 hours after slicing, but 
typically most recordings were made in the first 3-12 hours. Full details of electrophysiological 
protocols and recording conditions are described previously (Testa-Silva, 2010; Verhoog et al., 
2013a; Testa-Silva et al., 2014; Mohan et al., 2015). 

Table 1: Summary of autopsies where cortical brain tissue was collected and processed for recordings postmortem.
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Experimental readouts from human neuronal recordings
Whole-cell patch clamp recordings identical to those used in rodent brain slices can be used to 
identify different neuronal types from a combination of intrinsic functional properties and of 
post-hoc morphological reconstructions. In human hippocampal slices, straight-forward cate-
gorisations between pyramidal neurons and interneurons can be made based on action potential 
profiles following somatic current injection, and subsequent biocytin-labelling (Fig.1). Record-
ed cells can be further classified in terms of their somatic location within cortical or hippocam-
pal layers, and categorised based upon a detailed morphological analysis of the dendritic tree 
including length and branching parameters (Fig.2 from Mohan et al., 2015). In this way, clas-
sifications of human neurons from functional recordings can be compared directly to existing 
human morphological studies in preserved post-mortem fixed tissue (DeFelipe et al., 2002; 
DeFelipe, 2011). Furthermore, these human data also enable cross-layer and cell type-specific 
comparisons with neuronal classifications, particularly in neocortex and hippocampus, from ro-
dents and other species. Using such an approach, a recent cross-species comparison of layer 2/3 
pyramidal neurons from temporal cortex of human, macaque, and mouse revealed a threefold 
greater dendritic length and increased branch complexity in humans compared to the other two 
species. Thus illustrating, that human neurons should not be assumed to be merely ‘scaled up’ 
versions of rodent or primate neurons (Mohan et al., 2015).

Importantly, neuronal simulations and electrophysiological recordings revealed that the in-
creased complexity of human pyramidal neurons facilitated a heightened sensitivity to action 
potential firing by integrating synaptic inputs with enhanced temporal resolution (Eyal et al., 
2014; Testa-Silva et al., 2014). During repetitive firing, both at low and high frequencies, the 
kinetics of mouse action potential initiation became progressively slower, whereas human ac-
tion potential initiation maintained fast kinetics (Testa-Silva et al., 2014). As a result, human 
neurons can time their output by action potential firing, in response to finer temporal details in 
synaptic input than mouse neurons can.

Figure 2. 3D reconstruction of sin-
gle-cell dendritic morphology in hu-
man temporal cortex. (A, B) Nissl 
staining to reveal layer boundaries 
(WM, white matter; L, layer). (C) Cor-
tical layer dimensions (in um ± stand-
ard deviation, n=5). (D) Low-magnifi-
cation view of biocytin-filled neuron. 
(E) High-magnification view of same 
neuron in D. (F) Example 3D dendritic 
reconstruction of neuron shown in D 
and E. Apical dendrite in blue, basal 
dendrites in red. Taken from Mohan et 
al., 2015.
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Aside from basic neuronal functional properties and morphological classifications of individual 
neurons, synaptic function and plasticity of connected neurons has also begun to be investigated 
in acute human brain slices (Molnár et al., 2008; Testa-Silva et al., 2010; Komlósi et al., 2012; 
Verhoog et al., 2013b; Testa-Silva et al., 2014). Modifications in the strength of synaptic con-
nections alter information processing between neurons and are proposed to underlie learning 
and memory (Bliss and Collingridge, 1993). Based upon predictions made by Hebb (1949), 
synaptic strength can be modified by repeated coactivation of connected neurons at millisec-
ond timing intervals in a process called Spike Timing-dependent Plasticity (STDP). Depending 
upon the precise timing of pre- and postsynaptic partners, synaptic strength can be increased 
(Long-term potentiation) or decreased (Long-term depression) (Markram et al., 1997; Bi and 
Poo, 1998).  As in rodent tissue, STDP occurs in human cortex and hippocampus (Testa-Silva, 
2010; Verhoog et al., 2013a) (Fig.3). However, the millisecond timing for plasticity induction 
in humans differs from that in juvenile rodent neurons, with both positive and negative timing 
intervals able to potentiate human synaptic strength.

Not all parameters of synaptic plasticity investigated to-date necessarily differ between rodent 
and human neurons. In adult human neocortex, excitatory synaptic connections between layer 
2/3 pyramidal neurons exhibit short-term synaptic depression in response to a train of presyn-
aptic action potentials (Fig.4 from Testa-Silva et al., 2014). In comparative recordings, the 
amount of synaptic depression did not differ between adult human neurons and adult or juvenile 
mouse neocortical neurons. However, human synapses did recover to original strength 3 to 4 
times faster following depression, indicating that human synapses may have a larger continu-
ous dynamic range, thus better following trains of activity (Fig.4E). As such, due to their faster 
recovery from depression, model simulations showed that human synapses can indeed transfer 
10 times more information than rodent synapses (Testa-Silva et al., 2014).

Together, our studies and those of others (Molnár et al., 2008; Wang et al., 2015) show that 
many neuronal and synaptic properties can be investigated and analysed in human brain slices, 
using similar protocols and techniques developed primarily in rodent brain slices. Moreover, 
such work helps elucidate similarities and underlie differences in neuronal physiology between 
these species, which can not only enhance the translational value of rodent work but can also 
directly illustrate the mechanisms of human brain physiology.

Caveats of surgical resected human brain tissue
The uniqueness and value of surgically-resected human brain tissue happens to also be the 
greatest shortcoming to this approach. That is, brain tissue samples are afforded only from 
humans suffering from disease, never from healthy, unaffected controls. As such, it sometimes 
remains a challenge when studying properties of human cellular microcircuits, to separate what 
is physiological from pathophysiological. Importantly, to gain access to the epileptic focus or 
tumour the surgeon removes a piece of healthy overlaying cortex. In general, the tissue that is 
actually being studied is 1 to 1.5 cm away from the tumour or epileptic focus, is assessed by 
neuropathologists as non-pathological, and as such this tissue is not considered to take part in 
disease. However, one cannot completely exclude putative alterations in this tissue caused by 
long-term disease-driven influences upon brain physiology. 

Additionally, patients from whom tissue is derived will have been prescribed a variety of med-
ication, including anticonvulsants to control epilepsy, via modification of ion channels or re-
ceptor function, including those belonging to the GABAergic family. During surgery patients 
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are administered differing drug combinations for anaesthesia and therefore tissue resections 
will have been recently subjected to pharmacological manipulations. Together, these factors 
could conceivably have an effect upon studying functional properties in resected human brain. 
Notably however, although only a limited patient population undergoes brain surgery and tis-
sue resection – predominantly those with drug-resistant epilepsy and brain tumours - use of 
tissue from patients with different disease backgrounds allows for comparisons of synaptic and 
morphological parameters between unrelated disease histories. In this way it can be determined 
whether observed properties are related to a specific disorder, or whether they generalize across 
disease histories. Furthermore, to determine whether a disease history has an impact on a par-
ticular parameter, the parameter is likely to correlate with disease severity or progress. There-
fore, correlations between parameter values and for instance seizure frequency and duration of 
epilepsy can be assessed. Thus far, these disease parameters did not explain variability in den-
dritic morphology, synapse strength, short- or long-term plasticity (Testa-Silva, 2010; Verhoog 
et al., 2013a; Testa-Silva et al., 2014; Mohan et al., 2015).

Nevertheless, it is not currently possible to determine whether neuronal properties are influ-
enced by general underlying brain pathology, or whether they are representative of healthy adult 
cortex. Another limitation of surgical resections is that the majority of tissue obtained is limited 
to temporal cortex and hippocampus, and in rare cases, frontal and occipital cortices as well as 
amygdala. Furthermore, orientation and shape of resected tissue, can vary and is governed by 
patient specific neurophysiological mapping and determined by the surgeon during operation. 
Finally, given that surgical resections for these conditions are more commonly carried out in 
adult patients, the spectrum of ages typically varies from 18-65 years and much less frequently 
includes children. Thereby investigating the full functional profile of human brain maturation is 
not straightforward through these means. Therefore, to take a step towards resolving this issue, 
we investigated whether it is possible to record from brain tissue samples taken from rapid au-
topsies of ethically-consenting donors to the Netherlands Brain Bank, Amsterdam. 

Comparative post-mortem and surgery resected tissue recordings
To-date, post-mortem human brain samples available from Brain Bank facilities worldwide 
have been utilised for a variety of stationary analyses, such as gene/RNA expression, proteomic 
profiling, morphology of cell bodies, dendrites, and dendritic spines, and immunocytochemis-
try (Kretzschmar, 2009; Jaffe, 2016; Swaab and Uylings, n.d.). The time-to-autopsy intervals 
from confirmation of death, can be up to an average of 34 hours for some brain banks, and 
tissue is then frozen or fixed in preservative (Deep-Soboslay et al., 2011). With such lengthy 
time-to-autopsy intervals, it is not fully understood how tissue degeneration prior to fixing or 
freezing affects later analyses. pH values and RNA integrity are proposed as important indica-
tors of tissue quality and gene expression (Lipska et al., 2006; Stan et al., 2006; Webster, 2006) 
but a comprehensive overview of how tissue degenerates post-mortem in terms of gene/RNA/
protein quality, functional analyses, and cellular structures, is currently lacking. Furthermore, 
currently absent from literature are functional studies of neuronal circuits in both diseased and 
unaffected brain tissue, at short time intervals following death.

Investigations of both astrocytes and neurons have been conducted in post-mortem tissue sam-
ples taken up to 8 hours after death from motor cortex, subcortical regions, and cerebellum 
(Verwer et al., 2002a; 2002b). In such organotypic cultures, neurons and glia could be detected 
often up to 50 days in vitro, thus affording basic temporal cell manipulations and assessment of 
mitochondrial function (Verwer et al., 2002b). However, such cultures contained both degener-
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ating and proliferating reactive cells following resection. Thus, caution is needed since reactive 
cells that co-express microglial and astrocytic markers were also found to express specific neu-
ronal markers later in culture; raising doubt over the apparent verification of cell identity over 
time (Verwer et al., 2016). To-date, no electrophysiological properties have been measured from 
these cultures. An approach to assay functional properties has been to either isolate mRNA or 
extract cell membranes from frozen post-mortem samples of people with autism or Alzheimers, 

A

D FE

B C

Figure 3. Human cortical synapses show inverse timing rules for STDP. (A) Top left: EPSP-AP pairing proto-
col used for STDP induction. Scale bars: 40mV, 40ms. Top middle: EPSP waveform before (black) and 25-30 
min after pairing (blue). Scale bars: 3mV, 50ms. Top right: rising phase of EPSPs before (black) and after (blue) 
pairing. Scale bar: 5 ms. Middle panel: EPSP slope over the course of an experiment normalised to baseline. (●) 
1 EPSP, (●) mean of 7 EPSPs. Shaded area indicates plasticity induction period. Bottom panels: input resistance 
and membrane potential over the course of the experiment. Solid line indicates mean baseline value. (B) As A, for 
an experiment with -40 ms pairing interval. Scale bars equal to A, except vertical scale bar top middle and right 
traces (5 mV), and horizontal scale bar of right trace (3 ms). (C) As A, for an experiment with +10 ms pairing 
interval. Scaling as in A. (D) STDP window of adult human temporal cortex synapses. Change in synaptic strength 
(% change in EPSP slope compared to baseline) versus pairing interval (Δt in ms). (○) EPSP slope change in in-
dividual experiments. Blue bars: mean±SEM for 30 ms-wide bins. Red curves: single exponential fit to data with 
pairing intervals ≤ +5 ms, and ≥10 ms. Insets: examples of EPSP-AP pairings at positive and negative intervals. 
(E) Magnification of STDP window around switch in sign from LTP to LTD. Blue bars: mean±SEM for 5 ms-
wide bins. Note no net change in synaptic strength occurs between +5 and +10 ms, and that both running average 
(green) and loess curve (red, dashed) switch in sign within this range of pairing intervals. (F) STDP window of 
adult rat temporal association cortex synapses. Data presented as in D. Red curves: single exponential fit to STDP 
data points with pairing intervals <0 ms, and >0 ms. Insets: example of EPSP-AP pairing at negative intervals in 
rat neuron. Scale bars: 40 mV, 30 ms. Taken from Verhoog et al., 2013. 
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and subsequently inject and re-establish them in oocytes (Miledi et al., 2004; Bernareggi et al., 
2007; Limon et al., 2008). Such a proof-of-principle approach enabled functional readouts of 
neurotransmitter receptors and ion channel function in oocytes. However, sample sizes were 
too small to make quantitative claims regarding any differences in electrical properties be-
tween controls and affected patients. Furthermore, microtransplantation and de-novo mRNA 
expression of neurotransmitter receptors in oocytes, although very useful, cannot capture the 
complexity and details of neuronal cells, neuronal networks, and neuronal extracellular milieu. 
Spontaneously-arising suprathreshold activity has been recorded in subplate neurons of foetal 
post-mortem occipital cortex of around 20-21 gestational weeks, revealing plateau- and burst-
ing neuronal activity and functional responses to glutamate and GABA stimulation. However, 
little spontaneous synaptic activity was observed (Moore et al., 2009; 2011). 

To our knowledge, the present study is the first report of adult human post-mortem brain sam-
ples being tested for functional viability to recover basic neuronal cell properties and morphol-
ogies. 

Tissue samples from temporal, frontal, and pre-motor/motor cortices were retrieved from a va-
riety of human donors (see Table 1 for details) with post-mortem delays ranging between 2.45 
and 9 hours. Noticeably, overall appearance of slices retrieved from the shortest post-mortem 
resection intervals exhibited a reduction in the number of dead neurons and an increase of cell 
clusters with healthier somatic and dendritic morphologies, based upon visualisation in the 
recording chamber (Fig.5B). Remarkably, at the shortest post-mortem intervals of just below 3 
hours, pyramidal neurons showed repetitive action potential firing in response to depolarising 
current steps (Fig,5, Table 2). With a post-mortem delay of one further hour, however, the ma-
jority of neurons were only able to elicit a single action potential and beyond this time delay, 
no firing was observed in neurons that could still be patched (data not shown). Over this same 
time course, continuous synaptic inputs were recorded in brain samples taken up until 4 hours 
post-mortem delay but not for later time intervals. These synaptic events, whilst not nearly 
as robust as those recorded from freshly resected brain tissue (Fig.5A), provide evidence for 
a form of continuing synaptic and neuronal activity between neurons even a few hours after 
post-mortem certification. In general, we did not observe noticeable differences between patho-
logical or control tissue or any age-dependence effect, upon overall tissue integrity as assessed 
in DIC. However, given the small sample analysed to-date and the variety of confounding vari-
ables differing between patients, including cause of death, a larger sample is necessary prior to 
drawing correlations between patient specific parameters and tissue quality. From our investi-
gations, the post-mortem delay was the most significant factor determining neuronal health and 
viability for recordings. Interestingly, a similar delay of around 3 hours post-mortem interval 
and travel time for slice preparation, was reported for viable foetal tissue sample recordings. It 
should be noted however, that for foetal tissue this window might be broader since immature 
neurons are thought to better withstand hypoxia (Moore et al., 2009; 2011). Nonetheless, be-
tween these and our studies a consensus appears to emerge, pointing to the potential viability of 
recording neuronal activity in acute brain slices at fairly short post-mortem intervals.

Table 2: Robust firing profiles were recorded from two different neurons in two different slices from the same 
patient. Basic active and passive properties are reported.
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Taken together, while the utility of post-mortem human-brain acute-slices for functional and 
structural property assays only now begun to be explored, our initial data suggest viability of 
such an approach, provided tissue can be accessed early enough from donors, and certainly 
no later than 3 hours from death. Varying post-mortem intervals have a significant deleterious 
effect upon spine density of cortical pyramidal neurons in guinea pig brain measured using a

rapid Golgi technique, with the larger effect seen after around 1.5 hours post-mortem delay (de 
Ruiter, 1983). Post-mortem timing intervals as well as agonal state i.e. condition of the person 
and/or illness duration for patient before death, can both affect the metabolic state of the brain 
tissue and crucially the level of acidity in the brain. Indeed, autopsies of individuals who died 
after a long terminal illness had lower pH values, in the range of 6-6.5, than those who died rap-
idly (Hardy et al., 1985). Such pH values correlated with neurotoxic lactic acid concentrations 
in blood and cerebrospinal fluid, thus brain acidosis before or after death may have a significant 
effect on the quality of the brain tissue preserved post-mortem. Remarkably, in rodents, whole-
cell neuronal activity could be recovered up to 6hrs post permanent cardiac arrest (Charpak and 

Figure 4. (A) Digital reconstruction of a biocytin-filled, synaptically-connected pair of layer 2/3 pyramidal neu-
rons in human temporal cortex. (B) Experimentally recorded EPSPs, generated by presynaptic timed action poten-
tials at 30 Hz followed by a recovery pulse, 500ms after the 8th pulse. Traces in blue are from young murine medial 
prefrontal cortex (mPFC) (P12-36), black, from murine temporal association cortex (10-11 weeks) and red from 
human temporal cortex. Grey is an example of human presynaptic action potential train. Examples are averages of 
30 repetitions. (C) Activity dependence of human short-term synaptic depression. Normalized average EPSPs  (3 
pairs) generated in response to different frequencies (10 to 40Hz). (D) Ratio 8th/1st EPSP (mean±SEM) 0.38±0.03 
human, 0.44±0.05 for young mouse synapses and 0.30±0.04 for adult mouse synapses, (p>0.05). (E) Ratio 9th/1st 
EPSP (mean±SEM) 0.94±0.03 for human, whereas young mouse EPSPs were still depressed 0.67±0.03 (p<0.001) 
and adult mouse EPSPs 0.72±0.06 (p<0.001). Difference between young and adult mouse ratios’ were not signifi-
cant (p=0.7). Taken from Testa-Silva et al., 2014. 
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Audinat, 1998), and field potentials could be retrieved 8hrs after slicing 3hr post-mortem rodent 
brains (Leonard et al., 1991). However, in our experience, human tissue integrity was largely 
compromised, especially after 4hrs post-mortem, and no single-cell neuronal activity could be 
measured after that time point. Albeit, whether field potential measurements can be retrieved 
from post-mortem tissue has not yet been assessed. Be that as it may, minimal agonal states due 
to anaesthesia overdose or swift decapitation, no underlying medical conditions or comorbid 
lifestyle routines, use of younger animals, or overall heightened resilience to anoxia in rodent 
tissue, might be contributing factors to the observed discrepancies in retrieving neuronal activ-
ity from prolonged post-mortem delays in human brain tissue. Notably and in line with our ob-
servations, in rodents robust and sustained action potential generation, and inhibitory/excitatory 
synaptic transmission was only reported up to two hours post-mortem (Charpak and Audinat, 
1998), and the fidelity of field potentials dropped substantially after 90min post-mortem (Leon-
ard et al., 1991). Therefore, it is tempting to speculate that, as in rodents so in humans, tissue 
retrieved from post-mortem delays of 2hrs or less could provide accurate neurophysiological 
measurements.

It must be stated that potential functional post-mortem studies also hold limitations. As with 
surgically resected tissue, by their very nature, the results are descriptive or correlational and 
cannot be subject to the same manipulations as used in animal models or in longitudinal cause-
and-effect studies. Additionally, post-mortem brains are subject to many confounding factors 
including disease type and duration, medication, lifestyle/diet differences. Moreover, the sub-
jects went through different process of dying and with variable rates. As such, these parameters 
could make it difficult to separate primary disease-induced changes from such secondary and 
perhaps other compensatory factors (Harrison, 2012). Notably, in one of the few studies ex-
amining astrocytic function and morphology in human neocortex, the authors reported that in 
autopsy material cellular details of astrocytes were lost in comparison to astrocytes in surgical-
ly-resected tissue (Oberheim et al., 2009). Whether this resulted from age, post-mortem delay, 
fixation or other causes was not addressed in that study, but this may point to a limitation of 
post-mortem brain tissue. However, caution should be taken as to the brain area that is resected 
and studied from post-mortem brains, given the selective vulnerability of some regions over 
others in survival during anoxic/ischemic states (Brierley et al., 1971; Kumar et al., 1988; Ra-
dovsky et al., 1995; Greer, 2006).

Be that as it may, If whole cell recordings are proven feasible, as the effects of death on neuronal 
activity in post-mortem human brain slices have only begun to be investigated, considerable 
assessment must be undertaken to evaluate the physiological relevance of such an approach. Al-
though functional recordings from human post-mortem tissue will certainly open possibilities 
to investigate human neurophysiology in the most relevant context, a substantial work will be 
needed to properly validate their utility and further on to define what is physiological. Fortui-
tously, by combining studies from primate brain and human surgery-retrieved and post-mortem 
brain tissue, the two lingering issues can be addressed. That is, by contrasting and comparing 
data retrieved from human surgery and post-mortem tissue, the validity of post-mortem tissue 
can be deduced. As a bare minimum, to ascertain validity, measurements of passive/active py-
ramidal and interneuron cell properties, inhibitory/excitatory synaptic transmissions, morphol-
ogy, and at least Na+, K+, Ca2+ ion channel activity, would need to be conducted. Furthermore, 
ultrastructural analyses of slices retrieved from various post-mortem times could be proven 
vital when assessing the degree of neuronal deterioration post death.  
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If proven valid, a useful next step in such approach would be to generate data sets of such meas-
urements from control post-mortem tissue and potentially primate tissue, in order to constitute 
what would be the most accurate measurements pertaining to human whole-cell neurophysi-
ology to date. Furthermore, since post-mortem brain tissue can be retrieved from virtually any 
cortical and/or subcortical area, brain region specific data sets could be generated elucidating 
physiological similarities and differences within the brain. Moreover, this approach could also 
afford for the generation of more accurate morphological datasets, including axonal tracings, 
given that orientation and sizes of resected tissue would not be limited by neurophysiological 
mappings and surgeon’s discretion. In so doing, the measurements retrieved mainly from ep-
ileptic patients, and by extension the condition of that tissue, could be assessed, and addition-
ally these values could serve as a benchmark to compare with measurements retrieved from 
post-mortem tissue with different neuropathologies. Furthermore, similar to control datasets, 
a post-mortem approach could also afford between brain-region within-patient comparisons 
from neuropathological patients, allowing thus a more comprehensive understanding of brain 
pathology.

On the basis of our preliminary investigations, we propose that the time-window for recording 
neuronal activity from rapid-autopsy acquired brain tissue is still open at less than 3h post-mor-
tem. However, since this likely represents the closure of a viable time window, we propose that 
availability of brain tissue at early post-mortem intervals, when and where it is ethically-, so-
cially- and practically-possible, is imperative for viable and physiologically-relevant post-mor-
tem brain tissue recordings. Furthermore, given the unpredictable timing of available brain do-
nations, a future source of tissue with pre-arranged circumstances could potentially come from 
authorised euthanasia patients who have consented to donate their brains to the national brain 
bank facility (see http://www.euthanasiecommissie.nl for Dutch euthanasia procedures until 
2014).  Moreover, availability of tissue could be further expanded by extending collaborations 
to intensive care/trauma/emergency units, whereby with proper ethical consent, brain samples 
at the shortest possible post-mortem delays could be available.

Conclusions and future directions
It is widely accepted in the field and acknowledged by recent large-scale initiatives in Europe 
and the USA, that research directly addressed on human brain tissue is essential to precisely 
dissect and understand the workings of human neurophysiology. To-date, surgically resected 
tissue has provided the only source of human brain tissue for conducting neuronal and astro-
cytic functional recordings, mainly from adult neocortex and hippocampus. This approach has 
provided fundamental knowledge regarding both basic properties and morphologies of human 
neuronal circuits. Moreover, the use of sclerotic or tumour tissue from such patients has given 
insights into disease conditions. In the coming years, generation and use of human iPS-derived 
neurons will continue to advance, enabling increased knowledge regarding functional proper-
ties of human neurons during immature developmental stages. However, it is unlikely that these 
neurons will be entirely comparable in terms of properties to fully mature neurons from intact 
brain circuitries of adult donors. Thus, the need for sampling directly from adult human brain 
tissue will remain, if it is to comprehensively and accurately understand functional properties 
of these neurocircuits. Given the limitations of surgically resected brain tissue, we propose that 
further investigation of rapidly-acquired autopsy brain samples may help overcome limitations 
and provide additional sources to investigate mechanistic and cellular properties of healthy and 
diseased human brain cells. A key factor in this approach for the quality of electrophysiological 
recordings is swift processing of brain slices from time of death in autopsy, and optimisation 
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of tissue preparation methods to preserve intact neurons and microcircuits for functional re-
cordings from identified neuronal cell types. Our work thus far, has provided the ceiling of 
the time-window whereby increased potential for acquiring viable functional recordings from 
post-mortem tissue could occur. Based upon our observations, such a window could extend for 
up to ~150min after death, although tissue acquired at delays below 120min is likely to provide 
more intact morphologies and functional recordings. Whilst caveats still remain, a post-mortem 
approach provides potential to sample from many different brain regions, and from both unaf-
fected controls and patients with neurodegenerative or neuropsychiatric disorders. Therefore, 
providing a significant leap forward in both the availability of tissue and the possibilities for 
increasing knowledge about the adult human brain in both health and disease.
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The main aim of this thesis was to lay the foundation for the study of GABA mediated signal-
ling in the prefrontal cortex of the established mouse model for FXS, while to also investigate 
executive functions in this model. Additionally, through the use of surgery resected cortical 
tissue we provided a more complete description of how FXS related pharmacology affects 
human excitatory and inhibitory synaptic communication. Finally, we demonstrate for the first 
time that electrophysiological recordings from post-mortem brain material are feasible, opening 
the door for a tremendous leap forward in understanding human brain physiology in health and 
disease.

1. Excitation/Inhibition Imbalance During Prefrontal Cortex Maturation in FXS
Attenuated inhibition has been documented in behaviourally relevant brain areas in Fmr1-KO 
mice, including amygdala (Olmos-Serrano et al., 2010; Vislay et al., 2013), somatosensory 
cortex (Gibson et al., 2008; He et al., 2014), hippocampus (Curia et al., 2009; Sabanov et al., 
2017),  and in FXS patients (D'Hulst et al., 2015). The work described in Chapter II of this the-
sis extends the inhibitory deficits in Fmr1-KO now to the mPFC, the brain region responsible 
for high order cognitive processing. During prepuberty we describe deficits in inhibitory short-
term depression (STD) received by mPFC Fmr1-KO pyramidal neurons. These deficits were in 
line with reduced presynaptic release probability from inhibitory terminals, and could alter py-
ramidal cell information processing. Together with the excitatory hyperconnectivity in prepu-
bertal Fmr1-KO mPFC (Testa-Silva et al., 2012), the emerging picture is one of shifted E/I bal-
ance towards increased excitation. Homeostatic adjustments in response to imbalanced activity 
have been described for both excitatory (Turrigiano et al., 1998), and inhibitory neurocircuits 
(Rannals and Kapur, 2011). Sustained hyperexcitation engages compensatory GABAergic ho-
meostatic mechanisms by increasing the frequency and amplitude of IPSCs, while prolonging 
receptor turnover rates (Rannals and Kapur, 2011). We thus propose that the increase in IPSC 
frequency and amplitude, along with reduced inhibitory STD are compensatory changes in re-
sponse to a hyperconnected excitatory network. Moreover, noise analysis highlighted putative 
increases in post-synaptic receptor numbers, akin to those observed in response to sustained 
hyper-excitation (Rannals and Kapur, 2011).

During adolescence, we observed a reduction in the frequency of IPSCs received by mPFC py-
ramidal neurons, in addition to a general reduction in the number of PV+ interneurons in Fmr1-
KO mice. Although, the state of EPSCs has yet to be studied, the emerging picture is again one 
of attenuated inhibition akin to that described in other Fmr1-KO brain areas, possibly favouring 
a shift in E/I balance towards excitation. Notably, during adolescence we also observed a reduc-
tion in the B1 GABAB subunit along with an increase in α2 GABAA subunit. When activated, 
presynaptic GABAB receptors attenuate release by decreasing Ca2+ conductances. As such, the 
reduction in B1 GABAB subunit, responsible for ligand binding, could be an attempt to enhance 
presynaptic GABA release. Moreover, the increase in α2 GABAA subunit, could further aid 
such attempts by prolonging receptor kinetics and thereby increasing charge transfer times.

Collectively the work described in Chapter II adds to the existing evidence supporting disrupted 
E/I balance in FXS and generally in neurodevelopmental disorders (NDDs). Although inhibito-
ry cells comprise the minority of neurons in the brain, their capacity to tightly regulate excita-
tory input throughout the neuron renders them indispensable to normal brain function. Unlike 
their excitatory counterparts, interneurons exhibit remarkable diversity, each with their distinct 
morphological, molecular, electrophysiological and synaptic-localization features, enabling 
precise information processing. It is thus evident, that dysregulation of interneuron function 
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can shift the tight balance between excitation and inhibition, corrupting information processing, 
leading to dysfunctional neurocircuits and aberrant behaviour. Attesting to that is the extensive 
evidence of E/I dysregulation in several autism related NDDs including Fragile X-, Rett-, An-
gelman-, and Tuberous Sclerosis Complex (TSC)- syndromes (Gao and Penzes, 2015; Nelson 
and Valakh, 2015). Although brain areas affected and molecular changes underlying E/I dysreg-
ulation might differ between NDDs, attenuated inhibition is commonly observed, shifting the 
balance toward increased excitation, that also promotes epileptic attacks.

Although some of the changes reported in Chapter II are transient they occur during periods 
where postnatal (PN) rodent PFC maturation still occurs, and could thus impact subsequent 
neurocircuit establishment and function. PFC axon myelination, synapse pruning, and neuro-
modulatory system connectivity still occurs during human and rodent adolescence (Crews et 
al., 2007), and ongoing E/I imbalances could interfere with the canonical establishment of these 
processes. Some of the changes described in Chapter II add to a growing list of transient pheno-
types observed in FXS and other NDDs, and could highlight epochs of heightened vulnerability 
to neurocircuit dysregulation (Meredith et al., 2012). Indeed, similar to sensory cortical areas, 
the PFC also undergoes critical periods in postnatal development during which synaptic refine-
ment is sensitive to external experiences and internal physiology. Social isolation during the 4th 
and 5th PN weeks causes impairments in working memory, social interaction, PFC myelination, 
oligodendrocyte morphology (Makinodan et al., 2012), neuronal excitability and connectivity 
(Yamamuro et al., 2017). Isolation after the 6th week does not cause such impairments (Mak-
inodan et al., 2012). The prepubertal inhibitory changes we observe in Fmr1-KO mPFC occur 
right before the beginning of this critical period, while the changes during adolescence occur in 
the midst of it. Therefore, Fmr1-KO mPFC neurocircuits enter and undergo their critical period 
for social neurodevelopment with imbalanced E/I signals, potentially driving subsequent social 
deficits (Kazdoba et al., 2014; Sørensen et al., 2015). 

To the author’s knowledge, PFC critical periods pertaining to other high order cognitive pro-
cesses have yet to be described. However, rodent and human epochs of elevated vulnerability 
have been described during which adverse stress or alcohol consumption greatly enhances risk 
and severity for downstream PFC pathologies (Selemon, 2013). It is therefore possible that yet 
to be described PFC critical periods for high order cognitive processes exist, during which E/I 
imbalances such as those described in Chapter II could severely impact neurocircuit establish-
ment and function, driving aberrant behaviours.

2. Executive Dysfunction in FXS
The centrality of PFC in orchestrating highly complex cognitive processes also implies that 
dysfunction can severely impact faculties that are most evolved and therefore fundamental to 
human function. Deficits in executive functions have been described as early as toddlerhood 
in FXS (Scerif et al., 2004; 2007), implicit of early onset impairments in PFC neurocircuitry 
development and function. Unsurprisingly, deficits in sociability, inhibitory control, planning 
and working memory, attention, and increased perseveration and repetitive behaviours have 
also been described in FXS patients (see Chapter I section 4.2). In Chapter III we partially 
probed Fmr1-KO mice’ executive functioning through the use of the 5-Choice Serial Reaction 
Time Task (5CSRTT). In line with patient observations and Fmr1-KO literature (for a com-
prehensive list see Kazdoba et al., 2014), FXS mice exhibited heightened perseveration and 
hyperactivity. Notably, both of these phenotypes normalised with repeated exposure to the task 
or environment, while hyperactivity transiently remerged when task contingencies or testing 
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environments were altered. The transient nature of these phenotypes could imply that under-
lying neurocircuits are not necessarily impaired, but instead are frequently engaged while pre-
sented with novelty or unexpectedness. Normalisation of perseveration and hyperactivity upon 
familiarisation could highlight the value of cognitive behavioural therapies over the direct use 
of pharmaceuticals for some FXS patients.

More than half of FXS adolescent patients fulfil the criteria for ADHD (Sullivan et al., 2006), 
with specific deficits in selective and divided attention (Munir et al., 2000; Sullivan et al., 2007). 
However, neither the work described in Chapter III nor a similar investigation (Krueger et al., 
2011) detected deficits in Fmr1-KO’s sustained attention, while earlier work demonstrated such 
differences (Moon et al., 2006). Although a substantial body of literature exists on Fmr1-KO 
behaviour, data for several phenotypes are mixed (for a comprehensive list see Kazdoba et al., 
2014; Pop et al., 2014), and in some cases the validity of the mouse model has been anecdo-
tally questioned. However, subtle differences in testing, environment, age, strains, feed, cage 
bedding, handling, and investigator’s gender (Sorge et al., 2014) to name a few, could severely 
impact behavioural outcomes. Be that as it may, recent advancements in behavioural neurosci-
ence began addressing some of these issues, through the use of automation and by combining 
housing and operant cages. In one such example, investigators were able to shorten the duration 
of 5CSRTT testing and training from months down to a remarkable one week without any loss 
in task sensitivity (Remmelink et al., 2017). This was achieved by combining the housing cage 
with the operant chamber, enabling mice to initiate sessions ad libitum, without food depriva-
tion, weight loss, or handling, reducing mouse and investigator’s stress alike.

Notably, for the work in Chapter III and in Kruger et al. (2011), mice began attentional task 
training at two months of age, whereas in the study of Moon et al. (2006), training began after 
8 months of age. While FXS adolescents show deficits in selective but not sustained attention, 
this is reversed in adulthood where FXS adults exhibit deficits in sustained but not selective 
attention (Cornish et al., 2001). Even though the PFC matures later in life, sustained attention 
is initially normal only to deteriorate during adulthood. This raises the possibility that other-
wise healthy neurocircuits regress in function outside the window of neurodevelopment, or that 
some circuits are more vulnerable to the effects of ageing in FXS. Additionally, normalisation 
of selective attention over time could imply compensatory mechanisms or delayed maturation 
of the underlying circuitry. 

3. Fragile X Pharmacotherapy; What, When and eventually Where 
The holy grail of translational research is the identification of dysregulated mechanisms, and 
subsequently the prevention or restoration of disease pathologies through mainly pharmaco-
logical or surgical means. The apparent difficulty is further amplified when considering neuro-
logical disorders, given the stupendous complexity, significant rigidity, and attenuated capacity 
for regeneration of the nervous system. To date there have been at least twenty seven clinical 
trials for FXS with 40% targeting GABA signalling, 30% mGluR signalling, and the rest target-
ing protein synthesis, intercellular cascades and AMPA receptors (Berry-Kravis et al., 2017). 
Considering the trials completed, although minor improvements have been reported with some 
compounds, none has met the criteria for primary outcomes. It is thus safe to say that all trials 
were unsuccessful in improving the quality of life for FXS patients, and currently no medica-
tion is approved specifically for the disorder. 

One of the main pillars of FXS pathology is the mGluR theory, where overactive glutamater-
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gic mGluR5-mediated signalling leads to exaggerated long-term synaptic depression (LTD), 
impacting learning and memory. Subsequent pre-clinical trials using mGluR modulators in 
Fmr1-KO mice demonstrated normalisation of synaptic plasticity and significant behavioural 
improvements (Berry-Kravis et al., 2017), which unfortunately did not translate in humans. 
Why did the trials, even the most promising, fail? Although a comprehensive breakdown of all 
possible reasons is outside the scope of this Chapter, the author would like to focus on a few. 
Firstly, the main body of mGluR related pre-clinical studies has been focused on hippocam-
pal neurocircuitry and related behaviours. Similar aspects of mGluR-mediated pathology have 
been described in Fmr1-KO cerebellum, but not other brain areas where other forms of syn-
aptic plasticity were found impaired and not rescuable with mGluR antagonism (see Martin 
and Huntsman, 2012). Furthermore, in Fmr1-KO mPFC mGluR-mediated LTD was impaired 
but in the opposite direction of the hippocampus and instead of exaggerated, mPFC LTD was 
either reduced or unsustainable compared to WT (see Chapter I section 4.5). As such, clinical 
application of mGluR antagonists could potentially rescue hippocampal phenotypes, however 
they would not impact plasticity deficits in other FXS brain areas, and could even further impair 
some phenotypes as in the mPFC.

Moreover, the mGluR theory was built based on observations from pyramidal cells, while ne-
glecting to take into consideration interneuron mediated E/I imbalances or the state of mGluR 
signalling onto them (see also Cea-Del Rio and Huntsman, 2014). To the author’s knowledge, 
no study has thus far investigated the state of mGluR signalling and plasticity in Fmr1-KO hip-
pocampal interneurons. Interestingly, in the somatosensory cortex of these mice mGluR1,5-me-
diated activation of interneurons was reduced leading to impaired inhibition and desynchro-
nized network activity (Paluszkiewicz et al., 2011). Although the authors theorise as to how 
exaggerated mGluR signalling in Fmr1-KO could lead to reduced inhibition - potentially via 
endocanabinoid modulation, it remains to be shown. Together, the absence of studies looking 
into mGluR activation in Fmr1-KO hippocampal interneurons along with reduced mGluR mod-
ulation of somatosensory interneurons, further challenge the utility of mGluR antagonism for 
FXS pharmacotherapy.

On the other hand, GABAergic inhibition appears more uniformly affected in FXS. Generally, 
expression of many GABA receptor subunits is reduced in several Fmr1-KO brain areas includ-
ing hippocampus, amygdala, midbrain, and cortex, and brain-wide reductions in GABAA recep-
tor binding were observed in FXS patients (see Chapter I section 5.3). Functional GABAergic 
studies including the study in Chapter II have collectively pointed toward an E/I balance shift 
favouring increased excitability. Despite these consistencies, clinical trials augmenting GABA 
signalling in FXS patients were also met with disappointment (Berry-Kravis et al., 2017). A 
notable exemption is with Acamprosate, a positive allosteric modulator for GABAA receptor 
and an NMDA receptor antagonist (see Erickson et al., 2013). In an open labelled study 75% 
of FXS adolescents “improved” or “very much improved” on scales of social behaviour, inat-
tention and hyperactivity (Erickson et al., 2013), while an earlier three patient study showed 
marked improvements in linguistic communication (Erickson et al., 2010). Currently ongoing 
is a randomized phase II/III clinical trial to more extensively evaluate Acamprosate in a larger 
cohort (Berry-Kravis et al., 2017). Be that as it may, similar to mGluR trials, GABA targeted 
pharmacotherapy provided little benefit to the quality of life of FXS patients.

Although the trials thus far have been unsuccessful, both mGluR and GABA signalling re-
maining promising targets for intervention. However, given the complex faculties affected in 
FXS and autistic patients, pharmacotherapy might be proven significantly more beneficial if 
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begun early in life before neurocircuit maturation and reduced plasticity occurs. Indeed the 
most promising results from all FXS clinical trials appeared in the youngest patients, whereas 
adolescents and adults showed the least improvements (Berry-Kravis et al., 2017). Pharmaco-
therapy very early in life imposes great difficulties and risks, given the vulnerability of early life 
human brain development. However, it is for the same reason that pharmacotherapies can have 
their greatest impact then, by correcting signalling pathways and preventing dysregulation of 
neurocircuits during their development. Furthermore, detailed longitudinal and developmental 
studies would be important in clarifying cause, causality, and compensation amongst the many 
changes observed in Fmr1-KOs. This could allow for the identification of selected early-on up-
stream changes, that if timely rescued could alleviate downstream compensatory alternations.

The function of FMRP might also provide insight into the difficulties faced with clinical tri-
als. As a translational repressor, FMRP regulates hundreds of mRNAs whose protein prod-
ucts regulate a wide spectrum of functions including neurodevelopment, neuronal path-finding, 
and synaptic function. Therefore, the biological promiscuity of FMRP significantly compli-
cates targeted pharmacotherapies given the extended reach of its activity. This is in contrast 
to another NDD with autism, Tuberous Sclerosis Complex disorder (TSC), where the protein 
complex mainly acts as negative regulator of mammalian target of Rapamycin (mTOR). Clin-
ical trials with mTOR inhibitors have been successful, demonstrating volumetric reductions in 
TSC patient astrocytic tumours and significant improvements in non-neurological symptoms 
of the disorder, leading to their European and American approval (Sahin, 2012). Building on 
this, there are currently three ongoing clinical trials validating the efficacy of mTOR inhibi-
tors in improving the neurocognitive deficits of TSC patients (NCT01954693, NCT01289912, 
NCT01730209). Interestingly, TSC2 mRNA is an FMRP target (Darnell et al., 2011), mTOR 
activity is found elevated in Fmr1-KOs (Sharma et al., 2010), and genetic reduction of mTOR 
activity improved morphological, synaptic and behavioural phenotypes in Fmr1-KOs (Auer-
bach et al., 2011; Bhattacharya et al., 2012). It is therefore conceivable that mTOR inhibitors 
could potentially prove beneficial for FXS as well. Interestingly, although executive control 
deficits are prevalent in TSC and frontal lobe dysfunction has been suggested (Prather and de 
Vries, 2004), to the author’s knowledge no studies have been conducted to date probing PFC 
activity in preclinical models.

Finally, although outside the means of contemporary medicine, future therapeutic interventions 
might benefit from region specific targeted interventions. That is, current therapeutic approach-
es might be helpful for selected brain regions, but detrimental to others, thusly improving one 
phenotype while worsening another. Therefore, targeted delivery, with means not yet existing 
for human application, could alleviate such problems, in addition to affording combinatorial 
administration of different therapeutics based on region-specific pathology.

4. Future Perspective
The disappointing yet astounding failure of FXS clinical trials, especially considering the over-
whelmingly promising preclinical findings, underscores limitations often faced with translating 
work from rodents and projecting it to human pathophysiology. Evolutionary processes have 
by definition built up on previously favourable constructs. However, the complexity apparent 
with increasing evolutionary time is not only based on scaling up what was previously there, 
but also on readjusting and refining constructs to better suit the increasing needs of evolved or-
ganisms. Looking at the mammalian brain, cross species differences can already be appreciated 
at the macroscopic level where for instance rodent brains lack any gyrations that are prominent 
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in higher evolved mammals. Microscopically, dissimilarities become even greater where for 
instance electrical properties and dendritic architecture substantially differ between rodents and 
humans, and even reverse as is the case with spike-time dependent plasticity (STDP) rules 
(Testa-Silva, 2010; Verhoog et al., 2013; Testa-Silva et al., 2014; Mohan et al., 2015). Remark-
ably, to date very little evidence exists on the state of functional mGluR signalling in healthy 
and none in FXS human brain, while only indirect evidence for GABAergic dysfunction exists 
inferred from the electroencephalography of epileptic FXS patients (see Chapter I sections 4.3 
and 4.4). 

Is it possible that much like with STDP rules, mGluR-mediated plasticity and signalling differs 
between species? Are the preclinical changes in functional mGluR and GABAergic signalling 
faithfully mirrored in the FXS brain? Studies directly addressing such questions should in the 
future be intimately linked with the process of clinical trial approvals. Increasing cooperation 
between scientists and physicians began addressing these profound limitations through the use 
of surgically resected brain tissue to study the fundamentals of human neurophysiology. The 
work in Chapter IV is the first such work to study mGluR signalling in human brain tissue and 
not only on pyramidal cells but also on interneurons. The results from this work mirror those 
found in rodents, while also highlighting putative neuron-subtype specific effects of mGluR 
activation. 

However even with this approach limitations still remain that under the proper circumstances 
could be overcome, pushing translational research further forward. The majority of surgically 
resected tissue is derived from patients with mesial temporal sclerosis, providing either temporal 
cortex or hippocampal tissue. As such, studies are constrained to either temporal lobe physiolo-
gy or to epileptic hippocampal pathophysiology. To better understand the human brain physiol-
ogy in health and disease, tissue from other cortical and subcortical brain areas is imperative, as 
is brain tissue from patients with neuropsychiatric and neurodevelopmental disorders. In Chap-
ter V the first step toward affording such possibilities has been committed, demonstrating feasi-
bility for electrophysiological recordings from post-mortem tissue, and setting the post-mortem 
delay ceiling under which such an approach can be viable. Although detailed characterisation of 
this approach is required, the results thus far have proved promising in enabling studies from all 
brain areas and from virtually all neurological disorders. The utility of this approach can in the 
future be further expanded, through acquisition of brain tissue from trauma or euthanasia cases. 
However, given the sensitivities pertaining to tissue acquisition from post-mortem, trauma, and 
euthanasia cases, the need for short delays should always come second to the need of the family 
of the donor to properly experience closure with their deceased loved ones.

5. Conclusion
The work described in this thesis provides the first evidence for GABAergic pathology in the 
prefrontal cortex of the mouse model for the Fragile X Syndrome. These observations mirror 
changes in inhibitory communication reported in other brain areas of Fmr1-KO brain, and col-
lectively point toward a generalised E/I imbalance in FXS brains. Furthermore, these changes 
occur during epochs of postnatal prefrontal cortex development, thereby jeopardizing typical 
neurocircuit maturation while also providing a window for therapeutic intervention that could 
have substantial beneficial impact. Assessment of executive functioning in Fmr1-KO did not 
reveal deficits in sustained attention during early adulthood. However, novelty induced hy-
peractivity and perseveration were observed that normalised upon familiarisation, indicative 
of possible benefits of cognitive behavioural therapy in FXS. The first data for the state of 
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mGluR-mediated signalling on human pyramidal and interneuron cells are described in this the-
sis. These data mirror observations in rodents, and aim to enhance our understanding of human 
physiology in health and disease. Finally, this is the first time that whole-cell recordings from 
human post-mortem tissue have been described. This opens the possibility of a tremendous leap 
forward in fundamental and translational research through electrophysiological studies from 
virtually any brain region and disease.
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ENGLISH SUMMARY

the mind alone is the radiant jewel, from which all things borrow their temporal reality
- Anagarika Govinda

Undeniably the most complex structure in existence, equal to if not more than the universe 
itself, the brain is where everything begins and ends. All that makes us, us, be it humans or 
animals is because of the workings of our brain. Our cognition and behaviour are the end result 
of billions of neurons communicating through trillion connections in order to manifest reality. 
It is thus evident, that even minor disturbances in this exquisitely complex system, can have 
the most profound effects not only in our capacity to function but to even perceive the world 
we are in. 

Such is no more apparent than in psychiatric and neurodevelopmental disorders (NDDs). En-
compassing a range of syndromes including schizophrenia, attention deficit hyperactivity dis-
order, autism spectrum disorders (ASD), and intellectual disability (ID), NDDs can affect up 
to 15% of the general population. ID disorders comprise the most common form of NDDs, 
with patient IQ ranging from mild disability with 50 < IQ < 70 and with considerable self-care 
skills, to severe 20 < IQ < 35 or profound IQ < 20 and in need of constant attention, support, 
and care for their entire lives. In addition to deficits in the intellectual domain and reduced 
self-care capacity, ID is also characterized by behavioural, social, and communication prob-
lems, and patients are often co-diagnosed with ASDs. The research described in this thesis 
is focused on one such NDD, termed Fragile X Syndrome (FXS), caused by the silencing of 
a single gene. Intellectual disability in FXS ranges from mild in patients with borderline low 
IQ, to severe in patients with IQ below 40. Female patients are generally less affected, even in 
the presence of full gene silencing, exhibiting near normal to borderline low IQ ranges. Aside 
from deficits in the intellectual domain, FXS patients are frequently diagnosed with behavioural 
deficits in attention, hyperactivity, anxiety, impulsivity, and aggressive behaviour. Additionally, 
an increased incidence of seizures of up to one in five patients has been documented. Finally, 
FXS is often identified with social impairments, deficits and repetition in language, as well as 
stereotypic behaviours. Autism and ASD features are frequently observed in FXS, ranking FXS 
amongst the most common monogenic causes of ASD, accounting for ~5% of all autism cases.

As the most recently evolved brain structure, the prefrontal cortex (PFC) is hypothesized to 
orchestrate highly complex cognitive functions including attention, inhibitory control, working 
memory, goal oriented behaviour, sociability, and personality. Therefore, PFC dysfunction can 
cause severe impairments on an individual's ability to not only function in society but to one’s 
self-sufficiency and survival, and has been linked with NDD pathophysiology. The research 
described in chapters 2 and 3 of this thesis, thus focuses on the functionality of the PFC in 
FXS, either on the cellular level - chapter 2, or at the level of behaviour that is mediated by the 
PFC - chapter 3.

In chapter 2 the functionality of the PFC in the FXS mouse model was studied during two 
crucial postnatal periods of cognitive and behavioural development. Namely, prepuberty and 
adolescence. The research was focused on one system of neuronal communication, termed 
inhibitory since it is responsible for tuning and turning off the excitatory activity of the brain. 
Consider the example of volume control on a television set, where volume up would be excit-
atory making the signal travel louder and further, whereas volume down would be inhibitory 
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making the signal softer. Through this trivial example one can imagine how if volume up did 
not have a way to go down, significant problems would arise. Similarly, when the brain’s inhib-
itory system (volume down) is not working properly severe cognitive and behavioural deficits 
arise. During prepuberty, the rate of inhibitory communication was found increased while the 
strength of inhibition was augmented and less desensitised over time. We observed an increased 
in the number of cells generating inhibitory signals, and our data also indicate putative increas-
es in the number of receptor that mediate such signalling, providing us with a possible expla-
nation for some of our observations. During adolescence the number of cells generating inhib-
itory signalling were found reduced, concomitantly with a reduction in the rate of inhibition. 
Furthermore, the ability of inhibitory receptors to open and close properly was observed to be 
significantly slowed down, likely due to a change in their protein composition. Together, these 
data add to the existing body of literature pointing toward significant disturbances in inhibitory 
signalling in NDDs. Moreover, for the first time in FXS we demonstrate inhibitory dysregula-
tion in the PFC, a region related to several cognitive and behavioural deficits observed in the 
syndrome. Finally, inhibitory dysregulation occurs during prepuberty and adolescence, periods 
of heightened PFC maturation, and could thus impair the proper formation and function of this 
vital bran region.

In chapter 3 we challenged the FXS mouse model with PFC mediated behavioural tasks. Sus-
tained attention was found intact during early adulthood, mirroring findings in late adolescent 
FXS patients. However, FXS mice exhibited compulsive behaviour and hyperactivity akin to 
observations in patients. Notably, both of these phenotypes normalised with repeated exposure 
to the task or testing environment, while hyperactivity transiently remerged when task contin-
gencies or testing environments were altered. The transient nature of these phenotypes could 
imply that underlying neuronal circuits are not necessarily impaired, but instead are frequently 
engaged while presented with novelty or unexpectedness. Normalisation of perseveration and 
hyperactivity upon familiarisation could highlight the value of cognitive behavioural therapies 
over the direct use of pharmaceuticals for some FXS patients. 

The holy grail of translational research is the identification of dysregulated mechanisms, and 
subsequently the prevention or restoration of disease pathologies through mainly pharmacolog-
ical or surgical means. The apparent difficulty is further amplified when considering neurologi-
cal disorders, given the stupendous complexity, significant rigidity, and attenuated capacity for 
regeneration of the nervous system. To date there have been at least twenty-seven clinical trials 
for FXS. Considering the trials completed, although minor improvements have been reported 
with some compounds, none has met the criteria for primary outcomes. It is thus safe to say that 
all trials were unsuccessful in improving the quality of life for FXS patients, and currently no 
medication is approved specifically for the disorder. The disappointing yet astounding failure of 
FXS clinical trials, especially considering the overwhelmingly promising preclinical findings, 
underscores limitations often faced with translating work from rodents and projecting it to hu-
man pathophysiology.

In chapter 4 we begun addressing such limitations through the utilisation of brain tissue that 
has been resected during surgery from patients suffering from intractable epilepsy. During such 
operations, a piece of generally healthy brain material is removed in order to access and sub-
sequently remove epileptic brain tissue. We have utilised the healthy brain tissue collected to 
characterise electrical communication in the absence and presence of a pharmaceutical that was 
extensively tested in FXS patients. Our recordings were performed from cells that generate ex-
citatory or inhibitory signals, thus providing a comprehensive description of how FXS related 
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pharmacology affects human excitatory and inhibitory communication. Our data mirror those 
found in rodents, while also highlighting putative cell-subtype specific effects of FXS phar-
macology. Collectively, these results add to the existing literature on the effects of FXS phar-
macology on neuronal signalling, now for the first time in human neurocircuitry. Furthermore, 
this work brings to focus a neglected aspect of the FXS pathology, namely the pharmacology’s 
effect on inhibitory interneurons.

Although surgery resected brain tissue is invaluable to furthering our understanding of the hu-
man brain in health and disease, even with this approach limitations still remain. Namely, the 
majority of surgically resected tissue is derived from patients with mesial temporal sclerosis. 
As such, studies with the resected tissue are constrained to either temporal lobe physiology or 
to epileptic hippocampal pathophysiology. To better understand the human brain physiology, 
tissue from other cortical and subcortical brain areas is imperative. Moreover, brain tissue from 
patients with neuropsychiatric, neurodevelopmental disorders, and from healthy controls would 
be required. 

In chapter 5 the first step toward affording such possibilities has been committed, demon-
strating feasibility for electrophysiological recordings from post-mortem tissue, and setting the 
post-mortem delay ceiling under which such an approach can be viable. Our results thus far 
have proved promising in enabling studies from all brain areas and from virtually all neuro-
logical disorders. The utility of this approach can in the future be further expanded, through 
acquisition of brain tissue from trauma or euthanasia cases. With further characterization of 
several vital electrophysiological measures, this approach can provide a great leap forward into 
our understanding of human brain physiology both in health and disease, by affording access to 
any brain region, neuronal disease, and importantly also to healthy controls.

Conclusion
The work described in this thesis provides the first evidence for inhibitory communication defi-
cits in the prefrontal cortex of the mouse model for the Fragile X Syndrome. Furthermore, these 
changes occur during epochs of postnatal prefrontal cortex development, thereby jeopardiz-
ing typical neurocircuit maturation while also providing a window for therapeutic intervention 
that could have substantial beneficial impact. Assessment of executive functioning in the FXS 
mouse model did not reveal deficits in sustained attention during early adulthood. However, 
novelty induced hyperactivity and perseveration were observed that normalised upon familiari-
sation, indicative of possible benefits of cognitive behavioural therapy in FXS. The first data for 
the effect that FXS pharmacology has on human pyramidal and interneuron cells are described 
in this thesis. These data mirror observations in rodents, and aim to enhance our understanding 
of human physiology in health and disease. Finally, this is the first time that whole-cell record-
ings from human post-mortem tissue have been described. This opens the possibility of a tre-
mendous leap forward in fundamental and translational research through electrophysiological 
studies from virtually any brain region and disease.
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The crisis, is a crisis in consciousness, a crisis that can not anymore accept the old norms, 
the old patterns, the ancient traditions. And, considering what the world is now with all their 
misery, conflict, distractive brutality, aggression and so on, man is still as he was. He is still 
brutal, violent, aggressive, acquisitive, competitive, and he has built a society along these 

lines…

For the complete mutation in consciousness to take place, you must deny analysis and search, 
and no longer be under any influence, which is immensely difficult. The mind, seeing what is 
false, has put the false aside completely not knowing what is true. If you already know what 
is true, then you are merely exchanging what you consider is false for what you imagine is 

true. There is no renunciation if you know what you are going to get in return. There is only 
renunciation when you drop something not knowing what is going to happen. That state of 

negation is completely necessary. Please follow this carefully, because if you have gone so far 
you will see that in that state of negation you discover what is true; because, negation is the 

emptying of consciousness of the known. After all, consciousness is based on knowledge, on 
experience, on racial inheritance, on memory, on the things one has experienced. Experiences 
are always of the past, operating on the present, being modified by the present and continuing 

into the future. All that, is consciousness, the vast storehouse of centuries. 
It has its usefulness in mechanical living only. It would be absurd to deny all the scientific 

knowledge acquired through the long past. But to bring about a mutation in consciousness, a 
revolution in this whole structure, there must be complete emptiness. And that emptiness is 

possible only when there is the discovery, the actual seeing of what is false. Then you will see, 
if you have gone so far, that emptiness itself brings about a complete revolution in conscious-

ness: it has taken place…

You know, if we understand one question rightly, all questions are answered.
But we don't know how to ask the right question. To ask the right question demands a great 
deal of intelligence and sensitivity. Here is a question, a fundamental question: is life a tor-
ture? It is, as it is; and man has lived in this torture centuries upon centuries, from ancient 

history to the present day, in agony, in despair, in sorrow; and he doesn't find a way out of it.
Therefore, he invents gods, churches, all the rituals, and all that nonsense, or he escapes in 

different ways. What we are trying to do, during all these discussions and talks here, is to see 
if we cannot radically bring about a transformation of the mind, not accept things as they are, 

nor revolt against them. Revolt doesn't answer a thing. You must understand it, go into it, 
examine it, give your heart and your mind, with everything that you have, to find out a way of 
living differently. That depends on you, and not on someone else, because in this there is no 

teacher, no pupil; there is no leader; there is no guru; there is no Master, no Saviour. You your-
self are the teacher and the pupil; you are the Master; you are the guru; you are the leader; you 

are everything. And, to understand is to transform what is…

- Jidu Krishnamurti
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it will all make sense tomorrow…
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