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General Introduction
J Dawitz1

1. Department of Integrative Neurophysiology, Center for Neurogenomics & Cognitive Research, Neuroscience 

Campus Amsterdam, VU University Amsterdam, De Boelelaan 1085, 1081 HV, Amsterdam, The Netherlands.

Parts of this introduction (see footnotes) have previously been published in Trends in Neu‑
rosciences (Meredith et al., 2012). The introductions of chapter 3 and 6 are based on the 
following text.
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General Introduction
Networks for cognition have to be precisely fine-tuned during development in order to 
achieve the specific output pattern characteristic and indispensible for their tasks. Different 
stages of development and fine-tuning happen during specific time frames that are coined 
‘sensitive time-windows’. During these time-windows a particular system may be vulner-
able for impairment e.g. caused by genetic disorders or environmental factors. Investigating 
sensitive time-windows in neurotypic mice and unraveling the underlying mechanisms will 
aid understanding aberrant development in neurodevelopmental disorders and potentially 
result in finding new time frames and targets for treatment. Therefore, this thesis focuses 
on the time-course of activity dependent development of the medial entorhinal cortex in 
neurotypic mice, the underlying mechanisms and the aberrant activity in fragile X mental 
retardation 1 knock-out (Fmr1-KO) mice, a mouse model for the neurodevelopmental disor-
der fragile X syndrome. Hence, I will introduce the medial temporal lobe system for orien-
tation and memory here with a focus on the medial entorhinal cortex network with its grid 
cells. I will summarize current knowledge about the development of this system and argue 
why investigating spontaneous network activity in medial entorhinal cortex is beneficial for 
the investigation of sensitive time-windows. Fragile X syndrome, the neurodevelopmental 
disorder I investigated in my thesis work, will be introduced and its link with metabotropic 
glutamate receptor signaling discussed. Finally, I will argue why we need to understand 
metabotropic glutamatergic signaling in humans to investigate potential therapeutic treat-
ments for fragile X syndrome.

Brief history of the discovery  
of the medial temporal lobe space system
In 1873, when Charles Darwin hypothesized that “some part of the brain is specialized for 
the function of direction” he could not have anticipated that the first – and until now only – 
higher order brain system that is described in great detail would be the ‘space system’ seated 
in the hippocampal formation. 75 years later, when Tolman proposed the theory of a cogni-
tive map of the environment in rodents based on behavioral experiments (Tolman, 1948), the 
responsible brain structures would remain unknown for more than two additional decades. 
Only in 1971, with the description of the so called ‘place cells’ that are specifically active 
when an animal moves through a defined place in an environment, the first cellular correlate 
of a cognitive map was found in the CA1 field of the hippocampus (O’Keefe, 1976; O’Keefe 
and Dostrovsky, 1971). Accompanying these early recordings it was hypothesized that the 
hippocampus intrinsically calculates changes in position and direction in space (O’Keefe, 
1976) akin to Tolman’s cognitive map. Further research revealed that hippocampal place 
cells completely alter their firing pattern under certain conditions upon relatively small 



11General Introduction

1
environmental changes, a phenomenon coined ‘global remapping’ (Bostock et al., 1991; 
Colgin et al., 2008; Markus et al., 1995; Muller and Kubie, 1987). Remapping would, if place 
cell firing fields were computed locally in the hippocampus, require an enormous amount 
of computational power that is unlikely to exist within the hippocampus (Sharp, 1999;  
Touretzky and Redish, 1996). Therefore, the existence of hippocampal remapping suggested 
that the ‘metrics of the spatial map’ (Moser and Moser, 2008) must be located elsewhere and 
the quest for neurons measuring changes in direction and position began.

Head direction cells, initially described in detail in postsubiculum (Taube et al., 1990) and 
later in many other structures (a.o.: Sargolini et al., 2006 – medial entorhinal cortex; Taube, 
1995 – anterior thalamic nuclei; Chen et al., 1994 – posterior cortex; see Taube, 2007 for 
a review) are selectively active when an animal moves towards a certain direction. Their 
directional output provides part of the information necessary to compute hippocampal place 
cell firing. However, for correct orientation in space, not only information about the di-
rection of movement is necessary, but a system that can compute the position in space in 
absence of external cues, a so called path integration system (Etienne and Jeffery, 2004; 
McNaughton et al., 1996; Moser and Moser, 2008). The entorhinal cortex was proposed as 
a candidate brain area to host this system, due to its anatomical position only one synapse 
up- and downstream of the hippocampus proper (Touretzky and Redish, 1996). Surpris-
ingly, initial recordings revealed only weak spatial modulation of entorhinal neurons (Frank 
et al., 2000; Quirk et al., 1992). Making use of the knowledge that the well defined place 
cells in the dorsal hippocampus are anatomically connected with the more dorsolateral band 
of entorhinal cortex – rather than with the intermediate band of medial entorhinal cortex 
recorded from in previous studies – grid cells were discovered in 2004 (Fyhn et al.). During 
the following decade, the knowledge about medial entorhinal cortex grid cell properties and 
the mechanisms underlying grid cell firing grew tremendously and additional classes of 
spatially modulated neurons were discovered in medial entorhinal cortex and other medial 
temporal lobe areas. During this period, grid cell properties have not only been described in 
detail using single unit recordings in rodents but have been measured in vivo during whole 
cell recordings in behaving animals (Schmidt-Hieber and Hausser, 2013) and grid like activ-
ity has been shown to exist in humans (Jacobs et al., 2013).

Medial entorhinal cortex provides the ‘metric for space’
The most abundant spatially modulated cell type in medial entorhinal cortex is the grid cell. 
Their regular firing pattern on the intersections of a hexagonal grid coined their name (Fyhn 
et al., 2004; Hafting et al., 2005). They are most commonly found in layer II but neurons 
with similar gridness-measures exist in all principal layers of medial entorhinal cortex. 
Head direction cells encoding directionality are commonly found in layers III and VI but 
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not in layer II. Most spatially modulated neurons in layers III-VI of medial entorhinal cortex 
are however so called conjunctive cells possessing both significant gridness and directional 
tuning (Sargolini et al., 2006). Finally, within medial entorhinal cortex a small number of 
spatially modulated neurons has been found that only fire in the proximity of walls in the 
environment, so called border cells (Solstad et al., 2008). 

Extensive knowledge of grid cell properties and function has been acquired. Nearby grid 
cells have similar spacing, firing field sizes and orientation. These properties are organized 
in a topographical fashion with their firing fields spacing increasing in size along the dorsal 
to the ventral side and are independent of the environment. In contrast, phases of neighbor-
ing grid cells are shifted and show no topographic organization (Brun et al., 2008; Hafting 
et al., 2005; Sargolini et al., 2006). Intrinsic grid cell properties and the relation of grid 
cells with each other remain stable in different environments and in the absence or after 
degradation of external landmarks (Fyhn et al., 2007; Hafting et al., 2005) in strong con-
trast to hippocampal place cells where already subtle changes in environments can cause 
global remapping (Bostock et al., 1991; Colgin et al., 2008; Markus et al., 1995; Muller and 
Kubie, 1987). These findings elicited the hypothesis that grid cells provide the measure of 
egocentric position by the means of path-integration that is hypothesized to be essential for 
orientation (Moser and Moser, 2008; Sargolini et al., 2006; Wills et al., 2012). It has been 
shown that different grid cells code for different spots on the cognitive map, covering all 
possible places. Indeed, there are only 8-10 grid cells needed to encode a specific trajec-
tory in a 1 by 1 m environment (Fyhn et al., 2004; Hafting et al., 2005; Moser and Moser, 
2008). Interestingly, grid cell firing patterns can be anchored to external cues – working as 
a path integrator reference relative to a known place/cue allowing integration of allocentric 
information and external landmarks (Hafting et al., 2005). This grid cell anchoring is most 
likely performed by border cells (Solstad et al., 2008). To better understand the micro- and 
macrocircuitry underlying grid cell function extensive research on the cellular correlates for 
grid cells as well as the intrinsic and extrinsic connectivity of medial entorhinal cortex were 
performed as discussed in the following sections.

Anatomy of the medial entorhinal cortex  
and stellate cells – Cellular correlates of grid cells
The medial entorhinal cortex is extensively interconnected with many other regions of the 
medial temporal lobe system for spatial orientation (for detailed review and original connec-
tivity references, see van Strien et al., 2009; Figure 1.1A for most relevant connections). In 
this complex network, the best described circuit is the entorhinal-hippocampal circuit. Su-
perficial layers of the entorhinal cortex project via the perforant pathway to the dentate gy-
rus and all other fields of the hippocampus. From dentate gyrus, information is relayed via   



13General Introduction

1

Figure 1.1: Anatomical organization of the main in- and outputs of medial entorhinal cortex 
(MEC) and the proposed connectivity within MEC. (A) Simplified diagram of main MEC connec-
tions and major spatially modulated cell types (orange). Information from the superficial MEC layers is 
sent via the perforant path to dentate gyrus (DG) and to a lesser extent all other hippocampal subfields 
(gray arrows). From DG information is transmitted to CA3 and CA1 via the mossy fibers and Schaffer 
collaterals respectively. Information is relayed back into the deep layers (LV/VI) of MEC directly via CA1 
or via the subiculum. The predominant spatially modulated cell types in the hippocampal subfields are 
place cells (place). MEC receives head direction (HD) input from a.o. presubiculum. In MEC, layer II pos-
sesses only grid cells (grid) while layer III and deep layers are dominated by HD and conjunctive cells 
(conj). Many more connections and more spatially modulated celltypes are found in a complete over-
view (see van Strien et al., 2009 for review). (B) Overview of neuronal connectivity within MEC. Most 
functional connections have not been directly measured (blue, thickness indicates relative strength). 
Both superficial pyramidal neurons (green, triangle shaped) and stellate cells (green, round cell body) 
receive relatively more excitatory input from superficial than deep layers, although stellate cells have a 
higher ratio of superficial to deep inputs than pyramidals. The excitatory superficial input is proposed to 
arise from the pyramidal neurons (Beed et al., 2010). Stellate cells have been shown to be recurrently 
connected by fast-spiking interneurons (red, Couey et al., 2013).
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the mossy fibers to the CA3 field and further towards CA1 via the Schaffer collaterals. Fi-
nally, activity is projected back into the deep layers of medial entorhinal cortex from CA1 
directly or via the subiculum. Via this network place cell information is fed into the entorhi-
nal cortex and updated by entorhinal output (Figure 1.1A). Additionally, it has been shown 
that strong connections exist between medial entorhinal cortex and presubiculum, where 
many head direction cells are located (Taube et al., 1990), as well as between the entorhinal 
cortices. Therefore, due to its position in the medial temporal lobe system connected with 
so many different structures, the medial entorhinal cortex can act as a functional hub. It 
can integrate different directional and positional information intrinsically and update this 
information in other areas based on its path-integration abilities.

Within the medial entorhinal cortex incoming information has to be processed in a precise 
way to produce the patterned and orientation dependent firing fields of grid cells. Finely 
tuned local networks and specific internal properties of the underlying neurons are key 
to achieve the distinguished firing pattern and the topographical organization of grid cell 
properties reviewed above. Most grid cells are found in superficial layers of medial ento-
rhinal cortex (Sargolini et al., 2006). Therefore, it is obvious to suspect that stellate cells, 
the most abundant principle cell type in layer II, probably together with the less common 
pyramidal neurons (Alonso and Klink, 1993), are the cellular substrate for grid cell firing. 
Little is known about their microcircuitries and what is know is mainly derived from ana-
tomical studies (Figure 1.1B, Binicewicz et al., 2015; van Strien et al., 2009). However, dis-
section of their microcircuitry revealed that excitatory inputs of pyramidal and stellate cells 
in layer II of medial entorhinal cortex are cell type specific. Layer II pyramidal neurons and 
stellate cells both receive most of their input from superficial rather than from deep layers. 
However, comparing between cell types, stellate cells receive more excitatory input from 
superficial layers than pyramidal neurons, while pyramidal neurons receive more excitatory 
input from deep neurons than stellate cells (Beed et al., 2010). These findings strengthened 
mathematical models of the attractor dynamics class that are used to explain generation of 
grid cell firing based on precise connections between grid cells. The postulated connections 
were proposed to be inhibitory and excitatory (Burak and Fiete, 2009; Fuhs and Touretzky, 
2006; McNaughton et al., 2006). Recent research however revealed that virtually no direct 
connectivity exists between stellate cells but that adult rodents possess a dense recurrent 
inhibitory network. This simple network of recurrent inhibition between stellate cells and 
fast spiking interneurons is sufficient to explain generation of grid cell firing patterns using 
a dynamic attractor model (Couey et al., 2013; Pastoll et al., 2013). The extensive excitatory 
input from superficial layers to stellate cells was hypothesized to arise from pyramidal 
neurons that in turn receive a comparatively strong input from deep layers probably feeding 
information from the hippocampus to the stellate cells (Beed et al., 2010). Anatomically, 
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layer II stellate cells are organized in big and small patches. The large patches are located 
at the dorsal medial border extending in all layers and the small patches are restricted to 
layer II. From these small patches stellate cells with grid like firing patterns send centrifugal 
axons to big patches while having their local axonal tree largely defined to their small patch 
(Burgalossi et al., 2011).

Interestingly, the topographical organization of grid cells, with their increased grid cell 
firing field distance along the dorsoventral axis, is accompanied by an increase in small 
patch diameter along the same axis accompanied by a decrease in cell size and myelination 
(Burgalossi et al., 2011). However, there are more properties of stellate cells that poten-
tially mediate the topographical distribution. Research has shown that grid cells depend 
on potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel 1 (Hcn1) 
channels that mediate the inward rectifying current Ih for their spatial scaling (Giocomo 
et al., 2011). Interestingly, a gradient of time constants of the Ih currents has been found 
along the dorsal ventral axis of medial entorhinal cortex (Giocomo and Hasselmo, 2008) 
along with a flattening of the resonance frequency gradient upon Hcn1-knockout (Giocomo 
and Hasselmo, 2009). However, the topographic distribution of grid scale is still present in 
grid cells recorded in Hcn1-KO mice though the scale is expanded (Giocomo et al., 2011). 
Finally, systematic changes of electrophysiological parameters (a.o. resonance frequencies, 
sag ratio, depolarizing after potential) along the dorsoventral axis were reported (Canto and 
Witter, 2012). All these factors may play a part in generating the topographically organized 
grid cell output.

Development of medial entorhinal cortex and grid cells
In contrast to the extensive amount of data published about the circuitry and mechanisms 
underlying grid cell firing and the medial temporal lobe space system, surprisingly little is 
known about the development of the circuitries underlying spatially modulated cells and 
specifically grid cells in the medial entorhinal cortex. Behavioral experiments have shown 
that rodents can learn navigational and orientation tasks at very young ages, almost imme-
diately after eye-opening, but that their strategy and thus most likely the underlying brain 
systems mature in a gradual process until at least six weeks of age (Ainge and Langston, 
2012; Schenk, 1985). And indeed, in vivo recordings in preweanling pups just after eye-
opening reveal that in rodents, rudimentary grid cells appear as early as the beginning of 
the third postnatal week during the first exploratory behaviors (Langston et al., 2010; Wills 
et al., 2012; Wills et al., 2010). At this age, grid cells appear abruptly, however the regularity 
of the firing patterns improves with development and the number of neurons classified as 
grid cells by conventional criteria increases until it reaches fully mature levels around four 
to five weeks of age (Langston et al., 2010; Wills et al., 2012). In contrast, head direction 
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cells are adult like in number and spatial specificity from postnatal day 15 (P15) onwards, 
whereas place cells with adult like properties exist from at least P17 onwards, but their num-
ber increases during development until reaching adult like levels after four to five weeks 
(Langston et al., 2010; Wills et al., 2012; Wills et al., 2010).

The appearance and maturation of grid cell firing is accompanied by the emergence of 
the recurrent inhibitory microcircuitry in layer II of the medial entorhinal cortex reported 
before. Furthermore, the sparse and weak excitatory connections seen earlier during de-
velopment vanish completely during the maturation of grid cell firing (Couey et al., 2013). 
Though, it is not only connectivity that changes around this age. Subthreshold membrane 
oscillations in the theta range known to be essential for the coding of space, appear between 
P14 and P18 in stellate cells in an adult fashion (Burton et al., 2008). These changes in lo-
cal circuitry and intrinsic properties are potentially experience or sensory input dependent 
since they take place after eye-opening.

The finding of clearly patterned grid cell output during the first exploratory behavior of 
a pup’s life, prior to these circuitry changes and just after eye-opening, led us to the hy-
pothesis that the medial entorhinal cortex network must be prewired for rudimentary grid 
cell firing in the absence of external stimuli and experience just before eye opening. Sup-
porting this hypothesis, computational models predicted “that larger-scale, topographically 
organized grids of activity might be a feature of immature cortex during early postnatal 
development (approximately 1-2 weeks). […] S(s)uch an early developmental phenomenon 
could guide the development of multiple modules in the MEC [medial entorhinal cortex] 
[…]. Such modules would form the basis for grid cell behavior in the adult…” (McNaughton 
et al., 2006). In layer III of medial entorhinal cortex spontaneous activity has been observed 
during development (Sheroziya et al., 2009). The spatial extent of active clusters in all layers 
of medial entorhinal cortex as well as the origin of activity and underlying synaptic mecha-
nisms remain to be determined in detail. Therefore, in chapter 4 we set out to describe the 
developmental profile of superficial medial entorhinal cortex activity. We answer the ques-
tion what the underlying driving and modulating synaptic and non-synaptic mechanisms are 
and test the hypothesis that the hippocampus drives spontaneous network activity in medial 
entorhinal cortex. Finally, we evaluate potential other sources of this activity within medial 
entorhinal cortex.

The role of spontaneous network activity during development
When the brain receives the first external inputs it is already prewired for the first process-
ing to occur. Wiring of the brain with its highly specialized and finely tuned networks is 
regulated by a series of developmental programs that can be roughly categorized as prolif-
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eration, migration, genetically programmed axon guidance & dendritic growth, and activ-
ity dependent wiring. Activity dependent wiring can be subdivided into 1) activity that 
is generated within the circuit without external input and 2) activity that is generated by 
experience, i.e. external inputs. The former is of critical interest: For the first time in its 
development each neuron can be tuned based on its place in the network, its electrophysi-
ological connections and the activity of its neighbors rather than only based on assessment 
of its own internal state. During this time period, the network becomes pre-wired for future 
external input (Colonnese et al., 2010). Spontaneous synchronized network activity has been 
described in multiple developing neuronal circuits, amongst others in the visual system (see 
Kirkby et al., 2013 for review), the neocortex (Khazipov and Luhmann, 2006 for review), 
the hippocampus (Ben-Ari et al., 1989; Garaschuk et al., 1998), the spinal cord (Landmesser 
and O’Donovan, 1984) and the cerebellum (Watt et al., 2009). Its existence has been con-
firmed in vivo in many areas (neocortex: e.g. Yang et al., 2009; visual cortex: e.g. Siegel 
et al., 2012) and it has been observed in different model animals (a.o.: chicken – spinal cord: 
Hanson et al., 2008; rat – neocortex: Garaschuk et al., 2000; mice – visual: Siegel et al., 
2012) and in humans (Dreyfus-Brisac and Larroche, 1971; Khazipov and Luhmann, 2006). 

Reviewing these highly regulated and energetically demanding periods of spontaneous net-
work activity raises the question regarding the function of synchronized activity in de-
veloping circuits. Perhaps the best described system known to exhibit waves of correlated 
bursting activity during development is the visual system of rodents. Activity is generated 
in the retina and propagates via the thalamic lateral geniculate nucleus (LGN, Weliky and 
Katz, 1999) and superior colliculus (SC, Ackman et al., 2012) into the primary visual cor-
tex (Hanganu et al., 2006). It lasts from embryonic day (E) 17 up to eye-opening when it 
briefly coexists with sensory input. Investigation of the activity pattern and the underlying 
synaptic mechanisms reveal three distinct types of the so called retinal waves, all driven 
by different propagation systems and possessing characteristic kinetics (Figure 1.2). First, 
from E17 until just after birth, waves of activity, occurring every 30 s on average, travel over 
spatially defined regions of the ganglion cell layer in the retina mediated by gap junctions. 
This activity is replaced from P1 until P10 by waves of synchronized cholinergic activity 
that spreads over large parts of the ganglion cell layer occurring every 1 to 2 minutes. Fi-
nally, until eye-opening glutamatergic waves propagate over the ganglion cell layer with a 
frequency of 1 per minute. Cholinergic activity has been confirmed in vivo (Hanganu et al., 
2006; McLaughlin et al., 2003). It has been shown that in β2-KO mice lacking the essential 
subunit for the most abundant nicotinic acetylcholine receptor, the cholinergic waves in the 
retina are disrupted (Bansal et al., 2000). While the firing frequency of individual neurons 
remains roughly comparable to wildtype mice, the bursting action and the synchrony of 
activity are lost. The lack of correlated activity of retinal ganglion cells leads to failure to 
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diminish off target axons and to increase aborization of target axons of these neurons in 
the superior colliculus, the main midbrain target of retinal ganglion cells. The topographic 
map of the superior colliculus fails to develop properly (McLaughlin et al., 2003). However, 
retinotopy is not the only process described to be shaped by spontaneous network activity. 
Processes found to be regulated by this kind of activity include neuronal migration (e.g. Ko-
muro and Rakic, 1993; De Marco Garcia et al., 2011; Hanson and Landmesser, 2004), axonal 
outgrowth (e.g. Catalano and Shatz, 1998; Hanson and Landmesser, 2004), synaptic pruning 
(e.g. Shatz and Stryker, 1988), apoptosis (e.g. Svoboda et al., 2001) and the maturation of ion 
channel composition (e.g. Desarmenien and Spitzer, 1991).

As described for the visual system, spontaneous network activity often occurs during se-
quential time-windows with characteristic kinetics and different sources of activity. Most 
commonly, activity is due to gap junctions, nicotinic acetylcholine receptors, depolariz-
ing γ-Aminobutyric acid (GABA) and ionotropic glutamate receptors or a combination (see 
Blankenship and Feller 2010 for review). The question arises how those waves of activity 
convey information and how they influence development. Again, the best described exam-
ple is in the visual system. Here, the hypothesis was proposed that information about neigh-
boring cells that is essential to form topographic maps, is conveyed via the spatial structure 
of activity while the segregation of layers is based on the temporal independence of activ-
ity in both eyes (Kirkby et al., 2013; Figure 1.2). And indeed, spatially limited cholinergic 
waves in a β2-KO that are restricted to the ganglion cell layer in the retina allow for correct 
topographic map formation while laminar segregation is disturbed (Xu et al., 2011). In line 
with this, artificial asynchronous activation of about 20 % of the retinal ganglion cells in 
the β2-KO mouse with the aid of optogenetics lead to a rescue of the ocular segregation 
phenotype (Zhang et al., 2012). Of course there are multiple other possible mechanisms how 
spontaneous bursts of network activity can influence development of a network, one of them 
being the induction of transcription of specific genes via calcium influx during specific 
time periods. The extensive role of spontaneous network activity in fine-tuning neuronal 
networks during development lead us to suggest a role for it in explaining the origin of phe-
notypic deficits in neuronal circuits characteristic for neurodevelopmental disorders (NDD).

A potential role of spontaneous  
network activity in neurodevelopmental disorders
“Clinically, the onset and progression of NDDs with intellectual disabilities and autism 
phenotypes can be striking. In their emergence during early childhood, NDDs are often 
characterized by a series of missed developmental milestones, regression of speech and mo-
tor function, and impaired social interactions (Geschwind and Levitt, 2007; Kau et al., 
2002). Using genetic mouse and fly models for specific NDDs, many cellular and synaptic 
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Figure 1.2: Spontaneous network activity during the development of the visual system. Three 
different periods of spontaneous network activity with distinct underlying mechanisms and kinetics have 
been described in the retina (top). At embryonic day 17 (E17) waves of activity mediated by gap junc-
tions appear every 30 s. At postnatal day 1 (P1) cholinergic bursts of activity (nACh, individual spikes 
represented by vertical lines) from the retina travel every 1 to 2 minutes through the visual system. The 
spatio-temporal structure of those waves within one eye ensures topographic mapping in the superior 
colliculus (SC) and diminishes overlap of neighboring axonal trees (bottom). The independent timing of 
inputs from the right (light blue) and left (dark blue) retina to the lateral geniculate nucleus (LGN) aid eye-
specific segregation in this area (right middle). Finally, at P11 cholinergic waves are replaced by waves 
of activity mediated by ionotropic Glutamate receptors (iGlu) that occur once per minute. (References: 
Kirkby et al., 2013; Blankenship & Feller, 2010; McLaughlin et al., 2003)

alterations in the mature brain have been uncovered that address mechanisms underlying 
symptomatic stages for specific disorders. However, it is not clear which changes occur 
presymptomatically or what triggers are responsible for the onset of behavioral and cog-
nitive impairments.”1 Lately, more and more data suggest the existence of developmental 
checkpoints that, if not met, prevent further development (Ben-Ari and Spitzer, 2010) or the 
milder interpretation that we propose, the existence of sensitive time-windows that are a 
“restricted period […] during which the synaptic phenotype is vulnerable to impairment”1. 
Misregulation of processes during these time-windows causes cellular and network distur-
bances that later give rise to the behavioral symptoms which characterize a neurodevelop-
mental disorder. Given the implication of spontaneous network activity in many develop-
mental processes, it is likely that the occurrence of spontaneous network activity represents 
such a sensitive time-window. However, until now, in mouse models for neurodevelopmen-

1 from Meredith, R.M., Dawitz, J., and Kramvis, I. (2012). Sensitive time‑windows for susceptibility in  
 neurodevelopmental disorders. Trends in neurosciences 35, 335-344.
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tal disorders mechanisms underlying (disturbed) spontaneous network activity has not been 
extensively investigated.

“Identification of sensitive time-windows where synaptic phenotypes are dysregulated in 
monogenic NDDs reveals a key role for specific genes at particular neurocircuit develop-
mental stages. Given the aberrant developmental expression patterns of many genes in neu-
rodevelopmental and autism disorders (Voineagu et al., 2011), there are likely to be addition-
al defects in neurocircuit formation that have yet to be determined. The regional localization 
of proteins including fragile X mental retardation protein (FMRP) and methyl CpG binding 
protein 2 (MeCP2) and their temporal developmental expression patterns may give clues 
as to why different brain regions are affected more strongly in some disorders than others. 
Should the misregulated NDD gene be the sole regulator in a synaptic protein network it is 
likely that brain deficits would be so great as to be embryonically lethal. However, in many 
disorders, the transient nature of some impairments indicate that building synaptic networks 
is by no means a rigid process and that compensatory pathways that regulate and rescue 
synapse maturation are activated, albeit with a delay. This delay may have consequences 
for critical periods of successively developing connected synaptic circuits. If developmental 
checkpoints are featured in normal brain development (Ben-Ari and Spitzer, 2010), delays 
in synapse maturation in NDDs may serve as a ‘biomarker’ [electrical signature] for the 
underlying disorder that will ultimately result in aberrations in neural circuits and cogni-
tive dysfunction.”2 We hypothesized that the developmental time-course of spontaneous 
network activity in the medial entorhinal cortex is disturbed in a mouse model for fragile X 
syndrome. Therefore, in chapter 5 we test this hypothesis and  set out to describe such an 
electrical signature for fragile X syndrome.

Fragile X syndrome – a neurodevelopmental disorder
In 1943 Martin and Bell first formally described a family with the X-linked mental disability 
that should later be coined fragile X syndrome. Interestingly, they observed that the syn-
drome was passed on by two healthy brothers and hypothesized that “some controlling factor 
caused suppression of the disease in them”. More than 25 years later a structural abnormality 
was found in the karyogram, specifically in the X chromosome of patients with this disor-
der that was coined a ‘marker X chromosome’ (Lubs, 1969). Finally, in 1991 this structural 
abnormality of the X chromosome could be explained by the finding of an elongated CGG 
repeat in patients with fragile X syndrome (Verkerk et al.). The expansion of this repeat over 
the generations due to meiotic instability also explained why fragile X syndrome appeared 
from the two symptomatically healthy brothers in the original study (Martin and Bell, 1943).

2 from Meredith, R.M., Dawitz, J., and Kramvis, I. (2012). Sensitive time‑windows for susceptibility in  
 neurodevelopmental disorders. Trends in neurosciences 35, 335-344.
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In detail, it has been found that if the number of the CGG repeats exceeds 200, epigenetic 
silencing of the FMR1-gene takes place, prohibiting transcription (Verkerk et al., 1991) and 
resulting in a lack of FMR1-RNA and FMRP, the protein FMR1 codes for. Healthy individu-
als possess less than 44 repeats while the so called premutation carriers have between 55 and 
200 repeats. Alleles of these carriers are unstable during meiosis leading to a high risk of ex-
ceeding 200 repeats in the next generation (Nolin et al., 2003). Possession of the premutation 
leads to increased transcription but a decreased protein level, manifesting in patients in the 
very distinct symptoms of the fragile X associated tremor ataxia syndrome (FXTAS) and/or 
premature ovarian failure that will not be discussed here (Hagerman and Hagerman, 2004).

In humans, fragile X syndrome is usually suspected in children that miss several devel-
opmental milestones after being free of conspicuous symptoms at birth. Final diagnosis 
is made genetically and occurs with a prevalence ranging from 1:4000 to 1:9000 in males 
(reviewed in Crawford et al., 2001). Patients with fragile X syndrome show a very variable 
clinical phenotype but due to the X-linked nature of fragile X syndrome females are in 
general less affected than males. Symptoms include intellectual disability, socio-behavioral 
shortcomings and physical abnormalities including narrow and elongated faces, large ears 
and macroorchidism (Garber et al., 2008). In males with a full mutation the average IQ is 40 
(Merenstein et al., 1996) while in females the IQ appears to be low but in the normal range 
or borderline normal (de Vries et al., 1997). In the emotional domain, variability is particu-
larly high. Autism and autistic like features are well described in individuals with fragile X 
syndrome. In total, fragile X syndrome patients represent 5 % of all autism cases diagnosed 
(for review see Budimirovic and Kaufmann, 2011). Additionally, anxiety mood disorders or 
mood lability and depression, as well as hyperactivity, impulsivity and aggressive as well as 
antisocial behavior have been described in various degrees of severity in male and female 
patients (Franke et al., 1998; Freund et al., 1993; Tsiouris and Brown, 2004). As for many 
neurodevelopmental disorders, an elevated incidence  of seizures (around 14-20 % of males 
and 6 % of females) has been shown to exist (Berry-Kravis et al., 2010; Musumeci et al., 
1999). Interestingly those seizures do not occur at ages younger than 2 to 4 years. Finally, on 
a neuroanatomical level, long, thin and immature spines in different brain areas are shown 
to be a key feature of brains of individuals suffering from fragile X syndrome (Hinton et al., 
1991; Irwin et al., 2001; Rudelli et al., 1985).

Fragile X syndrome is a key neurodevelopmental disorder upon which our hypothesis rests 
that sensitive time-windows exist and critical periods may be misregulated (Meredith et al., 
2012). We propose based on the finding that “a(A)bnormalities  in synaptic phenotypes in 
NDDs are found throughout different brain regions and  are already present during embry-
onic and early postnatal stages (Purpura, 1974)” that sensitive time-windows exist “[…] 
caused by a gene misregulated in a NDD, during which the synaptic phenotype is vulnerable 
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to impairment”.3 “T(t)hey may provide hot-spots for early periods of therapeutic treatment” 
since “i(I)f genes directly misregulated in NDDs play a key role in neurocircuit formation  
and synaptogenesis during early postnatal development, these identified circuits are likely 
to be more susceptible to early pharmaceutical and behavioral therapeutic interventions at 
this age.”3

Mouse model for Fragile X syndrome
Understanding the underlying physiological mechanisms of genetic syndromes as well as 
the search for new drug targets is difficult in humans, therefore a mouse model for fragile X 
syndrome was developed (Dutch-Belgian Fragile X Consorthium et al., 1994). In contrast to 
the human condition the Fmr1 gene is not epigenetically silenced but knocked out, hence the 
name Fmr1-KO mouse. However, the molecular consequence, namely the absence of FMR1/
Fmr1 RNA and FMRP, is the same in both organisms. The mouse model has been shown to 
resemble the human phenotype of machroorchidism and learning deficits in the absence of 
gross changes in multiple other tissues (Dutch-Belgian Fragile X Consorthium et al., 1994). 
Consequently, the mouse model was used to study the physiology of fragile X syndrome on 
many levels. 

One of the early developmental phenotypes discovered in our lab is the transient hypercon-
nectivity and altered recovery of synapses in medial prefrontal cortex from P12-P19 in the 
mouse model for fragile X syndrome (Testa-Silva et al., 2012), suggesting that transient 
network wiring defects exist in the developing Fmr1-KO mouse. As described earlier, net-
work wiring is greatly influenced by spontaneous network activity. Spatial deficits are key 
behavioral phenotypes of the adult Fmr1-KO mouse and in fragile X syndrome patients 
(D’Hooge et al., 1997; Dutch-Belgian Fragile X Consorthium et al., 1994; MacLeod et al., 
2010; Van Dam et al., 2000) and as mentioned above, the medial entorhinal cortex is key for 
spatial orientation. Therefore this region was studied in chapters 4 and 5.

However, the most studied phenotypes in Fmr1-KO mice are the aberrant spines and the 
exaggerated long-term-depression (LTD), which became ultimately united in the ‘metabo-
tropic glutamate receptor (mGluR) theory of fragile X syndrome’ that offered the basis for 
the first human drug trials (Bear et al., 2004). In the following section examples of these 
phenotypes from barrel cortex and hippocampus will be discussed to illustrate the mGluR 
theory.

“Synapse pathology is a prevalent phenotype in NDDs in both juveniles and adults (Ramak-
ers, 2002) and is well-characterized in FXS [fragile X syndrome] patients and in the 

3 from Meredith, R.M., Dawitz, J., and Kramvis, I. (2012). Sensitive time‑windows for susceptibility in  
 neurodevelopmental disorders. Trends in neurosciences 35, 335-344.
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Figure 1.3: Developmentally-regulated time-windows in the Fmr1-KO mouse model. Several mor-
phological and functional impairments in synapse properties are observed in the somatosensory cortex 
and, specifically, the barrel region of the Fmr1-KO model for fragile X syndrome. Many of these func-
tional alterations are transient, occurring only during restricted periods of early postnatal development. 
Another developmentally regulated phenotype is spine morphology in layer 5 pyramidal neurons, where 
the impairment disappears at P28 but reappears in later adulthood around P75. Figure adopted from 
Meredith et al., 2012.

Fmr1-KO mouse (Pfeiffer and Huber, 2007; Portera-Cailliau, 2012). FMRP regulates local 
mRNA translation in response to synaptic metabotropic glutamate receptor 5 (mGluR5) 
stimulation (Bassell and Warren, 2008). Immature spine morphologies and higher protru-
sion densities observed in FXS patients and mice led to the ‘pruning’ hypothesis that FMRP 
refines synapses during normal maturation (Bagni and Greenough, 2005). In Fmr1-KO bar-
rel cortex, spine protrusions are longer in layer 5 pyramidal neurons during postnatal day 
(P)7 and P14 (Nimchinsky et al., 2001; Figure 1.3) […]. Intriguingly, at P28 this phenotype 
disappears, only to return by P73-76 (Galvez and Greenough, 2005). Furthermore, spine sta-
bilization is delayed in Fmr1-KO mouse layer 2-3 pyramidal neurons, although abnormally 
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high spine-turnover is persistent from 2 wks [weeks] onwards (Cruz-Martin et al., 2010; 
Pan et al., 2010)”.4 Spine abnormalities are not limited to barrel cortex but have also been 
observed in visual cortex (Comery et al., 1997; Irwin et al., 2001), in prefrontal cortex (Liu 
et al., 2011; Meredith et al., 2007), in the Purkinje cells of the cerebellum (Koekkoek et al., 
2005) and in hippocampal neuronal cultures (Braun and Segal, 2000; de Vrij et al., 2008).

FMRP acts as a local translation repressor in synapses (Darnell et al., 2011; Li et al., 2001) 
and it is synthesized in dendritic spines in a group I mGluR activity dependent manner 
(Weiler et al., 1997). In the CA1 area of hippocampus, local control of protein synthesis is 
required for mGluR dependent long term depression (Huber et al., 2000; Huber et al., 2001). 
Therefore, synaptic plasticity in the Fmr1-KO mouse was investigated in the hippocampus. 
An exaggerated long term depression (LTD) phenotype was found (Huber et al., 2002) that 
could be explained by FMRP’s role as a negative regulator of protein expression. Aberrant 
synaptic plasticity has later also been observed in thalamus (Figure 1.3; Harlow et al., 2010), 
prefrontal cortex (Meredith et al., 2007), visual cortex (Wilson and Cox, 2007), and hippo-
campus (Huber et al., 2002; Lauterborn et al., 2007).

It has been shown that mGluR activation causes internalization of α-Amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPARs; Snyder et al., 2001). Furthermore, 
the AMPAR content of a synapse correlates with its size (Matsuzaki et al., 2001), therefore 
exaggerated LTD can explain smaller and thinner spine morphology in patients and the 
mouse model. This led to the hypothesis that also the spine phenotype is caused by the 
lack of protein expression control and that the lack of FMRP as a repressor of mGluR in-
duced protein expression can explain many phenotypes of fragile X syndrome (Bear et al., 
2004). This theory, known as the ‘mGluR theory of fragile X mental retardation’, predicted 
inhibition of mGluR activity as a potential therapy. Indeed, in Fmr1-KO mice, multiple 
phenotypes could be rescued with a 50 % knockdown of mGluR5 (Dolen et al., 2007). 
More studies revealed that 2-Methyl-6-(phenylethynyl)pyridine (MPEP) and other mGluR 
antagonists or negative allosteric modulators can rescue several phenotypes in the mouse 
model, amongst others the lack of plasticity in the neocortex (Wilson and Cox, 2007), the 
appearance of audiogenic seizures & disturbed open field behavior (Yan et al., 2005), the 
hippocampal LTD phenotype & seizures also in adult mice (Michalon et al., 2012) and it 
prevented the AMPAR internalization phenotype in a FMRP deficiency cell culture model 
(Nakamoto et al., 2007), sparking the hope that an efficient therapy based on mGluRs for 
human fragile X patients would soon be in reach. Based on this mGluR theory we hypothe-
sized that aberrant spontaneous network activity in the mouse model for fragile X syndrome 
can be rescued using mGluR inverse agonists. We test this hypothesis in chapter 5.

4 from Meredith, R.M., Dawitz, J., and Kramvis, I. (2012). Sensitive time‑windows for susceptibility in  
 neurodevelopmental disorders. Trends in neurosciences 35, 335-344.
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Metabotropic glutamate receptor family
mGluRs belong to the G-protein-coupled receptor (GPCR) family, and upon neurotrans-
mitter activation intracellular cascades lead to the modulation of neuronal activity. To 
date, eight receptor subtypes have been identified, mGluR1-8, that are divided into three 
groups, mGluR I-III, based on sequence homology, ligand sensitivity, and G-protein cou-
pling (sequence homology and ligand sensitivity tables can be found in Conn and Pin, 1997; 
Niswender and Conn, 2010). Unique to group I is the coupling of its two members, mGluR1 
and mGluR5, to the Gq-family heterotrimeric G-protein. Thus, group I mGluR activation 
promotes phospholipase Cβ (PLC) hydrolysis of phosphatidylinositol (PI), generation of 
inositol-1,4,5-triphopshate (IP3) and diacylycerol (DAG), resulting in intracellular Ca2+ re-
lease and protein kinase C (PKC) activation (Abe et al., 1992; Houamed et al., 1991; Masu 
et al., 1991; Niswender and Conn, 2010). Additionally, the mitogen-activated protein kinase/
extracellular receptor kinase (MAP/ERK) and mammalian target of rapamycin (mTOR) 
pathways act as downstream effectors of group I signaling, linking mGluRs with an array 
of fundamental cellular processes (Hou and Klann, 2004; Niswender and Conn, 2010; Page 
et al., 2006).

Four functionally active splice variants for mGluR1, a-d, and two for mGluR5, a-b, further 
diversify group I. Compared to mGluR1a, mGluR1b, c, d variants possess a significantly 
truncated intracellular C-terminus along with short amino acid sequence insertions, caus-
ing reduced agonist sensitivity and attenuated second messenger responses (Hermans and 
Challiss, 2001; Mary et al., 1997; Pickering et al., 1993; Pin et al., 1992). On the other hand, 
the two mGluR5 variants differ only by a 32 amino acid insertion in the intracellular C-
terminus of mGluR5b that does not appear to promote any changes in signaling or agonist 
sensitivity (Hermans and Challiss, 2001; Joly et al., 1995; Minakami et al., 1993). Interest-
ingly, whereas mGluR5a predominates in early life, during adulthood mGluR5b becomes 
the predominantly expressed variant (Minakami et al., 1995; Romano et al., 1996).

Group I mGluR spatio-temporal expression in the brain
Expression of group I receptors is widespread throughout most of the brain including, hippo-
campus, cortex, cerebellum, and basal ganglia, for both mGluR1 (Baude et al., 1994; Petralia 
et al., 1997; Shigemoto et al., 1992), and mGluR5 (Romano et al., 1995; Romano et al., 1996; 
Shigemoto et al., 1993), but their exact spatiotemporal patterns differ. mGluR5 transcript 
and protein can readily be detected as early as E15 in the rat, whereas for mGluR1, minimal 
transcript can be observed at E15 and protein can only be detected starting at P1 (Di Giorgi 
Gerevini et al., 2004; Ryo et al., 1993; Shigemoto et al., 1992). Subsequently, expression 
levels for both subunits in the rodent brain follow opposite trajectories with mGluR5 expres-
sion peaking during early life and thereafter decreasing to adult levels, whereas mGluR1 
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expression is low at birth but steadily increases to then reach adult levels (Catania et al., 
1994; Lopez-Bendito et al., 2002; Minakami et al., 1992; Romano et al., 1996; Ryo et al., 
1993; Scheiwe et al., 2002; Shigemoto et al., 1992). In line with these observations, in the 
developing human cortex, mGluR5 but not mGluR1a immunoreactivity (IR) can be detected 
at 9 gestational weeks (GW), with mGluR1a IR starting at 13 GW and increasing thereafter 
while mGluR5 expression persists (Boer et al., 2010).

Group I receptors are robustly present in the adult rodent hippocampus with mGluR5 ex-
pressing the strongest in all hippocampal fields, while mGluR1 is only absent from most 
CA1 fields (Fotuhi et al., 1994; Shigemoto et al., 1997). Found throughout all hippocampal 
dendritic neuropil layers, mGluR5 is primarily localized postsynaptically on pyramidal and 
granule cell spines and dendritic membranes, with scarce somatic and cytoplasmic expres-
sion (Lujan et al., 1996). In addition to mGluR5, CA3 pyramidal and dentate gyrus granule 
cell spines and dendritic membranes also strongly express the mGluR1b variant, with re-
sidual somatic and cytoplasmic levels (Ferraguti et al., 1998; Lujan et al., 1996). Conversely, 
the mGluR1a variant strongly localizes with non-principal hippocampal cells (Ferraguti 
et al., 1998; Martin et al., 1992; Petralia et al., 1997; Shigemoto et al., 1997), the majority 
of them being somatostatin-positive interneurons (Baude et al., 1994). Remarkably, most of 
these observations are also replicated in human adult hippocampus (Blumcke et al., 2000; 
Blumcke et al., 1996). Interestingly, in rodent neuronal cells group I receptors predominant-
ly localize perisynaptically on asymmetric synapses near but outside the postsynaptic den-
sity, or extrasynaptically with no apparent association to synaptic junctions (Baude et al., 
1994; Lujan et al., 1996; Lujan et al., 1997).

Similar to hippocampus, rodent adult cortical expression of group I receptors favors the 
mGluR5 subtype, while mGluR1 is scattered in its expression (Catania et al., 1994; Lein 
et al., 2007; Minakami et al., 1995). Furthermore, throughout the cortical layers, pyramidal 
cells mainly express mGluR5 localized primarily perisynaptically at asymmetric synapses, 
and to a lesser extent, extrasynaptically (Lopez-Bendito et al., 2002). In contrast, mGluR1a 
is expressed in deeper layer cortical interneurons, mostly at somato-dendritic locations, 
with the majority being somatostatin-, calbindin- and calretinin- but not parvalbumin-posi-
tive (Ferraguti et al., 1998; Lopez-Bendito et al., 2002; Petralia et al., 1997; Stinehelfer et al., 
2000). Although group I receptors are similarly localized in the human cortex (Aronica 
et al., 2003; Geurts et al., 2003; Oka and Takashima, 1999; Ong et al., 1998), their cellular 
and subcellular expression appears more promiscuous and further studies are needed to elu-
cidate their precise distribution (Boer et al., 2010; Muly et al., 2003 in monkey).

Thus, in both rodent cortex and hippocampus, the mGluR5 subtype is predominantly ex-
pressed on pyramidal neurons, perisynaptically on spines and dendrites, whereas mGluR1 
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is mostly localized somatodendritically on interneurons, particularly of the somatostatin-
positive type. These expression patterns are broadly reflected in primate hippocampus and 
cortex although further clarification regarding cell-type specific localization remains nec-
essary. 

Synaptic plasticity mediated by group I mGluR stimulation
Considering group I mGluR localization, substantial presynaptic activity is required to re-
lease enough glutamate to escape the synaptic cleft and stimulate these receptors. Activation 
of group I mGluRs has been extensively investigated and is shown to modulate the activity 
of several Ca2+, K+ and non-selective cationic channels as well as the activity of AMPAR 
and N-Methyl-D-aspartic acid  receptors (NMDARs; reviewed in Anwyl 1999). Local field 
potential and pyramidal whole cell recordings from rodent CA1 pyramidal neurons reveal 
that concurrent activation of mGluR1 and mGluR5 with (S)-3,5-Dihydroxyphenylglycine 
(DHPG) induces LTD of excitatory transmission, distinct from NMDAR-mediated LTD 
(Fitzjohn et al., 1999; Huber et al., 2000; Mannaioni et al., 2001; Palmer et al., 1997). Similar 
DHPG-dependent LTD can also be induced on rodent CA1 interneurons (Le Duigou et al., 
2011). Both group I receptor subtypes contribute to this synaptic depression: In the CA1 
of mGluR5-KO mice, DHPG-induced LTD is completely abolished (Huber et al., 2001), 
whereas in mGluR1-KO mice, DHPG-induced LTD is slightly attenuated (Volk et al., 2006). 
However, antagonism of either receptor subtype in wildtype (WT) mouse hippocampus is 
not sufficient to block DHPG-induced LTD and only simultaneous blockade of both sub-
types can completely abolish DHPG-induced LTD (Bellone et al., 2008; Mannaioni et al., 
2001; Volk et al., 2006). The underlying group I mGluR-LTD mechanism involves AMPAR 
internalization in addition to ERK and/or mTOR mediated local synaptic protein translation 
(Bellone et al., 2008; Hou and Klann, 2004; Huber et al., 2000; Page et al., 2006; Snyder 
et al., 2001; Volk et al., 2006).

Role of group I mGluR in cognitive processing
The early expression onset, brain-wide distribution, and influence upon cell signaling and 
synaptic plasticity implicate group I mGluR function in neurotypic and pathological cogni-
tive processing. mGluR5-KO mice exhibit deficits in contextual memory acquisition and 
spatial memory retrieval, while both mGluR1 and mGluR5-KO mice demonstrate impair-
ments in contextual memory retrieval (Aiba et al., 1994; Lu et al., 1997; Xu et al., 2009). 
Obstructed mGluR-LTD might lead to early learning and memory deficits in Alzheimer’s 
disease, while it could also accelerate drug addiction (Luscher and Huber, 2010). Further-
more, mGluR1- and mGluR5-KO mice exhibit deficits in sensorimotor gating, akin to defi-
cits observed in schizophrenic patients (Brody et al., 2003; Kinney et al., 2003). Group I 
mGluR expression is also significantly altered in several rodent models of epilepsy but also 
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in humans, and could provide putative therapeutic targets (Dietrich et al., 2002; Ngomba 
et al., 2011). Additionally, attenuation of group I mGluR signaling in mice ameliorates sev-
eral pathophysiological manifestations of Parkinson’s disease (Ribeiro et al., 2010). Upregu-
lated mGluR5 expression is also observed in children with autism and patients with Down’s 
syndrome (Fatemi et al., 2011; Oka and Takashima, 1999). However, the strongest evidence 
for impaired cognitive function linked to group I mGluR signaling is described in the patho-
biology of the NDD fragile X syndrome as outlined above (Bear et al., 2004; Meredith et al., 
2012; Zoghbi and Bear, 2012).

On the basis of these preclinical findings, clinical trials were set up to evaluate the efficacy 
of mGluR5-signalling attenuation in alleviating specific cognitive and behavioral pheno-
types of NDDs in adults and young children. Thus far, fragile X syndrome patients treated 
with the mGluR5 negative allosteric modulator fenobam, the mGluR5 selective antagonist 
Mavoglurant (AFQ056) or with the attenuator of PLC signaling lithium demonstrated ini-
tially promising but mixed results (Berry-Kravis, 2014; Berry-Kravis et al., 2008; Jacque-
mont et al., 2014; Jacquemont et al., 2011). However, recently clinical trials from different 
pharmaceutical companies ceased due to lack of significance upon their clinically defined 
endpoints for fragile X syndrome phenotypes (Mullard, 2015; www.clinicaltrials.gov;  
NOVARTIS NCT01348087 for AFQ056 in adults and NCT01433354 for AFQ056 in adoles-
cents; HOFFMAN-LAROCHE NCT01517698 for RO4917523 in adults and adolescents and 
NCT01750957 for RO4917523 in 5-13 year old children). To-date it is not clear why these 
trials failed.

mGluRs in human temporal cortex
Missing sensitive time-windows that then cause cellular aberrations that cannot be fully 
rescued once the window is closed as suggested earlier, could have contributed to the failure 
of clinical trials in adolescents and adults. However, there are two more major gaps in frag-
ile X syndrome literature that might explain the failure of clinical trials. First, there is no 
data available on the physiology of group I mGluRs in human cortex. Second, even though 
major aberrations of the gabaergic system have been observed in Fmr1-KO mice (Curia 
et  al., 2009; D’Hulst et al., 2006; El Idrissi et al., 2005), interneurons have not been included 
into the mGluR theory. Therefore we set out to decrease this translational gap in knowledge 
and investigate in chapter 6 the physiology of group I mGluRs in humans not only on excit-
atory Pyr synapses but also on excitatory synapses on fast-spiking interneurons (FS-INs). 
Understanding of mGluR physiology in the non-syndromic human neocortex is essential to 
understand pathology in fragile X syndrome. We propose that data on group I mGluR physi-
ology in human pyramidal cells and interneurons can refine the working mGluR model for 
fragile X syndrome pathophysiology that until now, is purely based on rodent glutamatergic 
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synapses on principal neurons. This may alter our understanding of how mGluR signaling 
is affected in integrated neuronal circuits containing pyramidal and interneurons in human 
brain of fragile X syndrome patients.

Synopsis
In this thesis we first establish a protocol and analysis scripts (chapters 2 and 3) to investi-
gate spontaneous network activity in developing mice. With the aid of these tools we unravel 
the time course, synaptic mechanism and source of spontaneous network activity in medial 
entorhinal cortex (chapter 4). Then, we investigate the time course of this activity in the 
Fmr1-KO model and study the effect of mGluR manipulation on this system. Finally, for the 
first time we describe mGluR activity in healthy human brain slices as a first step to further 
investigate the possibilities of mGluR antagonist treatment in human fragile X syndrome 
patients. Most experiments included in this thesis were performed using two-photon cal-
cium imaging (described in detail in chapters 2 and 3) and (patch-clamp) electrophysiology, 
both in combination with receptor pharmacology and lesions.

To study spontaneous network activity, first a valid protocol for network imaging and suit-
able analysis tools had to be developed. Therefore, in chapter 2 we formalize a protocol for 
imaging spontaneous network activity in developing brain slices during the first two post-
natal weeks and in chapter 3 we introduce a series of custom made MATLAB (Mathworks) 
scripts to analyze various aspects of this activity.

These tools are used in chapter 4 to determine the developmental time course of spontane-
ous network activity in medial entorhinal cortex during the second postnatal week. In a se-
ries of experiments we determine the underlying synaptic mechanism, the spatial distribu-
tion of activity and we locate the source of the activity. Finally, we describe the development 
of a potential mechanism to end activity that correlates with spontaneous network activity 
termination.

In chapter 5 we test the hypothesis that spontaneous network activity in medial entorhinal 
cortex is dysregulated in a mouse model for fragile X syndrome. Indeed, we find that the 
time-frame of spontaneous network activity in medial entorhinal cortex differs between 
wildtype mice and the mouse model. We show differential effects of mGluR inhibition on 
spontaneous network activity in wildtype and Fmr1-KO mice that are in line with previous 
research in mice, suggesting dysregulation of mGluR signaling as the cause for fragile X 
syndrome.

Recently many clinical trials for fragile X syndrome medication based on mGluRs failed 
during stage II missing their goals on therapeutic efficiency. No satisfying explanation has 
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been proposed as to why those trials failed despite the abundance of evidence in the mouse 
model that inhibiting mGluRs attenuates at least some major phenotypes. Amazingly, lit-
tle research has been done on the physiology of human mGluRs in adults. Therefore in 
chapter 6 we answer the fundamental question: What is the effect of activating mGluRs on 
evoked and spontaneous AMPAR currents on adult superficial temporal lobe pyramidal 
cells and fast‑spiking interneurons? In this chapter mGluR-physiology data from adult hu-
man tissue in both principal cells and interneurons is described for the first time. Increasing 
knowledge of human mGluR physiology can ultimately help to understand failure of clinical 
trials of mGluR inhibitors to cure fragile X syndrome.

Finally, in the general discussion in chapter 7, data from all chapters is integrated and 
reviewed with a focus on developmental time-windows and physiology of mGluRs in the 
mouse model and humans. The implications of our findings for therapy of neurodevelop-
mental disorders are discussed.
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