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Summary
In chapters 2 and 3, we describe a method to quantify neuronal network activity with suf-
ficient temporal resolution to assess the dynamic profiles of suprathreshold activity while 
at the same time maintaining single cell spatial resolution: two-photon calcium imaging. 
With a focus on developing mouse brain slices, a protocol for staining and imaging regions 
of interest is presented. We developed a series of custom made MATLAB (Mathworks) 
scripts to analyze the different aspects of the activity including readout of basic activity 
parameters, a cell-to-cell comparison between conditions and an analysis of the distribution 
of neurons showing different types of activity. Finally, the use of co-staining to identify cell 
types and the usefulness of two-photon calcium imaging to describe activity in human stem 
cell-derived neurons and embryonic mouse tissue is demonstrated. In conclusion, and as 
demonstrated in later chapters of this thesis, two-photon calcium imaging is a useful method 
to quantify and dissect mechanisms underlying cell-specific suprathreshold activity across 
a network of differing neurons in the developing brain.

To empirically test whether developmental time windows are altered in neurodevelopmental 
disorders, it is first necessary to identify and characterize a critical or sensitive time window 
in the neurotypical developing brain. In chapter 4, we investigated the early activity pat-
terns of the medial entorhinal cortex prior to eye-opening and grid cell activity in the rodent. 
We showed that activity peaks around postnatal day (P)10/11 and vanishes at two weeks of 
age. Activity is generated within medial entorhinal cortex and transmitted via ionotropic 
glutamatergic receptors. Interestingly synchronously active neurons are non-randomly dis-
tributed, just as predicted in computational models for grid cell development (McNaughton 
et al., 2006). Finally, a change in γ-Aminobutyric acid (GABA)a signaling was suggested as 
a possible mechanism for ending this potential sensitive time window.

Chapter 5 shows that the time-course of spontaneous network activity in the medial ento-
rhinal cortex is disturbed in a mouse model for fragile X syndrome. While network activity 
in wildtype mice remains unaffected by the blockade of metabotropic glutamate receptor 
(mGluR)5s – the most promising treatment strategy in fragile X syndrome derived from ani-
mal work – activity dynamics in Fmr1-KO mice change. However, this is likely not due to 
premature maturation of the mGluR system at excitatory synapses in Fmr1-KO mice since 
activation of group I mGluRs reliably induced long term depression (LTD) in both, wildtype 
and Fmr1-KO mice. 

Finally, in chapter 6 for the first time the effect of activation and blockade of group I 
mGluRs on human pyramidal and interneurons is described. A major influence of these 
receptors on plasticity and network dynamics in both human neuron subtypes was found. 
Differential effects on interneurons and pyramidal cells support the call for more research 
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on interneurons to achieve an integrative understanding of group I mGluR signaling upon 
networks in adult human brain. 

General Discussion
In order to understand the brain it is imperative to study function and structure at both the 
single neuron and the neuronal network level. Firing of a single neuron can significantly 
influence network activity in a developing network in rodents (Bonifazi et al., 2009) and a 
single neuron can be activated specifically by one celebrity like the famous Jennifer Aniston 
cell found in humans (Quiroga et al., 2005). However, multiple brain regions and numerous 
neurons are involved in decoding the features of Jennifer Aniston before she can be recog-
nized by the named single cell (see Felleman and Van Essen 1991 for review). Similarly, an 
ensemble of neurons is required to encode the chosen path at a T-junction before decision 
making (Johnson and Redish, 2007) and understanding the developmental changes encoded 
by spontaneous network activity cannot be achieved by only looking at those cells that drive 
activity (Watt et al., 2009; Zheng and Poo, 2007). Therefore, studying single cells in isola-
tion instead of within its connectome will not allow us to understand complex developmen-
tal or functional processes. Only analysis on a network level but with single cell resolution 
informs us how an entire local circuit is formed and functions. 

Importance of development in neurodevelopmental disorders
Development of brain circuits occurs within specific times, often referred to as critical pe-
riods. In this thesis the concept of sensitive time windows is introduced. Sensitive time 
windows are periods during development in which a phenotype is particularly sensitive 
to aberrations, for example to the absence of a certain gene but also to environmental in-
fluences or sensory input. This concept offers for the first time a unifying theory of the 
temporal regulation of neuronal network formation during normal development and during 
the emergence of neurodevelopmental disorders. This is in contrast to two theories about 
developmental regulation proposed earlier: Critical periods (Hubel and Wiesel, 1963) and 
developmental checkpoints (Ben-Ari and Spitzer, 2010). While the former limited its scope 
to development driven by sensory input and therefore the development of sensory systems, 
the latter mainly focused on the role of electrical activity and neurotransmitter release in 
modulating genetic programs for development. We broadened these theories by including 
all developmental time points and neuronal systems. In addition, sensitive time windows 
aspire to broaden our understanding of neurodevelopmental disorders by explaining the 
sudden appearance of cellular phenotypes that often precede the behavioral phenotypes in 
patients that elicit testing and diagnosis in young children. However, some of these cellular 
phenotypes have been shown to be transient in animal models (see Table 7.1 for overview 
over transient fragile X syndrome phenotypes in the mouse and the fly model). 
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“The transient appearance of synaptic phenotypes probably reflects changes during crucial 
developmental stages of synaptic network formation. These occur when the system is being 
challenged, as documented in sensory cortex during normal brain maturation (Daw et al.,  
2007; Fox, 2002; Stern et al., 2001)”1. “The existence of impaired transient phenotypes in  

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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NDDs [neurodevelopmental disorders] has implications for our understanding of developing 
brain circuits. Identification of sensitive time-windows where synaptic phenotypes are dys-
regulated in monogenic NDDs reveals a key role for specific genes at particular neurocircuit 
developmental stages. Given the aberrant developmental expression patterns of many genes 
in neurodevelopmental and autism disorders (Voineagu et al., 2011), there are likely to be 
additional defects in neurocircuit formation that have yet to be determined. […] 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”2 (Figure 7.1).

Figure 7.1: Sensitive time-windows, synaptic phenotypes and NDD gene targets. Sensitive time-
windows exist in neural circuits, during which gene targets implicated in NDDs are normally expressed. 
Misregulation of these genes can affect multiple synaptic phenotypes during a restricted developmental 
period. The effect upon synaptic phenotypes is dependent upon the temporal expression of these NDD 
genes and their targets. (A) Expression outside a critical period of development will have no effect upon 
synaptic phenotypes. (B,C) A temporal expression pattern that overlaps with the onset (B) or closure 
(C) of a known critical period can alter the synaptic phenotype during that developmental time-window. 
From Meredith et al., 2012.

Spontaneous network activity as an electrical signature of early postnatal development
It has been proposed that there are electrical signatures that appear very early in life if devel-
opmental checkpoints are missed and that can precede clinical symptoms in neurodevelop-
mental disorders that often only appear later (Ben-Ari and Spitzer, 2010). “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’ for the underlying disorder that 

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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will ultimately result in aberrations in neural circuits and cognitive dysfunction”3. There 
are multiple developmental checkpoints described before birth (e.g. proliferation, migration, 
axon guidance; see Ben-Ari and Spitzer 2010 for review) and the critical periods for sensory 
systems offer several examples later in life, however the early postnatal periods have been 
rarely investigated. Therefore this thesis described the signature and underlying mecha-
nisms of activity in medial entorhinal cortex of mice during the second postnatal week. 

Two-photon calcium imaging to characterize spontaneous network activity
To investigate an electrical signature at the network level we formalized a protocol for stain-
ing and imaging spontaneous network activity using calcium-sensitive indicator dyes as a 
readout. We published a video methods article to maximize replicability of our protocol. To 
examine spontaneous network activity in developing medial entorhinal cortex a technique 
was needed that assured single cell resolution of many individual cells within a network 
while allowing for enough temporal resolution to assess single cell and network dynam-
ics. Two-photon calcium imaging allows the investigator to identify single somata within a 
network, measure their individual activity and at the same time assess their activity relative 
to the network’s activity. The disadvantage of calcium dyes is that they act as calcium buf-
fers and therefore might slow down activity of the network. In chapters 4 and 5, we could 
show that single-cell and field recordings of the same medial entorhinal cortex preparation 
without calcium dyes showed comparable frequencies of activity at the corresponding ages. 
Strictly speaking, calcium influx is only a secondary measure of the electrical fingerprint 
of this sensitive window. Still, the same electrophysiological recordings showed that it is a 
good assessment of the real general electrical behavior of neurons within a network in vivo 
and in vitro. However, if amplitude or temporal dynamics as well as single action potentials 
need to be assessed, single cell electrophysiological recordings if possible in parallel to two 
photon calcium imaging are necessary in order to evaluate single cell dynamics compared 
to the network activity. Finally, our method only detects suprathreshold activity in the soma 
and subthreshold oscillations cannot be detected on a network level. This makes it a suitable 
method for the waves of activity during development but less applicable to the sparser cod-
ing in adult circuits (Barth and Poulet, 2012; Olshausen and Field, 2004). In conclusion, two 
photon calcium imaging proved to be a good method that allows assessment of spontaneous 
developmental network activity with single cell resolution over a prolonged time.

In order to assess single cell behavior within developing neuronal networks, the calcium im-
aging data has to be quantified per cell and compared between cells and between different 
conditions. First, individual regions of interest, e.g. individual neurons have to be detected, 
their corresponding fluorescent traces have to be read out and calcium events to be detected. 

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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After these basic analysis of individual neurons, the network can be analyzed. There are 
several unique features in our approach to analyze this data: First, the regions of interest are 
detected semi-automatically using anatomical 3D information of the imaged preparation. 
This avoids the user bias of thresholding or manual neuron selection and allows for detec-
tion of silent or rarely active neurons that are underestimated in methods using correlating 
pixel activity to detect neurons. These silent neurons are clearly present during spontaneous 
network activity in developing networks (chapter 4, Ben-Ari et al. 2007). However, little is 
known about their role. Are they lagging behind in their development, or just the opposite: 
Are they leading in development? The detection of all neurons, including silent neurons, 
makes this class of neurons accessible for research. Single cell techniques like targeted 
patch clamping enable description of their identity and developmental state. Additionally, 
the analysis scripts allow to follow each individual neuron over time during different condi-
tions via a neuronal mask realigning method. This is key for understanding the mechanisms 
underlying the activity. Finally, a script was implemented to quantify the spatial distribution 
of active, silent or synchronously active neurons allowing the detection of particularly active 
groups of neurons or layers in a developing brain slice. This was of particular interest since 
computational models have predicted clustered activity during development of the specific 
brain regions – one prominent example being the medial entorhinal cortex (McNaughton 
et al., 2006), the region of interest in this thesis. 

In vivo versus in vitro approaches
In this thesis I predominantly used slice preparations to investigate the mechanisms be-
hind spontaneous network activity in medial entorhinal cortex and the working of group I 
mGluRs in human temporal cortex. Field potential recordings in developing medial entorhi-
nal cortex have shown comparable activity in vivo as we observed in slices using two-pho-
ton calcium imaging (chapter 4). Similar results have been obtained in cortex by comparing 
calcium activity in vivo and in freshly prepared slices from the same animals (Adelsberger 
& Konnerth, 2005). Verifying the activity in vivo using calcium imaging was not a feasible 
option in our case due to the anatomical position of the medial entorhinal cortex. Inves-
tigating the mechanism behind spontaneous network activity in medial entorhinal cortex 
did benefit from the accessibility of slices (chapter 4). In the retina it has been shown that 
mechanisms found in vitro are involved in vivo as well (Bansal et al., 2000). However, dis-
covering the concrete function of this activity can only be achieved by in vivo disturbance 
of the pattern as discussed below. Finally, for human temporal cortex no in vivo recordings 
were possible but the slice experiments – even with all their limitations of truncated net-
works – were a unique opportunity to acquire information on receptor functioning in human 
neuronal networks.
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Spontaneous network activity –  
an electrical signature of medial entorhinal cortex development?
The medial entorhinal cortex is, in contrast to the areas studied for critical periods, a higher 
order brain system. It is the seat of the so called grid-cells which are essential for egocen-
tric orientation and memory. Therefore, even though it is a higher order brain area, it has a 
clear output that can be assessed later in life and it is probably the higher order brain area 
that is best studied today in terms of single neuron activity clearly correlated to behavioral 
output. During the third postnatal week, just after eye opening in mice, grid cell activity can 
already be measured in medial entorhinal cortex (Langston et al., 2010). This abrupt appear-
ance of grid cell firing together with the onset of visual input suggests that sensory input 
independent network wiring of the medial entorhinal cortex must have taken place before 
to allow the network to fine tune connectivity and achieve the organization necessary for 
grid cell output (McNaughton et al., 2006). This made the second postnatal week a key time 
period to look for an electrical signature of normal pre-grid cell development. Addition-
ally, large scale spatial clusters of neurons entraining the developing grid cell network were 
hypothesized. These topographically organized clusters were postulated to fall apart into 
functional clusters that are not topographically organized anymore before grid cell activity 
onset (McNaughton et al., 2006). In this thesis we identified spontaneous network activity 
in the medial entorhinal cortex during the second postnatal week as a candidate ‘electrical 
signature’. The neurons participating in the synchronized activity were non-randomly dis-
tributed supporting the hypothesis that grid cell development happens in clusters. However, 
we did not detect more than one cluster. This could be due to the size of the clusters that 
might make it unlikely to see a border. Even though activity in the medial entorhinal cortex 
seems to be tightly regulated and agrees with predictions about experience independent self 
organization during development, the proof that spontaneous network activity in the medial 
entorhinal cortex just prior to grid cell appearance indeed is a sensitive time-window is still 
missing. One way to causally show that spontaneous activity is essential for grid cell wiring 
is to transiently disrupt ionotropic glutamatergic signaling – the synaptic mechanism that 
underlies this activity – and quantify grid cell characteristics later in life. There are different 
options to transiently inhibit distinct groups of neurons, the most common recent techniques 
being optogenetics (Deisseroth, 2011) and Designer Receptors Exclusively Activated by De-
signer Drugs (DREADDs) that activate G-protein Inward Rectifying K+ channels (GIRKs, 
Dong et al. 2010 for review). While optogenetic inhibition requires light being delivered 
close to the entorhinal cortex, which could be a problem during early life and due to the 
anatomical position of medial entorhinal cortex, DREADDs can be activated via a drug 
that is systemically administered or that is passed on through the mother via lactation. Both 
optogenetics and DREADDs require spatially refined expression of the respective receptors. 
However, there is no specific genetic marker known for grid cells (Ramsden et al., 2015). 
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While a Cre mouse line selective for medial entorhinal cortex layer III principal neurons 
exists (Suh et al., 2011) research has to demonstrate first whether blockade of these neurons 
significantly alters network activity during development. Therefore, viral injections quickly 
after birth might be an option to induce expression of the specific receptors. To make a caus-
al link between spontaneous network activity during the second postnatal week and grid cell 
fine-tuning, activity has to be disrupted during and after the second postnatal week. If the 
lack of synchronous activity during the second postnatal week causes deficits in grid cell 
fine tuning later in life such as an increase in firing field size, but later disruption does not 
cause or at least causes less perturbations, activity during the second postnatal week can be 
called a sensitive time window for experience independent grid cell fine tuning.

Assuming that spontaneous network activity is indeed the electrical signature of a sensi-
tive time-window during medial entorhinal cortex development, it is hypothesized that an 
impaired signature is a (transient) phenotype of Fmr1-KO mice and the cellular precursor 
of later behavioral impairments. And indeed, a spatial navigation phenotype has been de-
scribed in adult Fmr1-KO mice (D’Hooge et al., 1997; Dutch-Belgian Fragile X Consor-
thium et al., 1994; Van Dam et al., 2000). We demonstrated that Fmr1-KO mice show an 
impaired timing of spontaneous network activity in medial entorhinal cortex. This is cor-
relational evidence that this misregulated activity might underlie the later spatial orientation 
phenotype. However, showing a direct effect of the lack of FMRP during this period is more 
complicated. A causal link would require a conditional FMRP knockout that is restricted to 
medial entorhinal cortex and fully reversible at the age of two weeks. As discussed earlier 
there is no marker known specifically for grid cells and temporal control of gene expres-
sion in mammals is not straight forward (Lewandoski, 2001). Additionally, it is not clear 
yet whether FMRP directly dysregulates network activity in medial entorhinal cortex or 
whether the disrupted timing reflects a downstream effect of an earlier process that has been 
dysregulated by the lack of FMRP. Nonetheless, the disruption of the timing of spontaneous 
network activity in medial entorhinal cortex, can serve as a biomarker or electrical signature 
predicting later phenotypic aberrations as proposed in the sensitive time window and the 
developmental checkpoints theory respectively.

What do these findings mean for treatment of fragile X syndrome?
Even though the direct link between the absence of FMRP and disrupted spontaneous net-
work activity in medial entorhinal cortex is still missing, the finding of such an early dys-
regulated electrical signature can strongly influence the way treatment is developed in frag-
ile X syndrome and other neurodevelopmental disorders. While there have been many 
promising studies using mGluR antagonists to rescue symptoms of Fmr1-KO mice, clinical 
studies seem to be less successful and have recently been abandoned by both big pharma-
ceutical companies involved, Hoffman LaRoche and Novartis (Mullard, 2015). The exis- 
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Figure 7.2: Misregulated mechanisms underlying spine morphology in NDDs. Several proteins implicat-
ed in monogenic NDDs (highlighted in red) are linked to the regulation of the synaptic cytoskeleton via 
F-actin through different Rho-mediated signaling pathways (highlighted in green). Mutations in OPHN1, 
TSC1/2, FMRP, p21-activated kinase (PAK) are directly linked to human NDDs of intellectual disability. 
For instance, point mutations in OPHN1 and a PAK isoform are linked to non-syndromic mental retarda-
tion, whereas mutations or altered expression of TSC1/2 and FMRP are linked to TSC and FXS, respec-
tively. Cytoplasmic interacting protein (CYFIP) and LIM-domain kinase 1 (LIMK1) are known to interact 
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with FMRP and PAK, respectively. LIMK1 is one of many dysregulated proteins contributing to the NDD 
Williams syndrome. Mouse models are available for all highlighted (red) proteins and reveal specific syn-
aptic and behavioral deficits. Local protein synthesis in synapses, dendrites and glia is also regulated 
by proteins such as TSC1/2 and the FMRP/CYFIP complex. Abbreviations: 4EBP, 4E binding protein; 
eIF4E, eukaryotic translation initiation factor 4E. (References: Newey et al., 2005; Mientjes et al., 2006; 
Dutch-Belgian Fragile X Consorthium et al., 1994; Uhlmann et al., 2002; Jacobs & Doering, 2010; Ehnin-
ger et al., 2009; Napoli et al., 2008; Glanzer et al., 2003; Ramakers, 2002). From Meredith et al., 2012.

tence of sensitive time-windows suggests that treatment has to start very early in life or even 
prenatally in order to avoid permanent damage of neuronal networks through disruption of 
these time windows. However, in Fmr1-KO mice a rescue of many (even though not all) 
measured symptoms has been shown even though the mGluR antagonist CTEP was only 
administered from 30 days of age onwards (Michalon et al., 2012). One explanation of this 
phenomenon would be that plasticity of higher order brain systems might remain higher in 
mice, allowing for a rescue at later developmental stages than in humans.

Closure of sensitive time windows is not the only possible explanation for failed clinical tri-
als in fragile X syndrome. Very little is known about the physiology of mGluRs in human 
tissue. While we know from post-mortem staining studies that the expression of mGluRs 
starts early in life and is wide-spread (Boer et al., 2010), little is known about its physiol-
ogy in humans. At the VU University Amsterdam, the rare opportunity exists to use non-
pathological brain tissue from human patients that has to be removed in order to be able to 
dissect the deep brain abnormalities that cause otherwise untreatable seizures. While it is 
obvious that there could be aberrations in this so called healthy cortex due to the underly-
ing epilepsy the tissue is rated as healthy and without abnormalities by a neuroanatomist 
before it is used for experiments. In this human preparation the effect of mGluR activation 
and blockade on cortical neurons could be studied for the first time. Our experiments show 
clear mGluR dependent LTD in pyramidal neurons and a slight effect of mGluR activa-
tion on spontaneous excitatory postsynaptic currents (sEPSCs) indicating that mGluRs are 
involved in plasticity and network dynamics in humans as well. However, comparable data 
from rodents at a corresponding developmental age and from regions akin to the temporal 
cortex used from human brains is needed to compare the findings. Additionally, nothing is 
known about the physiology of mGluRs in fragile X syndrome patients. Since it is virtually 
impossible to acquire tissue from fragile X syndrome patients that can be used for electro-
physiology a different strategy is needed. Human stem cell derived-neurons from fragile X 
syndrome patients could offer some possibility to electrophysiologically describe mGluR 
activity in patients. However, the lack of the normal brain network and normal development 
with all its sensitive windows will most likely influence the results of these culture studies. 
Finally, while a lot of research in fragile X syndrome and also in this thesis is dedicated 
to glutamatergic and excitatory neurons, inhibitory neurons are essential for normal brain 
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function as well. The lack of incorporation of the GABAergic system into the mGluR theory 
of fragile X syndrome, even though it has been shown to be strongly affected in the mouse 
model (Curia et al., 2009; D’Hulst et al., 2006; El Idrissi et al., 2005), might explain the poor 
clinical results. Even though clinical trials have been conducted for GABAergic agonists 
(Berry-Kravis et al., 2012) as well as mGluR antagonists (Berry-Kravis et al., 2009; Berry-
Kravis et al., 2008; Gomez-Mancilla et al., 2014; Jacquemont et al., 2011) until know no 
study takes into account that both systems are interconnected and probably interdependent. 
The study of human mGluR physiology presented in chapter 6 indicates that excitatory input 
to inhibitory neurons is strongly modulated by mGluRs as well suggesting an essential role 
of these neurons in fragile X syndrome. This is a first step to integrate interneurons into the 
application of the mGluR theory to the human brain.

Generalization to other neurodevelopmental disorders
The question emerges whether findings and conclusions for fragile X syndrome can be 
generalized to other neurodevelopmental disorders. The existence of signatures of disrupted 
neuronal development in Huntington’s disease or Dravet syndrome long before behavioral 
symptoms become obvious (Cheah et al., 2013; Nopoulos et al., 2007; Smith and Shad-
mehr, 2005; Tai et al., 2014) suggests that sensitive time windows are a useful model for 
understanding the course of neurodevelopmental disorders. Identifying these periods when 
the circuit is particularly sensitive to aberrations will aid choosing more promising time 
windows for treatment of these disorders. Additionally, data of these time periods will in-
crease our understanding of neurotypic development. Finally, more and more data becomes 
available indicating that converging cellular signaling pathways exist underlying fragile X 
syndrome and other genetic models for autism (for review see Delorme et al. 2013) as well 
as other neurodevelopmental disorders (Figure 7.2, for reviews see Zoghbi and Bear 2012, 
Baudouin et al. 2012). Therefore, understanding fragile X syndrome can aid understanding 
of other neurodevelopmental disorders and common treatment strategies are conceivable. 
However, to-date this approach has failed to deliver in clinical trials, indicating that neuro 
developmental disorders are far more complex from a functional rescue point of view than 
thought.

Conclusion
Here in my thesis, I have described several new findings and concepts. First, the idea of 
sensitive time windows was introduced, the first theory explaining neurodevelopmen-
tal disorder phenotypes based on pre- and postnatal developmental periods in all differ-
ent neuronal networks that can be regulated genetically, through sensory inputs or even 
environmental factors. A candidate sensitive time window restricted to the second post-
natal week just prior to the abrupt appearance of grid cells has been described in detail 
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in medial entorhinal cortex: Spontaneous network activity that is driven by ionotropic 
glutamatergic signaling. We presented a powerful tool to image this activity and an ex-
tended set of MATLAB (Mathworks) scripts to analyze this type of data on a network lev-
el with single cell resolution. Additionally we could demonstrate that the timing of this 
potential sensitive time window is strongly disrupted in Fmr1-KO mouse. The existence 
of sensitive time windows could hamper efficient treatment of neurodevelopmental disor-
ders during adult life. Finally, for the first time the physiology of mGluRs is described 
in adult human neurons. This research offers insight into human group I mGluR physi-
ology and thereby adds knowledge about this receptor family that might ultimately ex-
plains why clinical trials in fragile X syndrome failed. In conclusion, this thesis offers a 
unique view on normal and disturbed development of medial entorhinal cortex just prior 
to grid cell appearance from a network perspective allowing for a more integrated under-
standing of the development of networks and systems rather than independent neurons. 
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