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Chapter 1

We live and learn. We also see, hear, think, feel, make decisions, and contemplate 
whether we live inside the Matrix (Bostrom, 2003). All of these things would be impossible 
without our brains. Specifically, higher order cognitive processes have been ascribed to 
the neocortex, the outermost part of the telencephalon. The neocortex is a laminated 
structure, each layer containing cells that have specific properties and connectivity (Shipp, 

2007). While the differences in cell type-specific characteristics and innervation of cortical 
layers have been extensively studied, the development of these properties across layers 
has received much less attention, and it is unclear to what extent the development of 
neurons in different layers is similar.
In recent years, it is increasingly being recognised that developmental processes may be 
very relevant for the pathophysiology and treatment of neurodevelopmental disorders 
(Kroon et al., 2013; Marín, 2016). Specifically, neuronal networks may undergo sensitive time 
windows during which they are highly susceptible to impairments in synaptic function 
(Meredith et al., 2012). Combining both of these concepts, I hypothesise that synaptic 
impairments may impact the development of cortical circuitry in a laminar-specific manner.
In this thesis, I therefore aim to determine whether pyramidal neurons in layers 3 and 
5 of medial prefrontal cortex develop similarly, and to establish whether knockout 
of Oligophrenin-1, a model for developmental disorders, differentially impacts the 
development of neurons and circuits in these layers.

The neocortex
Evolutionarily, the neocortex is the most recent part of the brain (Rakic, 2009) and is found 
exclusively in mammals, although the brains of birds and reptiles contain populations 
of neurons that are homologous in function and gene expression to certain mammalian 
neocortical neuronal populations (Dugas-Ford et al., 2012). The neocortex contains many 
different cortical areas, defined by their cytoarchitecture and thalamocortical and 
corticocortical connections, as well as their function in sensory modalities, cognitive 
processing and behaviour. The cellular and circuit makeup of different parts of the 
cortex follow the same general patterns, albeit with alterations reflecting their function 
of different areas and the type of information they process (Harris and Shepherd, 2015). The 
following description of neocortical circuitry is therefore necessarily simplified. A diagram 
summarising the following sections is shown in figure 1.

Excitatory circuitry of the neocortex
The neocortex generally consists of six cell layers, delineated by differences in neuronal 
morphology and cell density. The most prevalent neuronal cell type of the neocortex is 
the pyramidal cell. These cells have a rounded triangular soma and a prominent apical 
dendrite that extends toward the pia and ends in an apical tuft. The exact morphology, e.g. 
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the size and complexity of the apical tuft, depends on pyramidal cell subtype (Oberlaender 

et al., 2012; Spruston, 2008). Short pyramidal cells in layer 6, on the other hand, have shorter 
apical dendrites that often do not reach the pia and rarely have a tuft (Briggs, 2010). The 
apical dendrite also gives rise to oblique dendrites, that branch off from the main apical 
trunk. The basal dendrites extend from the soma and are shorter and less complex than 
the apical dendrites. The axon of pyramidal cells protrudes from the base of the soma, 
and, depending on the subtype of the cell, forms extensive branches and projects to 
both intracortical and subcortical targets (Kim et al., 2015). 
Pyramidal cells are present in layers 2, 3, 4, 5 and 6 of the cortex, although the exact 
composition of cell types varies between cortical areas (Scala et al., 2019). Layer 4 contains 
mainly spiny stellate cells, which receive most of the thalamic input to the cortex (López-

Bendito and Molnár, 2003). In primary sensory regions, these thalamocortical projections pass 
on information directly from sensory organs. These types of inputs are known as “driver” 
inputs (Sherman, 2016; Sherman and Guillery, 1998). In higher sensory cortices, thalamocortical 
projections to layer 4 also convey processed sensory information from layer 5B cells in 
primary sensory regions (Theyel et al., 2010). Layers 2 and 3 of the cortex receive primarily 
modulatory thalamic input (Viaene et al., 2011a), while layers 5 and 6 also receive mainly 
driver-like input (Constantinople and Bruno, 2013; Viaene et al., 2011b), albeit less than layer 4. 
Neurons in layer 4 synapse onto cells in every layer of the cortex, although they receive 
little input from neurons in other layers (Lefort et al., 2009). Neurons in all layers form 
local circuits with other neurons in the same layer. Layers 2/3 and 5 project to each 
other, but rarely to layers 4 and 6. Layer 6 neurons primarily project to the thalamus and 
modulate thalamic function (Harris and Shepherd, 2015; Varela, 2014), as do some neurons in 
layer 5B (Hoogland et al., 1987). In addition, neurons in layers 2/3, 5 and 6 receive diverse 
and widespread connections from other cortical areas (Cauller et al., 1998; Stehberg et al., 2014). 
This reflects the fact that that many regions of the cortex process information from several 
modalities (Ghazanfar and Schroeder, 2006; Sereno and Huang, 2014), and even primary sensory 
areas encode more than just raw sensory information (Macaluso, 2006; Takahashi et al., 2016). 
Moreover, neurons in several layers receive neuromodulatory inputs from various sources, 
which can significantly alter circuit function (Hasselmo, 1995; Marder, 2012). 
Thus, while its computational organisation is not fully understood, certain patterns of 
connections between excitatory neurons can be found throughout the neocortex. How 
these patterns of connectivity translate into cortical functions is unclear. However, recent 
studies have begun to shed light on the function of certain connections. For example, 
motor learning in rodents involves strengthening of recurrent connectivity between 
specific spinal-projecting layer 5B pyramidal neurons (Biane et al., 2019).
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Inhibitory circuitry of the neocortex
While excitatory neurons make up roughly 80% of all neurons in the cortex, their impact 
on computation is rivalled by the other 20%, the GABAergic interneurons. GABAergic 
interneurons inhibit other neurons by releasing γ-amino-butyric acid (GABA), and most 
have local axonal arborisations (Tamamaki and Tomioka, 2010). Interneurons in the neocortex 
can be characterised by a wide range of physiological, morphological and molecular 
properties (Ascoli et al., 2008; DeFelipe et al., 2013; Markram et al., 2015). In addition to differences 
in intrinsic properties and intracortical connectivity between interneuron types, inhibitory 
neurons receive different levels of thalamic input (Cruikshank et al., 2012; Tan et al., 2008; Wall et al., 

2016). A comprehensive scheme for classifying these neurons is not yet available. However, 
promising new techniques involving the sequencing of full single-cell transcriptomes are 
being developed and may allow full-scale classification of neuronal subtypes in the near 
future (Poulin et al., 2016; Tasic et al., 2018; Zeisel et al., 2015). On the basis of molecular markers, 
cortical interneurons can be divided into three main groups: those expressing parvalbumin 
(PV), those expressing somatostatin (SST), and those expressing the serotonin receptor 
5HT3aR (Rudy et al., 2011; Tremblay et al., 2016).
Most, but not all, parvalbumin-expressing interneurons are fast-spiking (Blatow et al., 2003), 
and the fast-spiking group typically consist of basket cells that target the soma and 
proximal dendrites, and chandelier cells that target the axon initial segment. These 
cells are thought to have particularly strong inhibitory effects due to their inhibition 
of cells close to the location of action potential generation (Fishell and Rudy, 2011). The 
fast spiking behaviour of PV interneurons, coupled with short synaptic latency, allows 
them to control the timing of action potential firing in post-synaptic cells (Hu et al., 2014). 
Although it is widely recognised that PV interneurons are involved in the generation of 
cortical oscillations (Hu et al., 2014; Sohal et al., 2009), and their activity is related to specific 
behavioural states (Brown et al., 2015; Kvitsiani et al., 2013), clear understanding of their role in 
regulating behaviour is still lacking (Tremblay et al., 2016).
The main group of somatostatin-expressing interneurons are the Martinotti cells, which 
target layer 1 and, in contrast to other interneuron types, receive excitatory inputs that 
are facilitating rather than depressing (Beierlein et al., 2003). These cells target dendrites of 
pyramidal cells (Silberberg and Markram, 2007) and also target virtually all other interneuron 
types (Jiang et al., 2015). Martinotti cells are involved in lateral inhibition (Lee and Huguenard, 

2011; Silberberg and Markram, 2007), allowing them to perform functions such as surround 
suppression of sensory input (Adesnik et al., 2012). However, recently somatostatin-expressing 
interneurons in the somatosensory cortex have been shown to be either activated or 
inactivated by whisking in a layer-specific manner, showing that these neurons may have 
opposing functional roles depending on their location and axonal arborisations (Muñoz 

et al., 2017).
The remaining group of interneurons express the serotonin receptor 5HT3aR (Lee et al., 
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2010). These neurons are more heterogeneous and are therefore less well characterised 
than other types. A major subtype of these neurons are the ones expressing vasointestinal 
peptide (VIP), which are primarily found in layer 2/3 and are bipolar (Prönneke et al., 

2015). They preferentially inhibit somatostatin-expressing interneurons, which leads to 
disinhibition of pyramidal cell dendrites (Pfeffer et al., 2013; Pi et al., 2013). This may in turn 
augment synaptic plasticity and facilitate learning (Letzkus et al., 2015). Neurogliaform cells 
are primarily found in layer 1, and have short dendrites and large, elaborate axons, and 
often show late-spiking firing patterns (Kawaguchi and Kubota, 1997). These cells typically 
produce slow inhibition on many neighbouring cells (Oláh et al., 2007) and can cause volume 
transmission of GABA (Oláh et al., 2009). The behavioural relevance of neurogliaform cells 
remains unclear (Overstreet-Wadiche and McBain, 2015). Cholecystokinin-expressing basket 
cells resemble large PV-positive basket cells in their morphology and synaptic targeting, 
but are not fast-spiking (Kawaguchi and Kubota, 1998; Kubota, 2014). Although their function in 
behaviour is largely unknown, they have recently been shown to play a role in the coding 
of spatial information (Del Pino et al., 2017).

Figure 1. Schematic overview of cell types and connections in the neocortex. PYR, pyramidal neuron; SST, 
somatostatin-expressing neuron; PV, parvalbumin-expressing neuron; VIP, vasoactive intestinal peptide-
expressing neuron; CCK, cholecystokinin-expressing neuron; RLN, reelin-expressing neuron. Grey triangles 
indicate intracortical excitatory synapses. Black triangles indicate thalamocortical excitatory synapses. Circles 
indicate inhibitory synapses.

PV

VIP

SST

PYR

CCK

RLN

1

2/3

4

5

6

input from cortex

input from thalamus



14

Chapter 1

In short, there are many subtypes of interneurons, providing selective inhibition to 
different cellular compartments and cell types. Each of these is likely to have a specific 
function in behaviour that is dependent on location in the cortex, connectivity and 
even state of the animal. Although they make up a minority of the neurons in the cortex, 
GABAergic interneurons are crucial for proper brain function. Neuronal networks require 
a precise balance of excitation and inhibition (Haider et al., 2006; Landau et al., 2016) and 
excitatory/inhibitory imbalance has been linked to several neurological disorders (Eichler 

and Meier, 2008; Gao and Penzes, 2015; Žiburkus et al., 2013), as will be discussed later.

The relationship between neuronal morphology and function
The balance between excitatory and inhibitory input onto a neuron (E/I balance) is heavily 
influenced by the relative locations of excitatory and inhibitory synapses. Inhibitory 
synapses are placed at optimal locations along the dendrite, allowing them to control 
dendritic excitability more effectively (Gidon and Segev, 2012). For example, inhibitory 
synapses on dendritic spines often only inhibit a single excitatory synapse, while those 
positioned on dendritic shafts can decrease or abolish the propagation of dendritic 
spikes and back-propagating action potentials (Boivin and Nedivi, 2018). Similarly, where an 
excitatory synapse is located on the dendrite impacts its ability to evoke a somatic action 
potential (Spruston, 2008). More distal synapses have less impact on somatic membrane 
voltage than do proximal inputs, but lower the threshold of spike initiation by proximal 
synapses (Behabadi et al., 2012). Thus, the morphology of a neuron is an important factor in 
computations occurring within its dendrites.
There is a large diversity of neuronal morphology, between different neuron types (Ascoli 

et al., 2008) as well as between species (Mohan et al., 2015). The shape of the dendrites can 
have profound effects on the type of input a neuron receives, as well as the processing 
of that input. The reach of the dendritic tree determines with which axons it can form 
synapses. Inputs from specific sources tend to make connections with particular dendritic 
compartments (Petreanu et al., 2009). Moreover, these dendritic compartments are capable of 
performing computations (Magee, 2000; Poirazi and Mel, 2001) and synapses that convey similar 
input tend to cluster together within compartments (DeBello et al., 2014; Gökçe et al., 2016). 
Therefore, the morphology of the dendritic tree has a direct impact on the way synaptic 
inputs are processed (Srinivas et al., 2017). For example, modelling studies have shown that 
two electrophysiological functions – linear summation of synaptic inputs and spike-order 
detection – are performed optimally in very different neuronal morphologies (Stiefel and 

Sejnowski, 2007; Torben-Nielsen and Stiefel, 2009). In addition, the shape of the dendritic tree 
can impact the firing capabilities of a neuron (Elburg and Van Ooyen, 2010; Mainen and Sejnowski, 

1996; Van Ooyen et al., 2002). Although the exact organisation of dendritic morphology and 
the mechanisms behind placement of synapses remain poorly understood, a neuron’s 
dendritic morphology thus influences its function in several ways, and it is therefore 
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crucial that neurons develop proper dendritic morphology (Lefebvre et al., 2015).

I assess the development of dendritic morphology of pyramidal cells in layer 3 and 5 of 
the rodent medial prefrontal cortex in chapter 2.

Structure and function of the prefrontal cortex
The prefrontal cortex (PFC) serves a wide array of functions, as is shown by patients with 
frontal lobe damage, who often suffer profound and diverse behavioural and personality 
changes (Szczepanski and Knight, 2014). The PFC is involved in long-term and working memory 
(Barbey et al., 2013; Euston et al., 2012), emotional processing (Vertes, 2006), executive control 
and decision-making (Domenech and Koechlin, 2015; Miller, 2000) and attention (Dalley et al., 2004). 
It is especially vital in the latter, allowing the organism to focus on and respond to less 
inherently salient stimuli that are more relevant to the task at hand, and to ignore stronger 
but irrelevant stimuli (Miller and Cohen, 2001).
The function of the prefrontal cortex depends heavily on its connectivity, both local and 
inter-areal. After all, information about both internal states and the external cues must be 
integrated in order to produce adaptive behaviour. In accordance with this, the prefrontal 
cortex receives input from virtually all higher order sensory and motor cortices and 
paralimbic cortex (Hoover and Vertes, 2007; Van Eden et al., 1992), as well as hippocampal CA1 
(Jay and Witter, 1991) and amygdala (Hoover and Vertes, 2007). It is also extensively innervated 
by numerous thalamic nuclei (Hoover and Vertes, 2007; Hunnicutt et al., 2014). Specific functions 
of the PFC rely on afferent connections from other brain regions. For instance, the role 
of the PFC in attention relies on cholinergic input from the basal forebrain (Bloem et al., 

2014; Parikh et al., 2007), whereas its role in working memory is dependent on its interactions 
with the basal ganglia (O’Reilly and Frank, 2006).
Equally important for proper PFC function is its efferent connectivity. The prefrontal 
cortex projects to various brain structures, including the amygdala (McDonald et al., 1996), 
nucleus accumbens (Öngür and Price, 2000), thalamus (Mitchell, 2015), and sensory and 
motor cortex (Bedwell et al., 2014). Especially its projections to the motor cortex have 
been proposed to underlie the control of the PFC over behaviour (Miller and Cohen, 2001). 
Besides projections to and from other brain areas, regions within the prefrontal cortex 
make extensive connections with each other (Barbas and Pandya, 1989; Hoover and Vertes, 2007). 
However, the functional relevance of the connections between different areas of the 
prefrontal cortex is only now starting to be elucidated.

Areas of the prefrontal cortex across species
The structure of the prefrontal cortex differs considerably across species (Wallis, 2012). The 
rodent medial prefrontal cortex (mPFC) is generally considered to be homologous to 
dorsolateral prefrontal cortex (dlPFC) in primates (Uylings et al., 2003). However, the extent 
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to which rodent prefrontal cortex is homologous to that in primates has long been – and 
still is – subject of debate (Kolb, 2007; Preuss, 1995; Seamans et al., 2008; Uylings et al., 2003; Wise, 

2008). Particularly, the prefrontal cortex in humans and monkeys consists for the most 
part of granular cortex, which contains a layer 4, while that of rats and mice is agranular 
cortex, which lacks layer 4. Yet, the rodent mPFC seems to incorporate anatomical and 
physiological aspects of both the anterior cingulate cortex (ACC) and dlPFC in primates, 
although it does so in a more rudimentary fashion, and without the ability to encode 
abstract information (Seamans et al., 2008).
In rodents, the mPFC consists of the ACC, the prelimbic cortex (PrL) and the infralimbic 
cortex (IL). These areas are defined by cytoarchitectonic criteria. However, there seems 
to be a functional division between the dorsal mPFC, consisting of the ACC and the 
dorsal part of the PrL, and the ventral mPFC, made up of the IL and the ventral part of 
the PrL. There is strong connectivity between cytoarchitectonic areas within both the 
dorsal and ventral mPFC, while connectivity between these functional areas is less 
strong (Heidbreder and Groenewegen, 2003). Moreover, these functional areas have different 
projections, with the dorsal mPFC projecting more to sensorimotor area, and the core 
of the nucleus accumbens, while the ventral part projects more strongly to the thalamus 
and nucleus accumbens shell (Berendse et al., 1992; Heidbreder and Groenewegen, 2003; Room et 

al., 1985; Wright and Groenewegen, 1995). Likewise, the ventral and dorsal parts of the mPFC 
are also differentially involved in a number of behavioural tasks (Gisquet-Verrier et al., 2000; 

Levin et al., 2017; Luchicchi et al., 2016).

Development of the prefrontal cortex across species
The principal neurons and glial cells of the neocortex develop in the ventricular zone, a 
temporary developmental structure, and then migrate through the intermediate zone to 
their final position in the cortical plate (Rakic, 2009). The GABAergic interneurons, which 
make up the inhibitory system in the cortex, do not arise from the subplate, but instead 
come from the subcortical ganglionic eminences and migrate to their final positions 
within the cortex and other structures of the brain (Anderson et al., 1997, 2002; Lavdas et al., 

1999). Growth of axons and dendrites subsequently allows for the formation of synapses.
Historically, the prefrontal cortex is seen as the area of the brain with the slowest 
development (Alexander and Goldman, 1978; Dumontheil et al., 2008; Kolb et al., 2012). This idea 
dates back to the turn of the twentieth century, when the prefrontal cortex was shown 
to be the last area of the cerebral cortex to become myelinated (Flechsig, 1901). Further 
examination of this phenomenon has been frustrated by opposing findings that may be 
dependent on species (Bourgeois et al., 1994; Elston et al., 2009; Huttenlocher and Dabholkar, 1997; 

Oga et al., 2017; Petanjek et al., 2011; Van Eden et al., 1991), although protracted development is 
clear in human prefrontal cortex.
During development, the cortex undergoes a period of synaptic overproduction, followed 
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by a period of synaptic pruning that is essential for normal brain function (Katz and Shatz, 1996; 

Tau and Peterson, 2010). Although the initial overproduction appears to occur simultaneously 
in all cortical areas, at least in primates (Rakic et al., 1986), it is this process of synaptic pruning 
that is prolonged in human prefrontal cortex, lasting beyond puberty into adulthood 
(Gogtay et al., 2004; Petanjek et al., 2011). Consequently, there has been considerable interest 
in comparing different brain regions and species. In addition, studies have been done to 
compare cells throughout cortical layers in the same brain region (Rojo et al., 2016; Tsumoto 

and Suda, 1982) and detail the development of a single cell type (Romand et al., 2011; Zhang, 2004).
Direct comparisons of the development of different cortical layers, on the other hand, 
have been scarce, and in animal models have mostly focussed on the growth of axons and 
differential innervation of cortical layers (Hand et al., 2015; Larsen and Callaway, 2006), although 
some have also assessed layer-specific development of dendritic spines (Tjia et al., 2017) 
and dendrites in humans (Petanjek et al., 2008). However, there has yet to emerge a clear and 
precise picture of the layer-specificity of neuronal development, with regards to both 
morphology and physiology. Furthermore, it is unclear whether neuronal development 
in the rodent prefrontal cortex differs from other areas, and whether it takes place in a 
layer-dependent manner.

In this thesis, I provide a detailed description of the development of pyramidal cells in 
both layers 3 and 5 of the mouse mPFC. Chapter 2 describes the development of dendritic 
morphology, while chapter 3 addresses the development of intrinsic physiology and 
synaptic inputs of these cells.

Neurodevelopmental disorders
As mentioned earlier, damage to the prefrontal cortex leads to severe changes in 
personality and behaviour in humans. Unsurprisingly, the prefrontal cortex has been 
implicated in many cognitive disorders, including chronic stress-related disorders (Negrón-

Oyarzo et al., 2016) and schizophrenia (Honea et al., 2005; Schubert et al., 2015). More and more, 
schizophrenia is being recognised as a neurodevelopmental disorder (NDD; Brown, 2012; 

Heyer and Meredith, 2017; Schmitt et al., 2014; Selemon and Zecevic, 2015; Weinberger, 1987). NDDs 
comprise a wide range of disorders whose aetiology lies in aberrant development of the 
nervous system. Besides schizophrenia, they include autism spectrum disorders (Volkmar 

and Pauls, 2003) and many types of syndromic intellectual disability (ID), such as Down 
syndrome (Vicari et al., 2013), Fragile X syndrome (FXS; Fung et al., 2012), Rett syndrome (Neul 

and Zoghbi, 2004) and non-syndromic forms of ID (Ba et al., 2013).
A myriad of genes have been linked to neurodevelopmental disorders, and the majority 
of molecular pathways affected by NDDs are involved in synaptic function (Kroon et al., 

2013; Van Bokhoven, 2011). Many NDD gene products interact with Rho GTPases, which are 
involved in the development and maintenance of dendritic spines (Ethell and Pasquale, 2005; 
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Tashiro et al., 2000), as well as synaptic plasticity (Murakoshi et al., 2011; O’Kane et al., 2004). Rho 
GTPases are regulated by two types of proteins, the guanine nucleotide exchange factors 
(GEFs) and GTPase-activating proteins (GAPs), of which dozens have been identified (Ba 

and Nadif Kasri, 2017). GTPases need to be bound to GTP in order to exert their function. 
GEFs activate GTPases by exchanging hydrolysed GDP for GTP, while GAPs deactivate 
GTPases by stimulating their hydrolysis of GTP, transferring them to their inactive, GDP-
bound state (Sasaki and Takai, 1998). Several GEFs and GAPs have been associated with ID 
(Ba et al., 2013).

Oligophrenin-1
Among these is Oligophrenin-1, a Rho-GAP that was first identified in human intellectual 
disability in 1998 (Billuart et al., 1998). Mutation of OPHN1 is the cause of a syndromic form 
of ID that is associated with clinical and neuroanatomical features such as cognitive 
impairments, seizures, strabismus and cerebellar hypoplasia (Billuart et al., 1998; Portes et 

al., 2004). In mice, knockout of Ophn1 causes enlarged ventricles and hyperactivity and 
learning impairments (Khelfaoui et al., 2007). Like many ID-linked GAPs, OPHN1 regulates 
spine development by negatively regulating RHOA, RAC1 and CDC42 (Billuart et al., 1998; 

Govek et al., 2004; Khelfaoui et al., 2007). It is interesting in that it has several domains that 
regulate distinct aspects of neuronal function. OPHN1 interacts with Homer1b/c to 
stabilise AMPA receptors and regulate basal excitatory transmission (Nadif Kasri et al., 2009; 

Nadif Kasri et al., 2011). It also binds to endophilin A1 through one of its proline-rich domains, 
and through this interaction regulates endocytosis of synaptic vesicles (Nakano-Kobayashi 

et al., 2009). It is likely through this mechanism that synaptic function upon repeated 
stimulation is affected when Ophn1 is knocked out (Powell et al., 2012, 2014). This interaction 
is also necessary for long-term depression (LTD) when elicited both by low-frequency 
stimulation (Khelfaoui et al., 2009) and activation of metabotropic glutamate receptors 
(Nadif Kasri et al., 2011). Interestingly, OPHN1 also mediates long-term potentiation (LTP) 
through its GAP-domain (Nadif Kasri et al., 2009). These different and sometimes opposing 
synaptic phenotypes may reflect the precise spatial and temporal regulation of GTPase 
activity (Duman et al., 2015; Soderling and Van Aelst, 2014). Accordingly, OPHN1 may mediate LTP 
at some synapses and LTD at others, depending on its subcellular distribution and local 
interactions with particular GTPases and the many other GAPs, GEFs and effector proteins.

Sensitive periods and neurodevelopmental disorders
Early brain development is likely genetically hard-wired (Chilton, 2006; Marín et al., 2010). At 
later stages, circuit development is influenced by neuronal activity (Lendvai et al., 2000; 

Spitzer, 2006), which can either be intrinsic (Golshani et al., 2009; Rochefort et al., 2009) or extrinsic, 
i.e. due to sensory stimulation (Siegel et al., 2012). While plasticity remains possible in the 
adult brain of both humans and rodents (Verhoog et al., 2013), there are time-windows 
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during development during which brain circuitry is particularly malleable and sensitive to 
external input. These time-windows are known as critical or sensitive periods (Hensch, 2005; 

Knudsen, 2004). While there are certain clearly defined critical periods, such as imprinting 
in chicks (Tzschentke and Plagemann, 2006), many brain-related periods that were thought to 
be critical – having a clearly defined end point – have later been shown to extend into 
adulthood. I therefore use the term sensitive period here.
The most well-studied sensitive period is that of ocular dominance plasticity. When one 
eye is deprived of input during early postnatal development, neurons in the binocular part 
of the visual cortex will respond more to the open eye. This effect lasts into adulthood, 
even if regular function of the eye is restored. The same effect is not seen if the eye is 
closed during adulthood (Hensch, 2005; Wiesel and Hubel, 1963). Although it was later shown 
that adult ocular dominance plasticity occurs, it does so to a lesser degree and through 
different mechanisms (Hofer et al., 2006; Sato and Stryker, 2008). Hence, sensitive periods reflect 
stages of development during which the potential for plasticity is increased.
We have previously proposed that sensitive periods of development may underlie 
neurodevelopmental disorders (Kroon et al., 2013; Meredith et al., 2012). The concept of 
sensitive periods can be applied to neurodevelopmental disorders in two ways. First, 
NDD pathology could hinder normal plasticity during a neurotypical sensitive period, as 
molecular pathways involved in NDDs often affect synaptic function. For example, many 
NDDs change the densities or morphology of dendritic spines (Kaufmann and Moser, 2000; 

Ramakers, 2002), although the extent to which this occurs has recently been challenged 
when assessed with superresolution imaging methods (Wijetunge et al., 2014). NDD genes 
can also affect synaptic plasticity (Huber et al., 2002; Meredith and Mansvelder, 2010; Nadif Kasri 

et al., 2011). Furthermore, proper GABAergic signalling is necessary for sensitive period 
plasticity (Fagiolini et al., 2004; Hensch et al., 1998). As many NDDs show aberrant GABAergic 
transmission (Chattopadhyaya and Di Cristo, 2012), this may lead to altered sensitive period 
plasticity.
The second way the concept of sensitive periods can be applied is to the expression 
patterns of NDD genes themselves. Here, the sensitive period is defined as a period 
during which the gene in question is upregulated during normal development. The 
impact of dysfunction or absence of the gene is more deleterious during such a period 
than during times when the gene would normally not be expressed, or be expressed at 
a much lower level.
Disruption of synaptic function during these sensitive periods could lead to cellular 
phenotypes that are only apparent at specific ages, or to phenotypes that are dependent 
on the presence or absence of the NDD gene at specific time points during development.
Indeed, such phenotypes have been found, for example, in a Drosophila model for FXS. 
FXS is caused by dysfunction of the Fragile X Mental Retardation Protein (FMRP), the 
gene product of FMR1. Reintroduction of dFMRP, the Drosophila homologue of FMRP, 
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in a Drosophila model for FXS is only effective during a specific two-day period, but 
not in the adult or earlier during development (Gatto and Broadie, 2009), showing dFMRP 
to be essential during a particular sensitive period. The development of seizure-like 
behaviour in Drosophila can be induced by manipulation of neuronal activity during a 
specific embryonic sensitive period (Giachello and Baines, 2015). There have also been several 
studies showing temporary phenotypes in constitutive knockout mice (Bureau et al., 2008; 

Cruz-Martín et al., 2010; Testa-Silva et al., 2011).

Thus, sensitive periods of increased plasticity could be more vulnerable to disruption 
of synaptic processes. This may have important implications for treatment of 
neurodevelopmental disorders (Marín, 2016). In chapter 4, I assess whether knockout of 
Oligophrenin-1 leads to transient phenotypes in prefrontal cortex.

E/I imbalance in neurodevelopmental disorders
In addition to excitatory synapses, OPHN1 affects inhibitory synapse function (Powell et al., 

2012, 2014). As mentioned earlier, proper balance of excitation and inhibition is crucial for 
the functioning of neurons and neuronal circuits. The concept is somewhat problematic, 
because what constitutes proper E/I balance changes between circuits, neurons, and 
even different parts of the same dendrite. However, many neurodevelopmental disorders 
show a change in the overall E/I balance (Nelson and Valakh, 2015; Rubenstein and Merzenich, 

2003, Selten et al., 2018). It is often difficult to pinpoint the exact cause of E/I imbalance, as 
excitation and inhibition are intricately linked in circuits, and changes in one often lead to 
changes in the other. E/I balance is maintained in part by homeostatic plasticity (Turrigiano 

et al., 1998), which, consequently, has been implicated in neurodevelopmental disorders 
(Mullins et al., 2016). Evidently, GABAergic signalling plays an important role. Several NDDs 
have been shown to affect GABAergic synapse function and thereby disrupt the balance 
between excitation and inhibition [Autism spectrum disorders (Braat and Kooy, 2015; Nelson and 

Valakh, 2015); Fragile X (Paluszkiewicz et al., 2011a; Sabanov et al., 2017; Wahlstrom-Helgren and Klyachko, 

2015); Tuberous sclerosis (Bateup et al., 2013); Down syndrome (Best et al., 2012; Kleschevnikov 

et al., 2004); Rett syndrome (Durand et al., 2012; Ure et al., 2016)]. Recently, it has been shown 
that E/I balance is affected in several genetic mouse models for autism, but that this 
change in E/I balance is a homeostatic mechanism that normalises synaptic membrane 
depolarisation and spiking in response to stimuli in vivo (Antoine et al., 2019). Regardless, 
inhibitory dysfunction is a major factor in many NDDs, including that caused by OPHN1 
mutation. In chapter 4, I assess whether Ophn1 knockout affects inhibitory synaptic 
transmission and E/I balance in the medial prefrontal cortex.

Metabotropic glutamate receptors
Aberrant excitatory transmission can also lead to E/I imbalance. A form of excitatory 



21

1

Introduction

signalling that is particularly relevant to neurodevelopmental disorders is through 
metabotropic glutamate receptors (mGluRs) (Bear et al., 2004; Conn et al., 2009). mGluRs 
are G-protein-coupled receptors that modulate neuronal activity through intracellular 
cascades. The family of mGluRs consists of three groups, comprising a total of eight 
receptors (Conn and Pin, 1997; Niswender and Conn, 2010). Group 1 consists of mGluR1 and mGluR5. 
These are bound to G proteins Gq and G11, and via hydrolysis of phosphatidylinositol 
(PI), and synthesis of inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) cause 
mobilisation of intracellular calcium, as well as activation of protein kinase C (PKC) 
(Abe et al., 1992; Houamed et al., 1991; Niswender and Conn, 2010) among a myriad other processes, 
including those influenced by MAP/ERK and mTOR signalling (Hermans and Challiss, 2001; 

Hou and Klann, 2004; Page et al., 2006). Both members of group 1 are expressed throughout 
most of the brain (Baude et al., 1994; Petralia et al., 1997; Romano et al., 1995, 1996; Shigemoto et al., 1992, 

1993). However, while the expression of mGluR5 peaks early during development and 
then decreases to adult levels, mGluR1 levels are highest in adult (Boer et al., 2010; Catania 

et al., 1994; López-Bendito et al., 2002; Minakami et al., 1992; Scheiwe et al., 2002; Shigemoto et al., 1992). 
There are also differences in the neuronal populations in which mGluR1 and mGluR5 are 
expressed. mGluR1 is primarily found in interneurons (López-Bendito et al., 2002; Petralia et al., 

1997; Stinehelfer et al., 2000), while mGluR5 is expressed widely in pyramidal cells, but also 
in some types of interneurons (López-Bendito et al., 2002; Van Hooft et al., 2000). Subcellularly, 
both mGluR1 and mGluR5 are located perisynaptically around glutamatergic synapses 
(Ferraguti et al., 1998; López-Bendito et al., 2002; Luján et al., 1996).
Group 1 mGluRs regulate several neurophysiological processes. mGluR5 is primarily 
involved in the induction of mGluR-mediated LTD (Huber et al., 2001), which has been 
suggested to be the main component of FXS pathology (The “mGluR theory of Fragile 
X”; Bear et al., 2004; Huber et al., 2002). mGluR1 activation, on the other hand, depolarises both 
pyramidal cells (Chuang et al., 2000; Stratton et al., 1989) and interneurons (Chu and Hablitz, 1998; 

McBain et al., 1994; Van Hooft et al., 2000; Zhou and Hablitz, 1997). Activation of group 1 mGluRs 
agonists leads to rhythmic activity in several types of interneurons (Beierlein et al., 2000). This 
effect is mediated by low-threshold-spiking interneurons, which is in agreement with the 
localisation of mGluR1 in somatostatin-positive interneurons (Stinehelfer et al., 2000), which 
often have low spiking thresholds (Silberberg and Markram, 2007). However, the distinction 
between functions of mGluR1 and mGluR5 is not clear-cut. mGluR1 plays a minor but 
distinct role in mGluR-LTD (Mannaioni et al., 2001; Volk et al., 2006) and mGluR5 can depolarise 
certain interneurons (Van Hooft et al., 2000). Furthermore, mGluR5 activation regulates gene 
expression (Wang and Zhuo, 2012; Yang et al., 2006), and mGluR-mediated LTD depends on 
rapid local protein synthesis (Huber et al., 2000). At the same time, mGluR activation acts on 
FMRP to negatively regulate local translation of mRNA (Antar et al., 2004; Bassell and Warren, 

2008). Thus, FMRP would constitute a brake on mGluR-induced protein synthesis, and 
without this brake, mGluR-mediated LTD is exaggerated (Bear et al., 2004; Huber et al., 2002). 
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Indeed, protein synthesis is higher in Fmr1-knockout mice, in which FMRP is absent (Qin 

et al., 2005). This phenotype could be reversed by reduction in mGluR5 expression levels 
(Dölen et al., 2007). Furthermore, blocking mGluR5 could reverse behavioural and dendritic 
spine phenotypes (De Vrij et al., 2008; Yan et al., 2005). These promising preclinical results led 
to clinical trials being conducted in FXS patients. Unfortunately, these trials using mGluR5 
antagonists proved ineffective (Berry-Kravis et al., 2016; Jeste and Geschwind, 2016).
There are several explanations for the ineffectiveness of mGluR5 antagonists in these 
trials. First, similar to what was discussed above, sensitive periods may occur during 
which proper function of mGluR5 is necessary for the development of neuronal circuits. 
These clinical trials were conducted on patients that were either adolescents or adults, 
when most of the neuronal circuitry may already have developed. The preclinical trials 
mentioned above also used adolescent or adult animals, but the discrepancy may be 
due to differences in brain development between humans and rodents, or differences 
in the development of circuits involved in the behaviours tested in mice versus those 
tested in the clinical trials. 
Second, while the GABAergic system is affected in models for FXS (Curia et al., 2009; D’Hulst 

et al., 2006; El Idrissi et al., 2005), inhibitory function is omitted from the mGluR5 theory of 
Fragile X. Strikingly, Fmr1-knockout mice show reduced spiking of somatostatin-positive 
interneurons after mGluR activation (Paluszkiewicz et al., 2011b).
Third, very little is known about mGluR function in human cortex. One study has shown 
that mGluR-mediated LTD exists, notably, in human fast-spiking interneurons (Szegedi 

et al., 2016). There have been several recent papers that show a difference in physiology 
between human and rodent neurons (Eyal et al., 2016; Testa-Silva et al., 2014; Verhoog et al., 

2013). Therefore, in order to determine to what extent the mGluR theory of Fragile X is 
applicable to human patients, it is crucial to know whether mGluRs function in humans 
as they do in rodents.

In chapter 5, I confirm the existence of mGluR-mediated LTD in human cortical pyramidal 
cells. I further assess the effect of mGluR stimulation on spiking behaviour in both 
pyramidal cells and interneurons, and the consequences thereof on basal excitatory 
and inhibitory synaptic transmission.
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SYNOPSIS

The cerebral cortex is organised into cell layers that form distinct parts of the cortical 
circuitry. Although much progress has been made in understanding the structure, 
organisation and function of neurons in different cortical layers, very little is known 
about whether neurons within different layers show similar patterns of development, or 
whether disruption of neuronal function during development affects neurons in different 
layers in a similar manner.
In this thesis, I aim to determine whether pyramidal neurons in layers 3 and 5 of medial 
prefrontal cortex develop similarly, and to establish whether Oligophrenin-1 differentially 
impacts the development of neurons and circuits in these layers. 
In chapter 2 and 3, I assess the development of mPFC pyramidal neurons in wild-type 
mice. In chapter 2, I reconstruct the morphology of pyramidal neurons in layers 3 and 5 
of the mPFC to study the development of their dendrites. I show that the development 
of dendritic morphology of pyramidal neurons shows no major differences between both 
layers. In chapter 3, I use in vitro electrophysiology to study the development of intrinsic 
membrane properties and synaptic connections of layer 3 and 5 pyramidal neurons. I 
show that while, like dendritic morphology, intrinsic membrane properties develop in 
similar fashion in both layers. In contrast, synaptic excitation and inhibition show distinct 
laminar developmental patterns.
In chapter 4, I determine whether deletion of Ophn1 differentially affects pyramidal 
neurons in mPFC layers 3 and 5. I show that deletion of Ophn1 does not affect general 
development of morphology or intrinsic properties of pyramidal neurons in either layer. 
However, both excitatory and inhibitory synaptic transmission are transiently affected, 
first in layer 5, and later in layer 3. However, analysis of miniature events and responses 
to high-frequency stimulation indicate that these phenotypes are a consequence of 
dysfunction of the presynaptic, rather than postsynaptic, cell.
Finally, in chapter 5, I shift focus to the physiology of human cortical neurons. Using 
electrophysiology, pharmacology and immunohistochemistry, I show that human pyramidal 
neurons undergo group 1 mGluR-mediated synaptic depression, that Martinotti cells 
are activated by mGluRs and subsequently increase synaptic inhibition onto pyramidal 
neurons. These results confirm earlier findings in rodents.
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Cortical pyramidal neurons exhibit a very characteristic and elaborate dendritic branching 
pattern. The structure of pyramidal dendrites partially determines which inputs the cell 
receives and how they are processed. This dendritic structure differs between types of 
pyramidal neurons between and within cortical layers. However, while the morphological 
development of certain types of pyramidal neurons has been extensively described, it is 
unknown whether pyramidal neurons in different cortical layers develop simultaneously. 
Using detailed analysis of dendritic morphology, we study the development of pyramidal 
neurons in layers 3 and 5 of the medial prefrontal cortex, the homologous area of which 
shows delayed development in humans compared to other parts of the cortex. We find 
subtle differences between layers in the development of branching complexity of oblique 
dendrites and apical tufts, which likely reflect differences in dendrite structure of these 
cell types. However, in both layer 3 and 5, basal and apical dendrites reach their final 
overall branching pattern, and show the largest growth, between the first and second 
postnatal weeks. This shows that the development of dendrites is largely concurrent 
between pyramidal neurons in both layers, and that the mouse medial prefrontal cortex 
develops simultaneously with other cortical areas.

INTRODUCTION
Pyramidal neurons are the principal excitatory cells of the neocortex. Their dendritic 
tree contains a pronounced apical dendrite that grows from the soma toward the pia 
and splits into multiple branches – the apical tuft – approximately in layer 1. Oblique 
dendrites branch off from the initial portion of the apical trunk in many pyramidal cells.  
Basal dendrites branch off directly from the soma, and are more numerous but have less 
elaborate branching patterns than the apical dendrite (Spruston, 2008). Different parts of the 
dendrite can make up functionally separate dendritic compartments. These compartments 
receive specific inputs (Petreanu et al., 2009) and the structure of dendrites and individual 
compartments influence the way in which synaptic input is processed (Magee, 2000; Poirazi 

and Mel, 2001; Srinivas et al., 2017). Therefore, the dendritic morphology of a neuron is an 
important determinant for its function, and disruptions in morphological development 
may lead to impaired neuronal function.
Most studies of pyramidal neuron morphology and physiology have focussed on cells in 
the primary somatosensory cortex (S1). However, there are distinct differences between 
neurons in various cortical areas (Benavides-Piccione et al., 2006; Elston, 2003), and results from 
one cortical area cannot be straightforwardly applied to other areas. S1, and especially the 
barrel cortex in rodents, is well-defined and easily identified, and can be readily targeted 
in behavioural paradigms, such as whisking (Miyashita and Feldman, 2013). This is not the case 
for the prefrontal cortex (PFC), which is harder to target accurately and is involved in 
more complex behaviour (Miller and Cohen, 2001; Uylings et al., 2003; Van de Werd et al., 2010).
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In humans, the PFC, which is involved in higher order processing (Miller, 2000), is considered 
to mature later than other parts of the cortex (Elston and Fujita, 2014). However, it is less clear 
whether this is also the case in other primates, as drawing definitive conclusions has been 
hindered by the large diversity of techniques and species that have to be compared (Elston 

and Fujita, 2014), as well as layer-specific differences in development (Petanjek et al., 2008). In 
rodents, several studies indicate that the rat medial PFC (mPFC) develops simultaneously 
with other cortical areas (Van Eden et al., 1991; Zhang, 2004). However, these studies assess only 
rough measures of cytoarchitecture and morphology, and do not consider layer-specific 
differences (Petanjek et al., 2008). A more thorough understanding of the development of 
the neurons that make up the mPFC is needed to better gain insight into the workings 
of this part of the brain.
Here, we perform a detailed analysis of the early postnatal development of dendritic 
morphology in layers 3 and 5 of the mouse mPFC. We show that the dendritic trees of 
pyramidal neurons in both layers grow rapidly during the second postnatal week, which 
resembles the development of dendrites in other cortical regions. Furthermore, we 
find that there are subtle differences between layer 3 neurons and layer 5 neurons with 
respect to the rate of maturation of individual dendritic compartments.

METHODS
Slice preparation
All procedures involving animals were conducted in compliance with Dutch regulations 
and were approved by the animal experimental committee (DEC) of the Vrije Universiteit. 
Male C57BL/6 mice aged 6 - 8 days (1 week), 13 - 16 days (2 weeks) or 26 - 30 days (4 
weeks) were rapidly decapitated and their brains dissected out in ice cold cutting solution 
containing (in mM): 110 choline chloride, 26 NaHCO3, 10 D-glucose, 11.6 sodium ascorbate, 
7 MgCl2, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl2 (Bureau et al, 2006). 
300 µm thick slices coronal were obtained using a Microm HM 650 V vibratome (Thermo 
Scientific, MA, USA).

Electrophysiology
Slices in the recording chamber were perfused with aCSF containing (in mM): 125 NaCl, 
26 NaHCO3 , 10 D-glucose, 3 KCl, 1.5 MgSO4, 1.6 CaCl2, and 1.25 NaH2PO4, with an 
osmolality of ±300 mOSm, which was continuously bubbled with carbogen gas (95% O2, 
5% CO2) and heated to 31 ± 1 °C. Pyramidal neurons in layers (L) 3 and 5 were visualised 
using DIC on a BX51WI microscope with a 40x/0.8 NA objective (Olympus, Tokyo, Japan) 
and IR camera (VX 45, PCO, Kelheim, Germany). Recordings were made using borosilicate 
(GC150-10, Harvard Apparatus, Holliston, MA) glass pipettes with a resistance of 3 – 5 MΩ, 
pulled on a horizontal puller (P-87, Sutter Instrument Co., Novato, CA). Pipettes were 
filled with an intracellular solution containing (in mM): 148 K-gluconate, 1KCl, 10 Hepes, 
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4 Mg-ATP, 4 K2-phosphocreatine, 0.4 GTP and 0.2% biocytin, adjusted with KOH to pH 
7.3 (±290 mOsm). The area in which cells were located is shown in supplementary figure 1.

Dendritic morphology
Slices containing biocytin-filled cells were fixed in 4% paraformaldehyde in 1x PBS for 
24 - 48 hrs at 4 °C. Slices were then washed at least 3x 10 min in 1x PBS, and incubated 
in 1x PBS containing 0.5 % Triton X-100 and 1:500 Alexa 488-streptavidin (Invitrogen, 
Waltham, MA) on a shaker at room temperature (RT) for 48 hrs. Slices were then washed 
at least 3x 10 min in 1x PBS and mounted on glass slides in mowiol. Confocal stacks were 
made of neurons that were evenly stained, oriented parallel to the slice surface and with 
no major dendrites cut. Neurons were imaged using an A1 confocal microscope (Nikon, 
Tokyo, Japan) using a 10x, NA 0.45 objective, scanned at 0.44 µm x 0.44 µm x 1.0 µm 
(xyz) resolution. Cellular morphology was reconstructed using NeuroMantic software 
(Myatt et al., 2012). Reconstructions were then quantitatively analysed using NeuronExplorer 
(MicroBrightfield Bioscience, Colchester, USA). Dendritic segments were classified as 
intermediate, having a branch point at the distal end of the segment, or terminal, having 
no distal branch points. The length of the apical trunk was measured from the soma to 
the first bifurcation of the apical tuft (see Fig. 2a).

Statistics
Data are shown as mean ± standard error of the mean (SEM), or as median (Mdn). Statistical 
tests were performed using SPSS (IBM, Armonk, NY). Omnibus tests were performed 
separately for both layers, as described below. False discovery rate was maintained at 5% 
using the procedure described by Benjamini and Hochberg (1995), combining all tests in 
chapters 2 and 3. This resulted in a p-value cutoff (α) of 0.036. Appropriate post-hoc tests 
were performed for tests that produced a significant p-value using this cutoff. For omnibus 
tests, residuals were checked for normality and homoscedasticity. For residuals that were 
normally distributed and homoscedastic, a one-way ANOVA was performed. The post 
hoc test performed when the test produced a significant p-value was Tukey’s honest 
significance test. If variance was heteroscedastic, Welch’s correction was used, with a 
Games-Howell post-hoc test. If residuals were not normally distributed, but variance 
was homoscedastic, a Kruskal-Wallis test was performed, with Dunn’s test performed 
post-hoc. If residuals were not normally distributed and were not homoscedastic, a 
robust test was performed, based on 20% trimmed means using the WRS2 package in R 
(Mair & Wilcox, 2016). The post-hoc test used here was a percentile-bootstrapped multiple 
comparisons test using the mcppb20 function. For count data, a generalised linear model 
was implemented using Poisson loglinear distribution. Estimated marginal means were 
calculated, using Šidák correction.
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RESULTS
Overall dendritic development
For morphological reconstructions and measurement of dendritic properties, 51 neurons 
were patched from 18 wild-type C57/Bl6 mice divided into three age groups: week 1 
(w1; postnatal day (P) 6-8), week 2 (w2; P13-16) and week 4 (w4; P26-30). Cells were 
patched in layer 3 and layer 5 at each age group. Fig. 1a shows example morphologies from 
each of the groups. First, we assessed overall dendritic arborisation. Neurons from layer 
3 showed a 93% increase in 
total dendritic length from 
week 1 to week 2 (Fig. 1b; 
L3 w1, 2120.1 ± 313.3 µm; w2, 
4090.6 ± 275.1 µm). Layer 5 
neurons increased in dendritic 
length by 135% during the 
same period (L5 w1, 3142.3 ± 
233.5 µm; w2, 7383.3 ± 245.9 
µm). No significant further 
growth was seen between 
weeks 2 and 4 in either layer. 
The number of dendritic 
segments per cell did not 
change during this time in 
either layer (Fig. 1c), indicating 
that the overall structure 
of the cell is formed before 
the end of the first postnatal 
week. However, more subtle 
changes in dendritic structure 
take place from the second 
postnatal week onward, as 
detailed below.

Apical dendrites
We analysed each dendritic 
domain separately, starting 
with the apical dendrites, and 
focussing on oblique dendrites 
and the apical tuft. Overall 
growth and patterning of the 

Figure 1. Pyramidal cells in mPFC undergo rapid growth during 
the second postnatal week. (a) Example morphologies of L3 and L5 
pyramidal cells from all three age groups. (b) Total dendritic length 
increases between week 1 and week 2 for cells from both layer 3 
(F(2,19) = 15.34, p < 0.001; post hoc w1 vs w2, p < 0.001) and layer 5 
(F(2,24) = 93.65, p < 0.001; post hoc w1 vs w2, p < 0.001). (c) There is 
no difference in the overall number of dendritic segments between 
weeks 1 and 4 (L3, χ2(2) = 4.75, p = 0.093; L5, χ2(2) = 2.52, p = 0.283).
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entire apical dendritic tree was assessed (Fig. 2a). Dendritic length of apical dendrites 
followed the same pattern of growth as did dendritic length overall, increasing between 
1 and 2 weeks in both layer 3 (Fig. 2b; w1, 1152.7 ± 114.6 µm; w2, 1777.6 ± 143.8 µm; 54% 
increase) and layer 5 (w1, Mdn = 2641.0 µm; w2, Mdn = 4528.3 µm; 71% increase). Sholl 
analysis shows that the pattern of intersections changes from week 1 to week 2 for both 
layers (Fig. 2c). Patterns do not differ significantly between weeks 2 and 4. Maximal reach, 
determined for each cell as the largest radius in the Sholl analysis to contain at least one 
intersection, increases between 1 and 2 weeks in both layers (Fig. 2d; L3, w1, 213.8 ± 16.9 
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Figure 2. Apical dendrites grow rapidly during the second postnatal week. (a) Example of apical dendrite 
morphology from a P14 L5 neuron showing measurements for maximal reach and trunk length. (b) Total apical 
dendritic length increases between weeks 1 and 2 in both layers (L3, F(2,19) = 8.26, p = 0.003; post hoc w1 vs w2, p 
= 0.028; H(2) = 11.66, p = 0.003; post hoc w1 vs w2, p = 0.016). (c) Sholl analysis of apical dendrites. In both layers, 
the pattern of intersections is different between week 1 and 2, but not between week 2 and 4 (L3, F(2,21) = 9.35, 
p = 0.001; post hoc w1 vs w2, p = 0.011; L5, F(2,27) = 15.05, p < 0.001; post hoc w1 vs w2, p < 0.001). (d) Maximal 
reach increases between weeks 1 and 2 in both layers (L3, F(2,19) = 15.81, p < 0.001, post hoc w1 vs w2, p < 0.001; 
L5, F(2,26) = 10.60, p < 0.001; post hoc w1 vs w2, p = 0.001). (e) Length of the apical trunk does not change over 
time (L3, F(2,19) = 0.73, p = 0.493; L5, F(2,26) = 1.87, p = 0.174).
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µm; w2, 307.1 ± 14.1 µm; L5, w1, 420.0 ± 16.7 µm; w2, 538.0 ± 24.8 µm). This change in 
maximal apical reach is likely due to increased size of the apical tuft (see Fig. 4b), as the 
length of the apical trunk does not increase significantly (Fig. 2a, e).

Oblique dendrites
Oblique dendrites are dendrites that branch off from the apical trunk before it splits and 
forms the apical tuft. These dendrites undergo substantial changes during early postnatal 
development (Fig. 3a). We assessed oblique dendrites as a whole and subsequently 
looked at which dendritic compartments are involved in dendritic growth. To this end, 
analyses were also performed separately for intermediate and terminal oblique segments. 
Intermediate segments were defined as segments proximal to one or more branch points, 
while terminal segments are segments that end in a terminal tip without any branch points 
(see Fig. 3b). At 1 week after birth, oblique dendrites consist mainly of short, filopodium-
like processes. In layer 5, complexity of oblique dendrites increases between weeks 1 and 
4, as the number of total branch points in oblique dendrites per cell increases (Fig. 3c; 
L5 w1, 5.3 ± 0.6; w4, 8.8 ± 1.0). The number of terminal segments does not increase (Fig. 
3e), indicating that some processes are pruned. In agreement with this, the number of 
oblique dendrites of layer 5 neurons decreases slightly between 1 and 2 weeks (w1, 16.3 ± 
1.2; w2, 13.2 ± 0.6), but does not change significantly (Fig. 3d). The increase in complexity 
is apparent mostly in proximal oblique dendrites in layer 5 neurons, as seen in the Sholl 
analysis of apical dendrites (Fig. 2c). The first peak, representing oblique dendrites, occurs 
in week 4 at 120 µm from the soma, at approximately 40% of the length of the apical 
trunk at that age (Fig. 2e). In contrast to neurons from layer 5, oblique dendrites of layer 
3 neurons do not show any changes in complexity (Fig. 3c). 
The mean length of oblique dendrites increases for cells in both layers. In layer 3 neurons, 
there is a gradual increase in mean oblique dendrite length between weeks 1 and 4 (Fig. 
3f; L3 w1, 79.9 ± 14.4 µm; w4, 178.3 ± 25.8 µm). In layer 5, in which oblique dendrites 
are more numerous and more extensive, oblique dendrite growth occurs quicker, with 
a substantial increase in mean oblique length taking place between week 1 and week 2 
(Fig. 3f; L5 w1, Mdn = 44.6 µm, w4 Mdn = 185.1 µm). Intermediate segments contributed to 
oblique dendrite growth in layer 5 neurons, their lengths increasing by 84% by the fourth 
postnatal week (Fig. 3g; L5 w1, 13.3 ± 1.7 µm; w4, 23.47 ± 2.27µm). Intermediate oblique 
segments of layer 3 neurons, although more variable and slightly longer than those of 
layer 5 neurons, did not significantly increase in length (Fig. 3g). Terminal segments 
contributed significantly to oblique dendrite growth both in layer 3 neurons (Fig. 3h; 
w1, 43.5 ± 16.5 µm; w2, 70.5 ± 8.3) and in layer 5 neurons (w1, Mdn = 29.6 µm; w2, Mdn 
= 87.9 µm). Overall, layer 5 neurons show an increase in mean oblique dendrite length 
during the second postnatal week, as well an increase in complexity, whereas neurons 
from layer 3 show a slower growth of oblique dendrites, with no changes in complexity.



32

Chapter 2

Apical tuft
We next examined the development of the apical tuft (Fig. 4a). In layer 3 neurons, similar 
to oblique dendrites, tuft dendrites do not increase in complexity, as they show no 
changes in the number of segments (Fig. 4b). In contrast, layer 5 tuft dendrites exhibit a 
reduction in the number of segments (Fig. 4b; L5 w1, 15.9 ± 1.9; w2, 11.7 ± 0.6), showing that 

Figure 3. Differential development of oblique dendrites in layer 3 and 5. (a) Example morphologies of the apical 
trunk and oblique dendrites of layer 5 neurons at 1 and 2 weeks. (b) Diagram denoting trunk, intermediate 
and terminal segments. (c) The number of branch points in oblique dendrites increases during development 
of layer 5 cells (χ2(2) = 8.36, p =0.015, post hoc w1 vs w4, p = 0.013), but not in layer 3 cells (χ2(2) = 1.12, p = 0.572).  
(d) The number of oblique dendrites does not change in layer 5 between weeks 1 and 4 (χ2(2) = 5.14, p = 0.077). 
(e) The number of terminal segments does not change in layer 5 (χ2(2) = 0.15, p = 0.929). (f) The mean length of 
oblique dendrites increases in both layers. However, this change occurs slower in layer 3 cells (F(2,17) = 6.91, p 
= 0.006; post hoc w1 vs w4, p = 0.005) than in layer 5 cells (H(2) = 16.06, p < 0.001, post hoc w1 vs w2, p = 0.008).  
(g) Oblique intermediate segment length increases during the second postnatal week in layer 5 cells (F(2,25) = 
6.30, p = 0.006, post hoc w1 vs w4, p = 0.005), but does not change in layer 3 cells (Welch’s F(2,7.34) = 1.44, p = 
0.298). (h) Oblique terminal segments increase in length during the second postnatal week in both layers (L3, 
F(2,18) = 16.93, p < 0.001; post hoc w1 vs w2, p = 0.012; L5, H(2) = 14.45, p = 0.001, post hoc w1 vs w2, p = 0.012).
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some processes are pruned during the second postnatal week. The length of apical tuft 
dendrites increases rapidly between weeks 1 and 2 in neurons from both layers 3 and 
5 (Fig. 4c; L3 w1, 735.7 ± 117.2; w2, 1252.1 ± 113.8 µm; 70% increase; L5 w1, 1487.8 ± 166.7 
µm; w2, 2106.5 ± 70.5 µm; 42% increase). The lengthening of apical tuft dendrites is 
due to growth of both intermediate and terminal dendritic segments. In layer 3 neurons, 
intermediate segments grow mainly during the second postnatal week (Fig. 4d; L3 w1, 
Mdn = 28.4 µm; w2, Mdn = 51.2 µm) and thus their growth is slightly faster than that of 
terminal segments, which grow between 1 and 4 weeks (Fig. 4e; L3 w1, Mdn = 38.2 µm; 
w4, Mdn = 92.0 µm). In layer 5 neurons, on the other hand, both intermediate and terminal 
segments show an increase in length between weeks 1 and 2 (Fig. 4d,e; L5 intermediate 
segments: w1, 32.2 ± 4.0 µm; w2, 54.2 ± 4.8 µm; terminal segments: w1, 55.0 ± 10.6 µm; 
w2, 108.6 ± 6.6 µm). Thus, while tuft dendrites grow significantly in both layers, growth in 
intermediate segments is faster in layer 5 than in layer 3. In addition, immature processes 
in layer 5 are pruned.

Figure 4. Apical tuft development is similar in layers 3 and 5. (a) Example morphologies of apical tufts from layer 
5 neurons at 1 and 2 weeks. (b) The number of tuft segments does not change in layer 3 (χ2(2) = 0.99, p = 0.609). 
However, number of segments decreases between week 1 and week 2 in neurons of L5, χ2(2) = 14.09, p < 0.001, 
post hoc w1 vs w2, p = 0.004). (c) Total dendritic length of the apical tuft increases between 1 and 2 weeks in 
both layers (L3, F(2,19) = 7.40, p = 0.004; post hoc w1 vs w2, p = 0.013; L5, F(2,26) = 6.47, p = 0.005; post hoc w1 vs 
w2, p = 0.008). (d) Intermediate tuft segments increase in length during the second postnatal week in both layers 
(L3, H(2) = 9.46, p = 0.009; post hoc w1 vs w2, p = 0.033; L5, F(2,26) = 7.45, p = 0.003; post hoc w1 vs w2, p = 0.006).  
(e) Terminal segments increase in length in both layers. This change is more protracted in layer 3 cells (H(2) = 
7.34, p = 0.025; post hoc w1 vs w4, p = 0.026) than in cells of layer 5 (F(2,26) = 12.17, p < 0.001; post hoc w1 vs w2, 
p < 0.001).
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Basal dendrite development
Finally, we assessed the development of basal dendrites (Fig. 5a). Similar to what was 
shown for apical dendrites, Sholl analysis reveals a difference in dendritic branching 
patterns between week 1 and week 2 in both layers, but no differences between week 
2 and week 4 (Fig. 5b). Although there is no increase in the number of basal dendrites 
originating from the soma (Fig. 5c), dendritic complexity increases from week 1 to week 4 
in neurons of layer 5, but not in neurons of layer 3, as seen by an increase in the number 
of branch points in layer 5 neurons (Fig. 5d, L5 w1, 14.7 ± 1.4; w4, 20.6 ± 1.4) but not in 
layer 3 neurons (L3 w1, 12.0 ± 2.2; w4, 12.7 ± 0.8). Comparable to apical dendrites, the total 
length of basal dendrites increases between week 1 and week 2 in layer 3 neurons (Fig. 
5e; L3 w1, 967.4 ± 221.8 µm; w2, 2311.8 ± 319.9 µm; 139% increase) and neurons of layer 5 
(w1, 1288.8 ± 304.4 µm; w2, 2862.7 ± 207.6 µm; 122% increase). This increase in length is 
seen in both intermediate and terminal segments. In layer 3, the length of intermediate 
segments increases between weeks 1 and 2 (Fig. 5f; L3 w1, 11.0 ± 1.0 µm; w2, 18.1 ± 1.8 µm), 
as does the length of intermediate segments of basal dendrites of layer 5 neurons (w1, 9.3 
± 0.9 µm; w2, 17.9 ± 0.9 µm). Terminal segments, on the other hand, grow slightly slower 
in layer 3 neurons (Fig. 5g; L3 w1, Mdn = 32.2 µm; w4, Mdn = 88.2 µm). Terminal segments 
of layer 5 neurons show growth between weeks 1 and 2 (L5 w1, Mdn = 34.1 µm; w2, Mdn 
= 83.3 µm). Consequently, similar to tuft dendrites, the intermediate segments of basal 
dendrites of layer 5 neurons increase in length faster than those of cells in layer 3. Basal 
dendrites of layer 5 neurons also increase in complexity, while those in layer 3 do not.

DISCUSSION
Rapid growth of pyramidal neurons in mPFC
Here, we present a detailed study of the early morphological development of pyramidal 
cells in layers 3 and 5 of the mPFC. The neocortex develops in an “inside-out” fashion, with 
cells in deeper layers migrating into place before cells in superficial layers. Interestingly, 
we find that the morphological development of layer 3 and layer 5 neurons seems to 
occur simultaneously, despite layer 3 cells migrating into the cortex later than those in 
layer 5. We find that most of the dendritic growth occurs during the second postnatal 
week in both layers. This applies to all sections of the dendritic tree, as both apical and 
basal dendrites show most growth during this time.
The PFC in humans is generally thought to develop later than hierarchically lower cortical 
areas, such as the primary visual cortex. In rats, the prefrontal cortex does not seem 
to have a delayed development (Van Eden et al., 1991; Zhang, 2004). Our findings regarding 
dendritic growth in the mouse mPFC are similar to those of previous studies in other 
cortical areas of mouse and rat. Larsen and Callaway (Larsen and Callaway, 2006) find similar 
growth patterns for layer 2/3 neurons in mouse S1. Romand et al. (2011) have performed a 
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Figure 5. Basal dendrite development. (a) Example morphologies of L5 neurons at 1, 2 and 4 weeks. (b) Sholl 
analysis of basal dendrites. In both layers, the pattern of intersections is different between week 1 and 2, but not 
between week 2 and 4 (L3, F(2,19) = 8.77, p = 0.002; post hoc w1 vs w2, p = 0.003; L5, F(2,27) = 24.65, p < 0.001; post 
hoc w1 vs w2, p < 0.001). (c) The number of basal dendrites does not change between 1 and 4 weeks in either 
layer (L3, χ2(2) = 2.20, p = 0.333; L5, χ2(2) = 0.40, p = 0.819). (d) The number of branch points is similar between 
ages in layer 3 cells (χ2(2) = 5.22, p = 0.074), but increases in layer 5 between 1 and 4 weeks (χ2(2) = 9.43, p = 0.009; 
post hoc w1 vs w4, p = 0.006). (e) Total basal dendritic length increases between 1 and 2 weeks in both layers (L3, 
F(2,19) = 9.16, p = 0.002; post hoc w1 vs w2, p = 0.002; L5, F(2,26) = 20.36, p < 0.001; post hoc w1 vs w2, p < 0.001).  
(f) Intermediate basal segment length increases during the second postnatal week in both layers (L3, F(2,18) 
= 8.91, p = 0.002; post hoc w1 vs w2, p = 0.005; L5, F(2,26) = 23.02, p < 0.0001; post hoc w1 vs w2, p < 0.001).  
(g) Terminal basal segment length increases in both layers. This change occurs between weeks 1 and 4 in layer 3 
cells (H(2) = 12.58, p = 0.002; post hoc w1 vs w4, p = 0.001), and between weeks 1 and 2 in layer 5 (H(2) = 13.30, p 
= 0.001; post hoc w1 vs w2, p = 0.015).
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detailed analysis of thick-tufted pyramidal neuron development in rat S1 that shows similar 
results to those presented here, indicating that dendritic morphology of mouse mPFC 
pyramidal neurons develops simultaneously to that of neurons in other cortical areas.

Layer-specific compartmentalised growth
Different parts of the dendritic tree represent separate cellular compartments (Nevian et al., 

2007; Yuste et al., 1994). We find layer-specific differences in the development of dendritic 
compartments. The number of branch points increases in oblique and basal dendrites 
of layer 5 neurons between weeks 2 and 4. These changes do not occur in neurons in 
layer 3, of which the number of basal dendrite segments reaches its peak already at week 
1. This might reflect the larger and more complex nature of these structures in mature 
layer 5 neurons. Interestingly, in human prefrontal cortex, it is the basal dendrites of layer 
3 neurons that are larger and more complex, and accordingly show a more protracted 
development (Petanjek et al., 2008).
The number of branch points decreases in the apical tuft of layer 5 neurons, most likely 
due to pruning of immature processes, which does not occur in basal dendrites in our 
sample. Alternatively, dendrites of cells in either layer that do not show a decrease in the 
number of segments may have processes that are pruned, but which are compensated 
for by new processes. This possibility could be tested using in vivo imaging (Gonçalves et 

al., 2016).
There is also a layer-specific difference in the growth rate of segment types. In layer 3 basal 
and tuft dendrites, the growth of terminal segments occurs during the second postnatal 
week, while growth of intermediate segments is more protracted and is only apparent 
when comparing weeks 1 and 4. This is not the case for layer 5 neurons, where growth 
of both intermediate and terminal segments occurs during the second week, in contrast 
to previous results in S1 (Romand et al., 2011). This laminar difference could reflect a later 
maturation of layer 3 neurons. Furthermore, compartmentalised growth is evident from 
the observation that the apical trunk does not grow after the first postnatal week, and 
hence the increase in the maximal reach of the apical dendrite is due to lengthening of 
the apical tuft. One must keep in mind that the latest age-group shown here is 4 weeks. 
In somatosensory cortex, while most dendritic growth occurs in this time window, subtle 
changes occur at later stages (Romand et al., 2011).

Methodological considerations
Due to the nature of acture brain slice preparations and the, part of the dendritic tree is 
cut when slices are made. Because of this, certain values, such as total dendritic length, 
will be underestimated. However, care was taken to select only cells that were clearly and 
evenly stained and in which no major dendrites were cut. We also discarded cells whose 
apical dendrites were not parallel to the slice surface, as imaging depth greatly influences 
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signal intensity and therefore the amount of detail that is visible. These measures ensure 
that comparison of dendritic morphologies of neurons in different cell layers and at 
different ages is accurate.
The age groups used in this study are spread out over relatively long intervals, making it 
hard to pick up fast changes. For instance, in the rat visual cortex, the number of basal 
dendrites matures earlier in L5 than L2/3, with the peak in L5 occurring at P6 and the 
peak in L2/3 occurring at P9 (Miller, 1981). In accordance, our results show no change in 
the number of basal dendrites after 1 week for cells in either layer. Despite this caveat, 
we do find subtle laminar differences in maturation, as discussed earlier.
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Figure S1. Targeting of mPFC pyramidal cells during development. (a) Low magnification image of coronal 
sections from mice at the ages used in this study, stained for neuronal marker NeuN. Dashed lines indicate the 
prelimbic area where neurons were patched. Boxes indicate the location of the higher magnification images 
shown in b. (b) Confocal images of prelimbic cortex showing cortical layers. Boxes indicate the cortical depth at 
which neurons were targeted at each age.
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In the previous chapter, we have shown that the morphological development pyramidal 
neurons in layers 3 and 5 of the mPFC occurs roughly simultaneously. Here, we focus 
on the development of pyramidal neuron function by assessing intrinsic properties and 
synaptic input. Like the morphology of layer 3 and 5 pyramidal neurons, both passive 
and active intrinsic properties develop in parallel. In contrast, excitatory and inhibitory 
synaptic inputs show different developmental patterns, which causes the balance of 
synaptic excitation and inhibition to differ in a layer-specific pattern from one to four 
postnatal weeks of age. This is most striking at two weeks, when layer 3 pyramidal neurons 
receive more excitation, relative to their counterparts in layer 5. These data underline 
the importance of layer-specific and developmental analyses for understanding cortical 
circuit formation and refinement.

INTRODUCTION
Neurons consist of membranes that contain ion channels and pumps that maintain their 
membrane potential and regulate several other properties, such as membrane resistance. 
Such intrinsic neuronal properties can influence the way in which neurons process synaptic 
inputs (Poleg-Polsky, 2015). Thus, the combination of cellular electrophysiological properties 
and synaptic connections determines neuronal and network function. Furthermore, the 
balance of excitatory and inhibitory synaptic inputs (E/I balance) appears to be tightly 
regulated and is essential for proper network development and function. Consequently, 
cortical E/I imbalance is implicated in many neuronal disorders (Nelson and Valakh, 2015; 

Rubenstein and Merzenich, 2003, Selten et al., 2018). This is often coupled to dysfunctions of 
dendritic spines (Penzes et al., 2011), as spine malfunction can lead to changes in excitatory 
transmission, thus changing E/I balance.
The prefrontal cortex has been implicated in many disorders (Honea et al., 2005; Koenigs, 

2012). The mouse medial prefrontal cortex (mPFC) differs from other cortical regions in 
that it does not have a granular layer 4 (Van de Werd et al., 2010). The intrinsic membrane 
physiology of pyramidal neurons in all layers of the rat mPFC has recently been extensively 
described (Van Aerde and Feldmeyer, 2013). However, as many neurological disorders have 
their origins early in development, it is important to determine membrane and synaptic 
properties during development. Postnatal development of layer 5 neurons in the mPFC 
has been studied with regards to intrinsic membrane properties (Zhang, 2004) and synaptic 
transmission (Bouamrane et al., 2017). However, no studies have been performed to compare 
the development of mPFC neurons in different cortical layers.
In this chapter, we show that the maturation of most passive and active intrinsic membrane 
properties occurs simultaneously in neurons from layers 3 and 5. Spontaneous synaptic 
transmission, on the other hand, shows a layer-specific pattern. Excitatory transmission 
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matures more rapidly in layer 3, while inhibitory transmission matures more rapidly in 
layer 5. The balance of excitation and inhibition over development initially shifts toward 
excitation before shifting toward inhibition in layer 3. In layer 5, E/I balance gradually 
shifts toward excitation.

METHODS
Slice preparation
All procedures involving animals were conducted in compliance with Dutch regulations 
and were approved by the animal experimental committee (DEC) of the Vrije Universiteit. 
Male C57BL/6 mice aged 6 - 8 days (1 week), 13 - 16 days (2 weeks) or 26 - 30 days (4 
weeks) were rapidly decapitated and their brains dissected out in ice cold cutting solution 
containing (in mM): 110 choline chloride, 26 NaHCO3, 10 D-glucose, 11.6 sodium ascorbate, 
7 MgCl2, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl2 (Bureau et al, 2006). 
300 µm thick slices coronal were obtained using a Microm HM 650 V vibratome (Thermo 
Scientific, MA, USA). 

Electrophysiology
Slices in the recording chamber were perfused with aCSF containing (in mM): 125 NaCl, 
26 NaHCO3, 10 D-glucose, 3 KCl, 1.5 MgSO4, 1.6 CaCl2, and 1.25 NaH2PO4, with an 
osmolality of ±300 mOSm, which was continuously bubbled with carbogen gas (95% O2, 
5% CO2) and heated to 31 ± 1 °C. Pyramidal neurons in layers 3 and 5 were visualised 
using DIC on a BX51WI microscope with a 40x/0.8 NA objective (Olympus, Tokyo, 
Japan) and IR camera (VX 45, PCO, Kelheim, Germany). Recordings were made using 
borosilicate (GC150-10, Harvard Apparatus, Holliston, MA) glass pipettes with a resistance 
of 3 – 5 MΩ, pulled on a horizontal puller (P-87, Sutter Instrument Co., Novato, CA). 
Signals were amplified (Multiclamp 700B, Molecular Devices) and digitised (Digidata 
1440A, Molecular Devices) and recorded in pCLAMP 10 (Molecular Devices, Sunnyvale, 
CA). Access resistance was monitored before, during, and after recording. Cells were 
discarded if the access resistance deviated more than 25 % from its value at the start of 
recording, or if it exceeded 20 MΩ.
To record membrane properties, pipettes were filled with an intracellular solution 
containing (in mM): 148 K-gluconate, 1KCl, 10 Hepes, 4 Mg-ATP, 4 K2-phosphocreatine, 
0.4 GTP and 0.2% biocytin, adjusted with KOH to pH 7.3 (±290 mOsm).
During recording, a series of negative and positive current injections were applied. Active 
and passive properties were analysed in Matlab (Mathworks, Natick, MA) using custom 
scripts. The resting membrane potential was determined to be the membrane potential 
during the 0 mV current injection. Input resistance was calculated as the linear slope 
of the current-voltage (I-V) relationship of the last 200 ms of all negative stimuli. The 
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membrane time constant was determined by fitting a single exponential to the first 300 
ms of the response to the negative current injection that resulted in a voltage deflection 
of approximately 7.5 mV. Voltage sag was calculated as the percentage change between 
the peak of the response and the average voltage deflection of the last 200 ms of the 
same step.
Properties of individual action potentials were determined for the first action potential 
fired during the first current injection to elicit action potentials. Action potential threshold 
was set as the voltage at which the first derivative of the voltage trace reached 20 V/s. 
Action potential amplitude was calculated as the difference between the threshold and 
the peak of each action potential. Inter-spike interval (ISI) ratios were determined for the 
first current injection to elicit at least 10 action potentials. Rheobase was determined by 
injecting a 5 s positive ramp current, the peak of which was adjusted according to the 
cell’s approximate input resistance.
To record spontaneous excitatory and inhibitory postsynaptic currents (sEPSCs/sIPSCs), 
pipettes were filled with an intracellular solution containing (in mM): 125 Cs-gluconate, 5 
CsCl, 4 NaCl, 10 HEPES, 0.2 EGTA, 2 K2-phosphpcreatine, 2 Mg-ATP, 0.3 GTP, adjusted 
with KOH to pH 7.3 (±290 mOsm). sEPSCs and sIPSCs were recorded in the same cell. 
Recordings of 5 minutes were made per cell per synaptic event type. To record sEPSCs, 
cells were clamped at -70 mV. To record sIPSCs, cells were clamped at +10 mV. IPSCs 
were confirmed to be GABAergic by their abolishment by 10 µM Gabazine. Spontaneous 
EPSCs and IPSCs were analysed using MiniAnalysis (SynaptoSoft). Charge carried by 
sEPSCs and sIPSCs was determined as the total area of all events in a trace divided by 
the length of that trace. E/I balance measures were calculated per cell before being 
averaged per group.

Dendritic spine analysis
Slices containing biocytin-filled cells were fixed in 4% paraformaldehyde in 1x PBS for 
24 - 48 hrs at 4 °C. Slices were then washed at least 3x 10 min in 1x PBS, and incubated 
in 1x PBS containing 0.5 % Triton X-100 and 1:500 Alexa 488-streptavidin (Invitrogen, 
Waltham, MA) on a shaker at room temperature (RT) for 48 hrs. Slices were then washed 
at least 3x 10 min in 1x PBS and mounted on glass slides in mowiol.
Dendritic spines were imaged using an A1 confocal microscope (Nikon, Tokyo, Japan) 
with a 100x, NA 1.49 oil objective, scanned at 0.08 µm x 0.08 µm x 0.1 µm (xyz) resolution, 
and analysed using NeuronStudio (Rodriguez et al., 2008). Spines were classified based 
on their length, the presence and width of the spine head, according to the following 
scheme: Spines with length > 3 µm and/or head diameter < 0.3 µm were classified as 
filopodia. Stubby spines were defined as spines with a head diameter > 0.3 µm and a 
length/head diameter ratio < 1.5. Mushroom spines were defined as spines with head 
diameter between 0.3 µm and 0.6 µm and a length/head diameter between 1.5 and 3, 
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or head diameter > 0.6 µm and length/head diameter > 1.5. Spines with head diameter 
between 0.3 µm and 0.6 µm and length/head diameter > 3 were classified as thin. In our 
final analysis, stubby and mushroom spines were lumped together as thick spines, as 
non-super-resolution imaging techniques have been shown to overestimate the number 
of stubby spines (Tønnesen et al., 2014).

Statistics
Data are shown as mean ± standard error of the mean (SEM), or as median (Mdn). Statistical 
tests were performed using SPSS (IBM, Armonk, NY). Omnibus tests were performed 
separately for both layers, as described below. False discovery rate was maintained at 
5% using the procedure described by Benjamini and Hochberg (1995), combining all tests 
in chapters 2 and 3. This resulted in a p-value cutoff (α) of 0.036. Appropriate post-hoc 
tests were performed for tests that produced a significant p-value using this cutoff.
For omnibus tests, residuals were checked for normality and homoscedasticity. For 
residuals that were normally distributed and homoscedastic, a one-way ANOVA was 
performed. The post-hoc test performed when the test produced a significant p-value 
was Tukey’s honest significance test. If variance was heteroscedastic, Welch’s correction 
was used, with a Games-Howell post-hoc test. If residuals were not normally distributed, 
but variance was homoscedastic, a Kruskal-Wallis test was performed, with Dunn’s 
test performed post-hoc. If residuals were not normally distributed and were not 
homoscedastic, a robust test was performed, based on 20% trimmed means using the 
WRS2 package in R (Mair & Wilcox, 2016). The post-hoc test used here was a percentile-
bootstrapped multiple comparisons test using the mcppb20 function. For count data, a 
generalised linear model was implemented using Poisson loglinear distribution. Estimated 
marginal means were calculated, using Šidák correction.

RESULTS
Development of passive intrinsic membrane properties
Intrinsic membrane properties were measured from 87 cells from 19 mice, from layers 
3 and 5, divided into three age groups: week 1 (w1; postnatal day (P) 6-8), week 2 (w2; 
P13-16) and week 4 (w4; P26-30).
Passive membrane properties were calculated from voltage traces recorded in response 
to hyperpolarising current steps. The resting membrane potential (RMP) of cells from both 
layers became more negative during the first postnatal week. A further hyperpolarising 
shift between weeks 2 and 4 did not reach significance (Fig. 1b; L3, w1, -61.63 ± 1.39 mV, 
n = 10; w2, -69.96 ± 0.98 mV, n = 15; w4, -73.02 ± 1.09 mV, n = 16; L5 w1, -61.30 ± 1.45 mV, 
n = 12; w2, -67.08 ± 0.63 mV, n = 19; w4, -69.62 ± 0.83 mV, n = 15).
As detailed in the previous chapter, dendritic length increased rapidly during the 
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second postnatal week, and did not 
increase further after this period. 
Interestingly, while input resistance 

- which correlates to size of the cell - 
also decreases during the second week, 
it decreases further after this (Fig. 1c; 
L3 w1, 405.85 ± 50.54 MΩ, n = 7; w2, 
213.42 ± 21.95 MΩ, n = 15; w4, 110.28 ± 
11.54 MΩ, n = 16; L5 w1, Mdn = 170.54 
MΩ, n = 10; w2, Mdn = 79.80 MΩ, n = 
19; w4, Mdn = 50.35 MΩ, n = 14).
Simultaneously, the membrane time 
constant becomes faster during the 
first postnatal month (Fig. 1d; L3 w1, 
60.47 ± 4.32 ms, n = 8; w2, 40.23 ± 
2.48 ms, n = 15; w4, 19.87 ± 2.34 ms, n 
= 16; L5 w1, 45.33 ± 2.88 ms, n = 11; w2, 
19.01 ± 0.99 ms, n = 19; w4, 11.73 ± 0.80 

Figure 1. Rapid development of intrinsic 
membrane properties is similar between 
layers. (a) Example voltage traces in response to 
negative current injections show the presence 
of a voltage sag as early as P6 in layer 5 cells.  
(b) Resting membrane potential becomes more 
hyperpolarised during the second postnatal 
week in both layers (L3, F(2,38) = 23.42, p < 0.001; 
post hoc w1 vs w2, p < 0.001; L5, F(2,43) = 18.39, p 
< 0.001; post hoc w1 vs w2, p < 0.001). (c) Input 
resistance decreases strongly during the second 
postnatal week in both layers, and decreases 
further until week 4 (L3, F(2,10) = 14.09, p = 0.001; 
post hoc w1 vs w2, p < 0.001; w2 vs w4, p < 0.001; 
L5, H(2) = 29.33, p < 0.001; post hoc w1 vs w2, 
p = 0.006; w2 vs w4, p = 0.011). (d) Membrane 
time constant of cells of both layers decreases 
between weeks 1 and 2, and further decreases 
between weeks 2 and 4 (L3, F(2,36) = 45.42, p < 
0.001; post hoc w1 vs w2, p < 0.001; w2 vs w4, p 
< 0.001; L5, F(2,12) = 50.11, p < 0.001; post hoc w1 
vs w2, p < 0.001; w2 vs w4, p < 0.001). (e) There 
is no prominent voltage sag in layer 3 neurons. 
Layer 5 neurons do exhibit a voltage sag, which 
is decreased during the second postnatal week 
(L5, Welch’s F(2,22) = 6.72, p = 0.005; post hoc w1 
vs w2, p = 0.006).
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ms, n = 14).
Layer 5 neurons show a characteristic voltage sag upon injection of hyperpolarising 
current, which is absent in layer 3 neurons. Consistent with this, layer 3 neurons from 
any age did not exhibit a voltage sag (Fig. 1a). Layer 5 neurons showed a voltage sag that 
was larger at week 1 than at consecutive weeks (Fig. 1e; w1, 31.52 ± 3.20 %, n = 12; w2, 
18.76 ± 1.23 %, n = 19). At week 1, cells in both layers repolarises during the current step, 
without reaching a proper steady-state response. This is particularly noticeable when 
comparing layer 3 cells (Fig. 1a). This repolarisation is the reason for occurrence of a 
substantial number of layer 3 cells that show a difference of more than 10% between 
the peak of hyperpolarisation and the potential at the end of the current step. It may also 
lead us to overestimate the size of the voltage sag at week 1 in layer 5 neurons, which 
consequently show a larger voltage sag at week 1 than at other ages. Thus, while actual 
values may differ between layers 3 and 5, the development of passive properties, with 
the exception of the voltage sag, is identical for both layers.

Active properties
Properties of the action potentials were measured for the first depolarising current step 
that elicited one or more action potentials. Values are averages of all action potentials 
elicited during this step. The action potential threshold was measured as the membrane 
potential at which the first derivative of the voltage trace surpassed 20 V/s. Similar to 
RMP, action potential threshold became more hyperpolarised during development. This 
change occurs during the second postnatal week, with no further change occurring later 
(Fig. 2b; L3 w1, -32.69 ± 0.75 mV, n = 10; w2, -37.68 ± 0.44 mV, n = 15; L5 w1, -35.32 ± 0.56 
mV, n = 12; w2, -41.89 ± 0.64 mV, n = 19).
Rheobase was determined as the current at which an action potential was first elicited 
during injection of a depolarising current ramp. Due to the continued decrease in input 
resistance, rheobase increased between all ages in both layers (Fig. 2c, L3 w1, 27.56 ± 
5.55 pA, n = 10; w2, 57.10 ± 6.17 pA, n = 15; w4, 105.47 ± 10.32 pA, n = 13; L5 w1, 25.98 ± 
1.19 pA, n= 12; w2, 25.19 ± 0.60 pA, n= 19; w4, 26.05 ± 0.87 pA, n= 15).
Action potential amplitude increased substantially during the second postnatal week, 
increasing by roughly 20 mV in both layers (Fig. 2d; L3 w1, 64.76 ± 2.26 mV, n = 10; w2, 
85.41 ± 1.37 mV, n = 15; L5 w1, 75.24 ± 1.62 mV, n = 12; w2, 91.54 ± 1.17 mV, n = 19) but 
did not increase after the second week. Finally, action potentials became faster during 
development. During the second postnatal week, halfwidth (measured as the width of 
the action potential at the midpoint between threshold and peak) decreased substantially 
in cells of both layers (Fig. 2e; L3 w1, 2.05 ± 0.14 ms, n = 9; w2, 1.27 ± 0.07 ms, n = 15; L5 
w1, 2.14 ± 0.08 ms, n = 11; w2, 1.18 ± 0.04 ms, n = 19). Again, no change was seen after this 
time point.
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Figure 2. Firing properties in both 
cortical layers develop largely in 
parallel. (a) Example voltage traces 
in response to suprathreshold 
depolarising current step that elicits 
10 or more action potentials. Inset: 
first two action potentials of the same 
voltage trace. Black lines indicate 
the amplitude of the current step 
that elicited the voltage response.  
(b) Action potential threshold 
becomes more hyperpolarised 
between weeks 1 and 2 (L3, F(2,38) = 
31.36, p < 0.001; post-hoc w1-w2, p < 
0.001; L5, F(2,43) = 36.87, p < 0.001; post-
hoc w1-w2, p < 0.001). (c) Rheobase 
increases during development of 
neurons in both layers (L3, F(2,35) 
= 23.13, p < 0.001; post-hoc w1-w2, 
p = 0.036; w2 vs w4, p < 0.001; L5, 
F(2,40) = 29.74, p < 0.001; post-hoc 
w1-w2, p < 0.001; w2 vs w4, p = 0.003).  
(d) Action potential amplitude 
increases during the second 
postnatal week in neurons of both 
layers (L3, F(2,37) = 46.85, p < 0.001; 
post-hoc w1-w2, p < 0.001; L5, F(2,43) 
= 43.78, p < 0.001; post-hoc w1-w2, p < 
0.001). (e) Action potential halfwidth 
decreases rapidly during the second 
postnatal week, decreasing even 
further afterwards (L3, Welch’s F(2,18) 
= 25.61, p < 0.001; post-hoc w1-w2, p 
= 0.001; w2 vs w4, p = 0.011; L5, F(2,42) 
= 124.67, p < 0.001; post-hoc w1-w2, p 
< 0.001; w2 vs w4, p = 0.003). (f) Spike 
frequency adaptation represented 
through ISI ratios. Heatmap colours 
represent the ratio between the 9th 
ISI and each of the 8 previous ISIs 
(numbered below). (g) ISI1/9 ratio 
decreases during development in L3 
but not L5 neurons (L3, F(2,31) = 5.21, 
p = 0.011; post-hoc w1-w4, p = 0.008). 
(h) ISI4/9 ratio increases during 
development in L5 neurons (F(2,38) 
= 23.86, p < 0.001, post-hoc w1-w2, p 
< 0.001). 
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Spike frequency adaptation
Cells in both layers displayed regular-spiking firing patterns. However, spike frequency 
adaptation (SFA) showed developmental changes that were distinct between layers. 
To quantify early SFA, we measured the ratio between the 9th interspike interval (ISI) 
and the 1st (ISI 1 / ISI 9). To measure late SFA, we used the ratio between the 9th and 
the 4th  ISI. (ISI 4 / ISI 9). Cells in both layers showed a doublet in which the first spike 
of a train was followed rapidly by a second spike. Layer 3 neurons only developed this 
doublet during the second postnatal week (Fig. 2a). This was reflected by a significant 
decrease in the ISI 1 / ISI 9 ratio between weeks 1 and 4 (Fig. 2f,g). Cells in layer 5, on 
the other hand, showed an initial doublet at all ages, but exhibited late SFA at 1 week, 
which disappeared during the second postnatal week. (Fig. 2f,h; ISI 4 / ISI 9, week 1 vs 
week 2, p < 0.001). In conclusion, the development of passive membrane properties, as 
well as properties of individual spikes, showed similar patterns for cells of layers 3 and 
5, whereas responses to prolonged stimulation developed differently between layers.
Spike frequency adaptation also changes in a layer-specific manner during development.

Differential development of synaptic input
Since most aspects of dendritic morphology and intrinsic membrane properties developed 
in parallel in layers 3 and 5, we next asked whether synaptic input onto PNs in both layers 
also developed simultaneously. Further, we wondered whether the ratio of excitation and 
inhibition would show a similar developmental pattern. Hence, we measured spontaneous 
excitatory (sEPSCs) and inhibitory (sIPSCs) postsynaptic currents in the same cells (Fig. 3a). 
Interestingly, sEPSCs showed distinct patterns of development between layers. In layer 
3 cells, sEPSC frequency plateaued after the second postnatal week, with no significant 
further increase up to week 4 (Fig. 3b, L3, w1-2, p < 0.001; w2-4, p = 0.099). sEPSC charge 
also showed the largest increase during the second postnatal week, although the change 
was only significant between weeks 1 and 4 (Fig. 3c). In contrast, sEPSC frequency and 
charge onto layer 5 cells increased only slightly during the second postnatal week, with 
a significant increase occurring between weeks 2 and 4 (Fig. 3b,c). 
sIPSCs showed an inverse pattern, with frequency increasing gradually in layer 5, and 
only after the second postnatal week in layer 3 (Fig. 3d). sIPSC charge showed the same 
development in layer 3 as did sIPSC frequency. In layer 5, sIPSC charge showed a small 
gradual increase between 1 and 4 weeks (Fig. 3e). Recording both sEPSCs and sIPSCs 
in the same cells allowed us to calculate E/I ratios per cell. At 2 weeks, synaptic input 
onto layer 3 cells was dominated by excitation, with L3 cells receiving over three times 
as many excitatory events as inhibitory ones (Fig. 3f; E/I frequency at w2, L3: 3.09 ± 0.38, 
L5: 1.02 ± 0.12). This resulted in an E/I ratio that was significantly higher at 2 weeks in 
layer 3 cells than layer 5 (Fig. 3g; E/I charge, w2, L3 vs L5, t(24.84) = 3.005, p = 0.006). 
Interestingly, the late increases in excitatory input onto layer 5 cells and inhibitory input 
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Figure 3. Development of spontaneous synaptic transmission follows lamina-specific patterns. (a) Example 
traces recorded at -70 mV (left) or +10 mV (right) from L5PNs at 1, 2 and 4 weeks. (b) sEPSC frequency increases 
in L3 during the second postnatal week (Welch’s F(2,17.8) = 36.1, p<0.001; post-hoc w1-2, p < 0.001). sEPSCs 
frequency in L5 increases between weeks 1 and 4 (Welch’s F(2,13.3) = 30.13, p < 0.001; post-hoc w1-2, p = 0.006; 
w2-4, p = 0.001). (c) sEPSC charge/second increases from week 1 to 4 in L3 (Welch’s F(2,16.3) = 15.70, p = 0.002; w1-
w4, p = 0.001) and from week 2 to 4 in L5 (Welch’s F(2,16.0) = 15.49, p < 0.001; w2-4, p < 0.001). (d) sIPSC frequency 
increases in L3 between weeks 2 and 4 (W’s F(2,17.0) = 23.53, p < 0.001; w2-4, p < 0.001) and until week 2 in L5 
(F(2,34) = 15.58, p < 0.001; w1-2, p = 0.029; w2-4, p = 0.005). L3-L5 w2, t(31) = 3.19, p = 0.003. (e) sISPCs charge/second 
increases in week 2 to 4 in L3 (F(2,35) = 23.80, p < 0.001; w2-4, p < 0.001), and from week 1 to 4 in L5 (W’s F(2,17.9) 
= 18.22, p = 0.018; w1-2, p = 0.029; w1-4, p = 0.005). L3-L5 w2, M-W U = 76, p = 0.031. (f) Ratio of sEPSC and sIPSC 
frequencies measured in the same cells. In L3, E/I frequency decreases between weeks 2 and 4 (K-W H(3) = 13.57, 
p = 0.001; w2-4, p < 0.001). In L5, E/I frequency ratio increases between weeks 1 and 4 (F(2,34) = 1.60, p = 0.033; 
w1-4, p = 0.047). L3 vs L5: w2, Welch’s t(19.05) = 5.167, p < 0.001; w4, t(18) = 0.07, p = 0.948. (g) Ratio of sEPSC/sIPSC 
charge in L3 decreases between weeks 2 and 4 (K-W H(3) = 9.92, p = 0.007; w2-4, p = 0.005). In L5 cells, there is an 
increase between weeks 1 and 4 (F(2,34) = 1.64, p = 0.011; w1-4, p = 0.008). L3 vs L5: w2, Welch’s t(24.84) = 3.005,  
p = 0.006; w4, M-W U = 21, p = 0.029.
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onto layer 3 cells resulted in a switch at week 4, with E/I ratio being higher in layer 5 
cells at that age (Fig. 3g; E/I charge, w4, L3 vs L5, M-W U = 21, p = 0.029).
We next sought to see whether the differences in E/I ratio we found between layers have 
a structural correlate. To this end, we assessed dendritic spine densities on both apical 
and basal dendrites (Fig. 4a-f), as well as density of perisomatic inhibitory synapses (Fig. 
4g-i). Similar to dendritic length, the density of dendritic spines increased most during 
the second week of development in both layers (Fig. 4b,e). After the first postnatal 
week, spine densities were not significantly different between layers (Fig. 4c,f). Overall 
spine density was higher in layer 3 cells at two weeks on apical dendrites but not basal 
dendrites (Fig. 4c,f). From week 2 to 4, the difference in spine densities between layers 
increased, with spine densities being higher in L3 neurons at 4 weeks on both apical and 
basal dendrites (Fig. 4c,f).
The density of perisomatic inhibitory synapses was assessed by immunohistochemical 
staining for the vesicular GABA transporter VGAT, the inhibitory postsynaptic protein 
gephyrin and the neuronal marker NeuN (Fig. 4g). The density of perisomatic inhibitory 
synapses increased drastically during the first postnatal month (Fig. 4h). At 2 weeks, 
we found a higher density of inhibitory synapses onto the soma of L5 neurons than on 
those in L3 (Fig. 4i). Therefore, at 2 weeks, densities of perisomatic inhibitory synapses, 
but not dendritic spines, were in line with physiologically measured laminar differences 
in synaptic input.

DISCUSSION
Passive and active membrane properties
In this chapter, we provide a detailed description of the development of intrinsic 
membrane properties, synaptic excitation and inhibition, and densities of dendritic spines 
in layers 3 and 5 of the mouse mPFC. The development of passive and active properties 
have been described previously for layer 5 neurons in rat mPFC (Zhang, 2004). Our results 
for layer 5 neurons replicate these data. Furthermore, we show that membrane properties 
in layer 3 show the same developmental time course.
We find that action potentials become both larger in amplitude and faster during the 
second postnatal week. This is likely due to both maturation of ion channels (Moody and 

Bosma, 2005; Picken Bahrey and Moody, 2003) and the observed changes in dendritic morphology, 
which impacts action potential dynamics (Eyal et al., 2014). Input resistance continues to 
decrease after week 2 in both layers, indicating an increase in leak current. This may be 
caused by an increase in surface area after the second postnatal week due to an increase 
in dendrite thickness, which we did not measure. Alternatively, the decrease in input 
resistance could be due to a decrease in specific membrane resistance, which would 
likely be mediated by members of the KCNK family of potassium leak channels (Goldstein 
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et al., 2001). For example, cortical expression of both TASK-3 and TWIK1 increases during 
postnatal development up to P28 (Aller and Wisden, 2008). While input resistance shows 
the same developmental pattern in both layers, it remains to be determined whether 
the same channels mediate this change in both cell types. Other conductances show 
developmental profiles, depending on cell type. Cells in the later age group from both 
layers showed an initial doublet at the start of the spike train. Layer 3 PNs only develop 
an initial doublet after the second postnatal week, but do not otherwise show significant 
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changes in SFA during development. Layer 5 PNs, on the other hand, show SFA during 
the latter half of the spike train at week 1, which disappears after the second postnatal 
week. The precise conductances underlying spike frequency adaptation are not fully 
understood (Engel et al., 1999; Gu et al., 2005; Ha and Cheong, 2017; Stocker et al., 1999). Our results 
indicate that distinct ionic mechanisms underlie the initial doublet and late SFA, and that 
these mechanisms are regulated differentially across layers.
The hyperpolarisation-activated current IH, which is mediated by HCNs (Notomi and 

Shigemoto, 2004), is largely absent in pyramidal neurons in layer 3. While IH increases 
during late development in layer 5 pyramidal neurons (Yang et al., 2018), we find here that 
IH is initially strong, and decreases substantially during the second postnatal week. In 
contrast, in pyramidal neurons in both hippocampal CA1 and CA3, H-currents increase 
in amplitude during early development (Vasilyev and Barish, 2002). Development of the 
H-current in layer 5 cortical pyramidal neurons is thus distinct from that in hippocampal 
pyramidal neurons, and more resembles that in L1 interneurons (Bohannon and Hablitz, 2018). 
By the end of the fourth postnatal week, morphological and intrinsic electrical properties 
of layer 5 pyramidal neurons such as RMP, input resistance and overall dendritic length are 
comparable to those reported for rat mPFC between P24-46 (Van Aerde and Feldmeyer, 2013). 
Detailed developmental profiles for intrinsic properties of layer 5 rat mPFC pyramidal 
neurons from birth until adolescence/early adulthood suggest that many parameters, 
including input resistance and the membrane time constant, do not increase significantly 
after the third postnatal week into adulthood (Zhang, 2004).

Excitatory synaptic transmission
The frequency of sEPSCs showed a layer-specific pattern of maturation. In layer 3 
neurons, it reaches its peak value for the age groups studied here at 2 weeks, with no 
further increase afterwards. In layer 5, it gradually increases until 4 weeks. Previous 

Figure 4. Dendritic spine densities show a similar developmental pattern across layers. (a) Example image of 
apical dendrite of a P14 L5 cell, showing mushroom (arrow), thin (closed arrowhead) and filopodium-like spines 
(open arrowhead). Scale bar 2 µm. (b) Development of apical spine densities (L3, F(2,23) = 37.37, p < 0.001; 
post-hoc w1-w2, p < 0.001, w2-w4, p = 0.034; L5, F(2,21) = 23.53, p < 0.001; post-hoc w1-w2, p < 0.001, w2-w4, ns).  
(c) Within-age-group comparisons of data in b. Apical spine density is higher in L3 neurons at both 2 and 4 
weeks (w1, t(14) = 0.89, p = 0.387; w2, t(15) = 2.53, p = 0.023; w4, t(15) = 3.543, p = 0.003). (d) Example image of 
basal dendrite of a p14 L5 cell. Scale bar 2 µm. (e) Development of basal spine densities (L3, F(2,24) = 64.36, p < 
0.001; post-hoc w1-w2, p < 0.001, w2-w4, p < 0.001; L5, F(2,24) = 42.95, p < 0.001; post-hoc w1-w2, p < 0.001, w2-w4, 
p = 0.006). (f) Within-age-group comparisons of data in e. Basal spine density is higher in L3 only at 4 weeks (w1, 
M-W U = 33, p = 0.815; w2, t(14) = 1.19, p = 0.255; w4, t(19) = 2.55, p = 0.020). (g) Quantification of perisomatic 
inhibitory synapses. Scale bar 5 µm. (g’) shows, from top to bottom, delineation of the soma, high magnification 
composite fluorescence image, and mask of thresholded image. Arrowheads indicate perisomatic synapses. 
Scale bar 1 µm. (h) The density of perisomatic inhibitory synapses increases during development in both layers 
(L3, H = 56.47, p < 0.001, post-hoc w1-w2, p = 0.022, w2-w4, p < 0.001; L5, H = 64.8, p < 0.001, post-hoc w1-w2, p < 
0.001, w2-w4, p < 0.001). (i) The density of inhibitory synapses is higher in L5 neurons than L3 neurons at 2 weeks 
(w1, M-W U = 846, p = 0.638; w2, t(56) = 2.34, p = 0.023; w4, t(50) = 0.38, p = 0.708).
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research indicates that connections from layer 3 to layer 5 cells are established later 
during development than other synapses (Zhang, 2004), which might explain the delayed 
maturation of sEPSC frequency in layer 5.
sEPSC amplitudes and kinetics also developed in a layer-specific manner. Reports on the 
development of EPSC and EPSP amplitudes have been contradictory, with reports finding 
a decrease (Frick et al., 2007; Hoftman et al., 2016), an increase (Wang et al., 2012) or no change 
in amplitude during development (Bouamrane et al., 2017), depending on species, cortical 
area and layer. The issue is further complicated by the fact that patch-clamp physiology 
techniques measure synaptic currents and potentials at the soma of the cell. Neuronal 
dendrites have properties that attenuate synaptic inputs en route to the soma (Spruston 

et al., 1994). Therefore, the amplitude that is measured at the soma is dependent on the 
location of the synapse, as well as the amplitude of the input at the synapse. The increase 
in dendritic length that occurs between weeks 1 and 2, and the consequent increase in 
distance of synaptic inputs to the soma, may therefore account for the initial decrease 
we see in sEPSC amplitude (Fig. 4d).
Furthermore, the development of uEPSC amplitude depends on postsynaptic cell type 
(Miao et al., 2016). It is therefore not hard to imagine that the development of synaptic event 
amplitudes and kinetics might also depend on the laminar positions of the presynaptic 
cells. Paired recordings or detailed circuit mapping would be needed to fully explore 
the development of specific connections.
Dendritic spine densities are higher in layer 3 neurons compared to layer 5 neurons, in line 
with previous observations in humans (Petanjek et al., 2011), ferret (Foxworthy et al., 2013) and 
rat (Miller, 1981; Schachtele et al., 2011). Spine densities in both layers increased between weeks 
2 and 4, similar to what has been shown earlier in rat S1 (Romand et al., 2011). Interestingly, 
the increase in spine density in layer 3 neurons was not accompanied by an increase in 
sEPSC frequency during this time, indicating that the sEPSC frequency we measure is 
largely determined by presynaptic activity.

Inhibitory synaptic transmission
The laminar development of sIPSC frequency seems to be inverted when compared 
to sEPSC frequency, with a larger increase happening in layer 5 during the second 
postnatal week, and in layer 3 between weeks 2 and 4. In contrast, the amplitude of 
and charge carried by sIPSCs increases in layer 3 cells during development, while 
both measures remain constant in layer 5. In both layers, sIPSCs become faster during 
development. Because inhibition to cortical pyramidal cells is mediated by many types 
of interneurons, each with differing synaptic properties (Miao et al., 2016; Tremblay et al., 2016), 
a more detailed description of the development of connections between identified 
subtypes of interneurons and pyramidal cells is necessary to draw definitive conclusions 
about details development of mPFC circuitry.
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For both excitatory and inhibitory synaptic transmission, previous research shows that 
further maturation occurs after P40 in layer 5 (Bouamrane et al., 2017). Therefore, our oldest 
age group may not fully reflect the mature network.

E/I balance
We used two measures of E/I balance: the ratio of sEPSC/sIPSC frequencies, and the 
ratio of total positive or negative charge transmitted. When looking at the frequency of 
synaptic events, there is an increase in frequency for both excitatory and inhibitory events. 
However, the rates at which they increase are different for each layer, which affects the 
development of E/I balance. Accordingly, in layer 3, where excitation matures faster, E/I 
frequency balance increases from week 1 to week 2, before decreasing until week 4. In 
layer 5, where inhibition matures slightly faster than excitation, E/I frequency balance 
only increases slightly from week 1 to week 4.
In contrast, a different pattern emerges when looking at the charge transferred. These 
discrepancies may be explained by properties of the synaptic events themselves. There 
is no increase in E/I balance between weeks 1 and 2, which could be due to a decrease 
in EPSC amplitude during this period. The increase in E/I balance happens faster in layer 
5, between weeks 1 and 2, which may be due to a rapid decrease in IPSC decay times.
Our results are in agreement with an earlier report on layer 5 pyramidal cells in mPFC 
(Bouamrane et al., 2017) with regards to the development of sEPSC frequency and charge, 
as well as sIPSC frequency and E/I balance between weeks 2 and 4. A previous study 
where the authors looked at E/I balance across layers of S1 at similar ages as we do 
here concluded that E/I balance decreases from 1 week on in all layers (Zhang et al., 2011). 
However, the authors looked at the balance of E and I conductance of evoked events, 
which is independent of event frequency and presynaptic firing. It is interesting to 
determine whether E/I balance of evoked responses would follow the same pattern 
in mPFC.
In conclusion, we show that while passive and active membrane properties follow largely 
similar developmental trajectories in layers 3 and 5, synaptic transmission develops in a 
layer-specific manner.
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Oligophrenin-1 (Ophn1) is an X-linked intellectual disability gene that regulates synaptic 
development, and that is involved in cognitive function in the medial prefrontal cortex. 
However, studies of the developmental role of OPHN1 have only been conducted in 
neuronal cultures or in hippocampus. In order to better understand the role of OPHN1 
during development of cortical circuits, we study the development of dendritic 
morphology, intrinsic properties and synaptic input of pyramidal neurons in medial 
prefrontal cortex during the first postnatal month. Deletion of Ophn1 has only minor 
effects on the development of dendritic morphology and intrinsic membrane properties. 
Synaptic transmission is affected in a layer-specific manner for both excitation and 
inhibition, without showing changes in E/I balance.

INTRODUCTION
Intellectual disability is a neurodevelopmental disorder that can have a variety of causes 
(Heyer and Meredith, 2017; Van Bokhoven, 2011; Van Loo and Martens, 2007). The most well studied 
forms of intellectual disability are monogenic, usually X-linked, since they are relatively 
easy to emulate in animal models. Oligophrenin-1 (OPHN1) is an X-linked intellectual 
disability gene that is associated with clinical and neuroanatomical features such as 
intellectual disability, seizures, strabismus and cerebellar hypoplasia (Billuart et al., 1998; 

Portes et al., 2004).
OPHN1 encodes a Rho-GTPase-activating protein (RhoGAP) that increases GTP hydrolysis 
by Rho GTPases RHOA, RAC1, and CDC42 (Billuart et al., 1998), thereby inhibiting the 
function of these proteins. Rho GTPases regulate a myriad of cellular functions, many 
involving the cytoskeleton, including cell migration, cell polarity, and neurite growth 
(Heasman and Ridley, 2008; Thumkeo et al., 2013). Through modulation of RHOA, RAC1 and 
CDC42, OPHN1 regulates the actin cytoskeleton (Fauchereau et al., 2003). Consequently, 
removing OPHN1 from neurons leads to defects in the morphology of dendritic spines 
(Govek et al., 2004) and dendrites (Powell et al., 2012). OPHN1 also regulates synaptic vesicle 
endocytosis, a process that is particularly important for synaptic function in response 
to high frequency action potential firing (Nakano-Kobayashi et al., 2009; Powell et al., 2012, 2014).
These studies have been performed in hippocampal tissue or cultures. However, it is 
unknown whether the functions of OPHN1 are the same in the medial prefrontal cortex. 
Furthermore, because the expression of Rho GTPases and proteins that regulate their 
activity is tightly regulated both spatially and temporally (Duman et al., 2015; Soderling and Van 

Aelst, 2014), the effect of Ophn1 deletion may vary with cell type and age. It is therefore 
crucial to assess the function of Ophn1 and other ID genes in a developmental context.
In the previous two chapters, we have determined the wild-type development of dendritic 
morphology, intrinsic membrane properties, synaptic transmission and dendritic spines 
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of pyramidal neurons. Here, we determine how constitutive knockout of Ophn1 affects 
these properties throughout early postnatal development.
We find that Ophn1 deletion has only minor effects on dendritic morphology and intrinsic 
membrane properties in pyramidal neurons. Synaptic transmission is affected in a layer-
specific manner for both excitation and inhibition. These defects seem to balance each 
other out in such a way that E/I balance is maintained. The defect in excitatory synaptic 
transmission is not related to changes in dendritic spine density or morphology, but 
instead seems to be due to reduced synaptic efficacy upon high frequency firing.

METHODS
Slice preparation
All procedures involving animals were conducted in compliance with Dutch regulations 
and were approved by the animal experimental committee (DEC) of the Vrije Universiteit. 
Female heterozygous for Ophn1 on a C57BL/6 background (Khelfaoui et al., 2007) were 
crossed with C57BL/6 (wildtype) males. Ophn1-/y males and wild-type (Ophn1+/y) controls 
aged 6 - 8 days (1 week), 13 - 16 days (2 weeks) or 26 - 30 days (4 weeks) were rapidly 
decapitated and their brains dissected out in ice cold cutting solution containing (in mM): 
110 choline chloride, 26 NaHCO3, 10 D-glucose, 11.6 sodium ascorbate, 7 MgCl2, 3.1 
sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl2 (Bureau et al, 2006). 300 µm thick 
slices coronal were obtained using a Microm HM 650 V vibratome (Thermo Scientific, 
MA, USA).

Electrophysiology
Slices in the recording chamber were perfused with aCSF containing (in mM): 125 NaCl, 
26 NaHCO3, 10 D-glucose, 3 KCl, 1.5 MgSO4, 1.6 CaCl2, and 1.25 NaH2PO4, with an 
osmolality of ±300 mOSm, which was continuously bubbled with carbogen gas (95% O2, 
5% CO2) and heated to 31 ± 1 °C. Pyramidal neurons in layers 3 and 5 were visualised 
using DIC on a BX51WI microscope with a 40x/0.8 NA objective (Olympus, Tokyo, 
Japan) and IR camera (VX 45, PCO, Kelheim, Germany). Recordings were made using 
borosilicate (GC150-10, Harvard Apparatus, Holliston, MA) glass pipettes with a resistance 
of 3 – 5 MΩ, pulled on a horizontal puller (P-87, Sutter Instrument Co., Novato, CA). 
Signals were amplified (Multiclamp 700B, Molecular Devices) and digitised (Digidata 
1440A, Molecular Devices) and recorded in pCLAMP 10 (Molecular Devices, Sunnyvale, 
CA). Access resistance was monitored before, during, and after recording. Cells were 
discarded if the access resistance deviated more than 25 % from its value at the start of 
recording, or if it exceeded 20 MΩ.
To record membrane properties, pipettes were filled with an intracellular solution 
containing (in mM): 148 K-gluconate, 1KCl, 10 Hepes, 4 Mg-ATP, 4 K2-phosphocreatine, 
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0.4 GTP and 0.2% biocytin, adjusted with KOH to pH 7.3 (±290 mOsm).
During recording, a series of negative and positive current injections were applied. Active 
and passive properties were analysed in Matlab (Mathworks, Natick, MA) using custom 
scripts. The resting membrane potential was determined to be the membrane potential 
during the 0 mV current injection. Input resistance was calculated as the linear slope 
of the current-voltage (I-V) relationship of the last 200 ms of all negative stimuli. The 
membrane time constant was determined by fitting a single exponential to the first 300 
ms of the response to the negative current injection that resulted in a voltage deflection 
of approximately 7.5 mV. Voltage sag was calculated as the percentage change between 
the peak of the response and the average voltage deflection of the last 200 ms of the 
same step.
Properties of individual action potentials were determined for the first action potential 
during the first current injection to elicit action potentials. Action potential threshold 
was set as the voltage at which the first derivative of the voltage trace reached 20 V/s. 
Rheobase was determined by injecting a 5 s positive ramp current, the peak of which 
was adjusted according to the cell’s approximate input resistance.
To record spontaneous excitatory and inhibitory postsynaptic currents (sEPSCs/sIPSCs), 
pipettes were filled with an intracellular solution containing (in mM): 125 Cs-gluconate, 5 
CsCl, 4 NaCl, 10 HEPES, 0.2 EGTA, 2 K2-phosphpcreatine, 2 Mg-ATP, 0.3 GTP, adjusted 
with KOH to pH 7.3 (±290 mOsm). sEPSCs and sIPSCs were recorded in the same cell. 
Recordings of 5 minutes were made per cell per synaptic event type. To record sEPSCs, 
cells were clamped at -70 mV. To record sIPSCs, cells were clamped at +10 mV. IPSCs 
were confirmed to be GABAergic by their abolishment by 10 µM Gabazine.
To record miniature responses, 1 µM Tetrodotoxin (TTX) was added to the bath. Miniature 
EPSCs were recorded at -70 mV using the K-gluconate-based intracellular described 
previously. mIPSCs were recorded at -70 mV using an intracellular solution containing 
(in mM): 70 K-gluconate, 70 KCl, 10 HEPES, 4 Mg-ATP, 4 K2-phosphocreatine, 0.4 GTP 
adjusted with KOH to pH 7.3 (±290 mOsm). Recordings of 4 – 6 minutes were made per 
cell. Spontaneous and miniature EPSCs and IPSCs were analysed using MiniAnalysis 
(SynaptoSoft). Charge carried by sEPSCs and sIPSCs was determined as the total area 
of all events in a trace divided by the length of that trace. E/I balance measures were 
calculated per cell before being averaged per group.

Dendritic morphology and spines
Slices containing biocytin-filled cells were fixed in 4% paraformaldehyde in 1x PBS for 
24 - 48 hrs at 4 °C. Slices were then washed at least 3x 10 min in 1x PBS, and incubated 
in 1x PBS containing 0.5 % Triton X-100 and 1:500 Alexa 488-streptavidin (Invitrogen, 
Waltham, MA) on a shaker at room temperature (RT) for 48 hrs. Slices were then washed 
at least 3x 10 min in 1x PBS and mounted on glass slides in mowiol. Confocal stacks were 
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made of neurons that were evenly stained, oriented parallel to the slice surface and with 
no major dendrites cut. Neurons were imaged using an A1 confocal microscope (Nikon, 
Tokyo, Japan) using a 10x, NA 0.45 objective, scanned at 0.44 µm x 0.44 µm x 1.0 µm 
(xyz) resolution.
Cellular morphology was reconstructed using NeuroMantic software (Myatt et al., 2012). 
Reconstructions were then quantitatively analysed using NeuronExplorer (MicroBrightfield 
Bioscience, Colchester, USA). Dendritic segments were classified as intermediate, having 
a branch point at the distal end of the segment, or terminal, having no distal branch points. 
The length of the apical trunk was measured from the soma to the first bifurcation of the 
apical tuft (see Fig. 2a). All neuronal reconstructions from chapters 2 and 4 are shown 
in figure S1.
Dendritic spines were imaged on the same microscope, using a 100x, NA 1.49 oil objective, 
scanned at 0.08 µm x 0.08 µm x 0.1 µm (xyz) resolution, and analysed using NeuronStudio 
(Rodriguez et al., 2008). Spines were classified based on their length, the presence and width 
of the spine head, according to the following scheme:
Spines with length > 3 µm and/or head diameter < 0.3 µm were classified as filopodia. 
Stubby spines were defined as spines with a head diameter > 0.3 µm and a length/head 
diameter ratio < 1.5. Mushroom spines were defined as spines with head diameter between 
0.3 µm and 0.6 µm and a length/head diameter between 1.5 and 3, or head diameter > 
0.6 µm and length/head diameter > 1.5. Spines with head diameter between 0.3 µm and 
0.6 µm and length/head diameter > 3 were classified as thin. In our final analysis, stubby 
and mushroom spines were lumped together as thick spines, as non-super-resolution 
imaging techniques have been shown to overestimate the number of stubby spines 
(Tønnesen et al., 2014).

Statistics
Data are shown as mean ± standard error of the mean (SEM), or as median (Mdn). Statistical 
tests were performed using SPSS (IBM, Armonk, NY). A two-way ANOVA (genotype vs 
age in weeks) was performed on each of the datasets, separated by layer. If the genotype 
term or the genotype*age interaction term was significant, post-hoc tests were performed 
for Ophn1+/y vs Ophn1-/y for each age group, correcting for multiple testing.

RESULTS
Deletion of Ophn1 causes minor differences in pyramidal neuron dendritic morphology
We first determined whether deletion of Ophn1 leads to alterations of overall dendritic 
morphology. We assessed the length of the total dendritic tree and apical, oblique, tuft 
and basal dendrites separately, as well as the number of oblique and basal dendrites 
and numbers of branch points of oblique, tuft and basal dendrites. The results are 
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summarised in table 1. Deletion of 
Ophn1 did not affect the dendritic 
morphology of layer 3 cells at any age. 
In layer 5 cells, there was a reduction 
in the number of basal dendrite branch 
points at 4 weeks (Ophn1+/y, 20.6 ± 1.4, 
n = 10; Ophn1-/y, 15.0 ± 1.4, n = 9), and 
with it a reduction in the number of 
basal segments (Ophn1+/y, 51.1 ± 3.1, 
n = 10; Ophn1-/y 38.8 ± 3.2, n = 9). 
Total basal dendrite length was also 
reduced (Ophn1+/y, 3164.3 ± 130.3, n 
= 10; Ophn1-/y, 2429.8 ± 244.5, n = 9). 
The reduction in basal dendrite length 
and segment number only occurred 
after two postnatal weeks, with no 
changes at weeks 1 and 2. No other 
parameters of dendrite morphology 
were affected by Ophn1 deletion 
(Table 1). A gallery of all dendritic 
morphology reconstructions is shown 
in supplementary figure 1.

Passive and active membrane 
properties are unaffected by Ophn1 
deletion
Passive and active properties were 
measured as described in chapter 
3. We compared resting membrane 
potential (RMP), input resistance, 
membrane time constant, action 
potential threshold, and rheobase 
between Ophn1+/y and Ophn1-/y 
neurons. Ophn1-/y neurons from both 
layer 3 and 5 showed no differences 
in these variables at any age (Table 2).

Ta
b

le
 2

. 
M

em
b

ra
n

e 
p

ro
p

er
ti

es
 a

re
 u

n
af

fe
ct

ed
 b

y 
O

ph
n1

 d
el

et
io

n
. 

W
T:

 O
ph

n1
+/

y ; 
K

O
: 

O
ph

n1
-/

y . 
V

al
u

es
 a

re
 g

iv
en

 a
s 

m
ea

n
 ±

 s
ta

n
d

ar
d

 e
rr

o
r, 

o
r 

as
 m

ed
ia

n
s 

w
h

er
e 

ap
p

ro
p

ri
at

e 
(M

d
n

). 
N

 n
u

m
b

er
s 

ar
e 

gi
ve

n
 in

 b
ra

ck
et

s.

Ω Ω

 
 



64

Chapter 4

Ophn1 deletion selectively affects synaptic transmission
OPHN1 is involved in excitatory (Nadif Kasri et al., 2009) and inhibitory (Powell et al., 2012) 
synaptic transmission. The balance of excitatory and inhibitory synaptic transmission 
is often implicated in neurodevelopmental disorders (Nelson and Valakh, 2015), but E/I 
balance has not yet been directly assessed in the Ophn1-/y mice. Therefore, we used 
a caesium-based intracellular solution to measure both spontaneous excitatory and 
inhibitory postsynaptic currents (sEPSCs and sIPSCs, respectively), allowing us to directly 
measure the proportions of excitatory and inhibitory input onto each cell (Figs. 1a & 2a).
sEPSC frequency was lower in Ophn1-/y cells, but only at specific ages in each of the 
cortical layers. In layer 3, sEPSC frequency was decreased at 4 weeks, but not earlier 
(Fig. 1b, w4 Ophn1+/y, 8.81 ± 1.00 Hz, n = 10; Ophn1-/y, 5.54 ± 0.50 Hz, n = 11). In layer 5 cells, 
sEPSC frequency was decreased at week 2 (Fig. 1c, w2 Ophn1+/y, 5.21 ± 0.72 Hz, n = 10; 
Ophn1-/y, 2.85 ± 0.40 Hz, n = 10). However, at week 4, there was no difference between 
genotypes (w4 Ophn1+/y 9.22 ± 1.29 Hz, n = 10; Ophn1-/y, 8.14 ± 1.14 Hz, n = 10). The change 
in sEPSC frequency was not reflected in the charge carried by sEPSCs in either layer 3 
(Fig. 1d) or layer 5 (Fig. 1e).
sIPSC frequency was unaffected in layer 3 (Fig. 2b; w4 Ophn1+/y, 9.59 ± 1.50, n = 10; Ophn1-

/y, 7.19 ± 1.11, n = 11). Frequency of sIPSCs was reduced in layer 5 cells only at 2 weeks 

Figure 1. Deletion of Ophn1 
causes age- and layer-dependent 
impairments in excitatory 
synaptic transmission. (a) Example 
traces of sEPSCs recorded in 
layer 3 pyramidal neurons from 
4-week-old Ophn1+/y and Ophn1-/y 

mice. (b) sEPSC frequency is 
reduced at four weeks in layer 
3 (t(19) = 3.00, p = 0.022), but not 
at other ages (w1, t(14) = 0.29, p 
= 2.333; w2, t(17) = 2.17, p = 0.135). 
(c) sEPSC frequency is decreased 
at two weeks in layer 5 (t(14) = 
2.86, p =0.038), but not at other 
ages (w1, t(21) = 1.07, p = 0.888; 
w4, t(18) = 0.63, p = 1.000). (d) The 
total charge per second carried by 
sEPSCs in layer 3 is not altered by 
Ophn1 deletion (w1, t(13) = 0.72, p 
= 1.443; w2, U(0) = 23.00, p = 0.139; 
w4, U(0) = 26.00, p = 0.129). (e) The 
total charge per second carried by 
sEPSCs in layer 5 is not altered by 
Ophn1 deletion (F(2,56) = 2.28, p = 
0.112).
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(Fig. 2c; w2 Ophn1+/y, 5.64 ± 
0.83 Hz, n = 10; Ophn1-/y, 2.43 ± 
0.28 Hz, n = 10), which mirrored 
the reduction in sEPSCs at that 
age. Similar to sEPSCs, charge 
carried by sIPSCs was not 
different between genotypes in 
layers 3 (Fig. 2d) and 5 (Fig. 2e).
We calculated the ratios of 
sEPSC/sIPSC frequency and 
charge to determine whether 

Ophn1 deletion alters E/I balance. Although in layer 3 cells, sEPSC frequency but not 
sIPSC frequency was reduced, within cells, the ratio between excitation and inhibition 
was unaltered with respect to both frequency (Fig. 3a, left; w4 Ophn1+/y, 1.08 ± 0.14, n = 
10; Ophn1-/y, 1.03 ± 0.19, n = 11) and charge carried by synaptic currents (Fig. 3b, left; w4 
Ophn1+/y, 0.20 ± 0.04, n = 10; Ophn1-/y, 0.23 ± 0.04, n = 11)).
In layer 5, there was a reduction in the frequency of both sEPSCs and sIPSCs at week 
2. Similar to layer 3, this causes the ratio between excitatory and inhibitory events to 
be unaltered in these cells (Frequency ratios: Fig. 3a, right; w2 Ophn1+/y, 1.04 ± 0.16, n 
= 10; Ophn1-/y, 1.11 ± 0.15, n = 9; charge ratios: Fig. 3b, right; w2 Ophn1+/y, 0.30 ± 0.06, n 
= 10; Ophn1-/y, 0.34 ± 0.05, n = 9). Thus, E/I balance of spontaneous network activity is 
unaffected by Ophn1 deletion.

Figure 2. Deletion of Ophn1 causes 
age- and layer-dependent impairments 
in inhibitory synaptic transmission.  
(a) Example traces of sIPSCs recorded 
from layer 5 pyramidal neurons from 
2-week-old Ophn1+/y and Ophn1-/y mice. 
(b) sIPSCs frequency is unaltered in 
layer 3 at any age (F(1,58) = 2.18, p = 
0.145). (c) sIPSCs frequency is reduced 
in layer 5 at two weeks (t(11) = 3.65, p 
= 0.011), but not at other ages (w1, t(21) 
= -0.19, p = 1.000; w4, t(18) = 0.71, p = 
1.000). (d) The total charge per second 
carried by sIPSCs is not altered by 
Ophn1 deletion in layer 3 (F(1,56) = 
2.19, p = 0.144). (e) The total charge per 
second carried by sIPSCs is not altered 
by Ophn1 deletion in layer 5 (d; F(2,56) = 
1.00, p = 0.376).
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Spine densities are largely unaffected by Ophn1 deletion
OPHN1 is involved in development and maintenance of dendritic spines (Govek et al., 2004). 
To assess whether the reduction in sEPSC frequency was due to a lower number of spines, 
we measured spine density and size for apical and basal dendrites. We categorised spines 
as thick (stubby and mushroom spines), thin and filopodium-like (Fig. 4a). As neurons 
showed only very few mature spines after the first postnatal week, only weeks 2 and 4 
were analysed. Overall spine densities were similar between Ophn1+/y and Ophn1-/y cells 
in both layers 3 and 5. This held true for both apical (Fig. 4b) and basal (Fig. 4c) dendrites. 
On apical dendrites, the density of thick spines was also similar between genotypes (Fig. 
4d). On basal dendrites, only layer 3 cells showed a lower density of thick spines at week 
4 (Fig. 4e; w4 Ophn1+/y, 5.8 ± 0.2 spines/10 µm, n = 10; Ophn1-/y, 4.6 ± 0.5 spines/10 µm, 
n = 8), while layer 5 neurons did not show a reduction at any age. Cells from either layer 
also did not show any alterations in the density of filopodium-like spines at any age on 
apical (Fig. 4f) or basal (Fig. 4g) dendrites.

Miniature EPSCs and IPSCs reflect developmental differences between layers 3 and 5, 
but are not affected by Ophn1 deletion.
To determine whether the decrease in sEPSC and sIPSC frequency seen in Ophn1-/y cells 
was due to a decrease in release probability or the number of functional synapses, we 
measured miniature EPSCs and IPSCs from cells in layers 3 and 5 from two-week-old 
Ophn1+/y and Ophn1-/y mice (Fig. 5a,d). The frequency of mEPSCs were similar between 
Ophn1-/y and controls in layer 3 (Fig. 5b; Ophn1+/y, 7.98 ± 1.03 Hz, n = 14; Ophn1-/y, 8.25 ± 
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Figure 3. The ratio between sEPSCs 
and sIPSCs is unaltered in Ophn1-/y 
mice. (a) The ratio between sEPSC 
and sIPSC frequencies in layer 3 (left) 
or layer 5 (right) pyramidal neurons 
is not affected by Ophn1 deletion (L3, 
genotype, F(1,55) = 2.32, p = 0.133; L5, 
genotype, F(2,55) = 1.02, p = 0.369).  
(b) Charge ratios are not different 
between genotypes in either layer 
3 (left) or layer 5 (right) pyramidal 
neurons (L3, genotype, F(1,56) = 0.54, 
p = 0.465; L5, genotype, F(2,56) = 0.42, 
p = 0.661).
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0.89 Hz, n = 11) and layer 5 (Ophn1+/y, 3.06 ± 0.46 Hz, n = 11; Ophn1-/y, 3.89 ± 0.52 Hz, n = 
10). However; there was a significant difference between the layers 3 and 5 in Ophn1+/y 
(Fig. 5b). This reflects the difference in sEPSC frequency at that age in the wild-type (see 
chapter 3; L3, 7.96 ± 1.09 Hz; L5, 5.21 ± 0.722 Hz; Welch’s t(18) = 2.10, p = 0.0489), showing 

Figure 4. Spine density and morphology is largely unaffected in Ophn1-/y mice. (a) Example images showing 
a segment of apical dendrite from layer 5 neurons at of p14 Ophn1+/y (left panel) and Ophn1-/y (right panel) 
mice, showing thick spines (arrow), thin spines (filled arrowhead) and filopodium-like spines (open arrowhead).  
(b) Spine densities on apical dendrites are unchanged in layer 3 (2w, U = 14, p = 0.228; 4w, t (15) = 0.075, p = 0.941) 
and layer 5 (2w, U = 14, p = 0.589; 4w, t(16) = 2.01, p = 0.061). (c) Spine densities on basal dendrites are unchanged 
in layer 3 (2w, U =23, p =0.950; 4w, t(16) = 0.33, p = 0.750) and layer 5 (2w, U = 19, p = 0.514; 4w, t(22) = 0.148, p = 
0.884). (d) Densities of thick spines are unchanged on apical dendrites of layer 3 cells (2w, U = 17, p = 0.414; 4w, 
t(15) = 2.08, p = 0.055) and layer 5 cells (2w, U = 6, p = 0.065; 4w, t(16) = 0.71, p = 0.490). (e) Density of thick spines is 
reduced on basal dendrites of layer 3 cells at 4 weeks (2w, U = 21, p =0.755; 4w, t(16) = 2.52, p = 0.023). No change 
is seen in layer 5 cells (2w, U = 23, p = 0.859; 4w, t(22) = 0.33, p = 0.745). (f) No changes in filopodium-like spines 
on apical dendrites of layer 3 cells (2w, U = 22, p = 0.852; 4w, t(15) = 2.09, p =0.054) and layer 5 cells (2w, U = 7, p 
= 0.093; 4w, t(16) = 0.25, p = 0.807). (g) No changes in filopodium-like spines on basal dendrites of layer 3 cells 
(2w, U = 16, p =0.332; 4w, t(16) = 0.43, p = 0.670) and layer 5 cells (2w, u = 20.5, p = 0.624; 4w, t(22) = 0.10, p = 0.922).
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that the layer-specific difference in synapse formation is reflected in the mEPSCs. There 
was no difference in mEPSC amplitude in either layer (Fig. 5c). mIPSCs did not show any 
difference between genotypes in either frequency (Fig. 5e) or amplitude (Fig. 5f). Thus, 
no changes in excitatory or inhibitory miniature events were seen in Ophn1-/y neurons.

Short term facilitation is reduced in Ophn1 deletion
OPHN1 is necessary for proper short-term plasticity in hippocampal pyramidal cells 
(Powell et al., 2012). The decrease in spontaneous EPSCs while miniature EPSCs and spine 
densities are largely unaffected might be explained by the role of OPHN1 in repetitive 
transmission. Therefore, we examined short-term plasticity EPSCs evoked at 10 Hz and 
50 Hz (eEPSCs; Fig. 6a). At 10 Hz, wild-type cells exhibited a small facilitation of evoked 
responses (Fig. 6b; One-way ANOVA: Greenhouse-Geisser F(1.98,9.88) = 5.32, p = 0.027). 
This facilitation was largely absent in Ophn1-/y cells (normalised 5th pulse: Ophn1+/y, 1.03 
± 0.07, n = 6; Ophn1-/y, 0.87 ± 0.03, n = 17). At 50 Hz, wild-type cells exhibited a robust 
facilitation (Fig. 6c; One-way ANOVA: Greenhouse-Geisser F(1.81,9.02) = 11.08, p = 0.004). 

Figure 5. Unchanged mEPSCs and mIPSCs in Ophn1-/y mice. (a) Example traces of mEPSCs recorded from layer 
3 (grey, top) and layer 5 (teal, bottom) pyramidal neurons wildtype mice. (b) mEPSC frequency was unchanged 
between genotypes at 2 weeks in both layers (L3, t(23) = 0.20, p = 0.845; L5, t(19) = 1.20, p = 0.243). However, there 
was a difference in mEPSC frequency between layers 3 and 5 of wild-type mice (Welch’s t(17) = 4.353; p < 0.001). 
(c) mEPSC amplitude was unchanged in Ophn1-/y (L3, t(23) = 1.31, p = 0.204; L5, t(19) = 1.15, p = 0.264). (d) Example 
traces of mIPSCs recorded from layer 3 and layer 5 pyramidal neurons from wildtype mice. (e) mIPSC frequency 
is similar for both genotypes in both layers (L3, U = 28, p = 0.481; L5, t(14) = 0.78, p = 0.447), but is higher in layer 
5 than in layer 3 (t(15) = 2.69, p = 0.017). (f) mIPSC amplitude was unchanged at 2 weeks in both layers (L3, t(15) = 
0.13, p = 0.898; L5, t(14) = 1.41, p = 0.180).
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Ophn1-/y neurons, however, did not show facilitation and instead showed depression of 
eEPSCs upon repeated stimulation (Fig. 6c; normalised 5th pulse: Ophn1+/y, 1.13 ± 0.13, 
n = 6; Ophn1-/y, 0.72 ± 0.04, n = 17). The effect of Ophn1 deletion on repetitive synaptic 
transmission seems to be more severe at higher stimulation frequencies.

DISCUSSION
In the previous two chapters, we have determined the wild-type development of dendritic 
morphology, intrinsic membrane properties, synaptic transmission and dendritic spines. 
Here, we determine how the constitutive knockout of Ophn1 affects these properties 
throughout early postnatal development.

100 ms

20 %

50 ms

20 %

10 Hz 50 Hz

a

b c

1 2 3 4 5

* * **

1 2 3 4 5

** ** **
***

Stimulus # Stimulus #

0.6

0.8

1.0

1.2

1.4

1.6

1.8

N
or

m
al

iz
ed

 E
P

S
C

 a
m

pl
itu

de

0.6

0.8

1.0

1.2

1.4

1.6

1.8

N
or

m
al

iz
ed

 E
P

S
C

 a
m

pl
itu

de

(N = 6)

Ophn1
-/y

Ophn1
+/y

 (N=17)

ns

Ophn1
-/y

Ophn1
+/y

Figure 6. Short-term facilitation is decreased at high frequency in Ophn1-/y. (a) Evoked postsynaptic currents 
elicited by extracellular electrical stimulation at 10 Hz (left panel) and 50 Hz (right panel). Traces shown are 
averages over 15 trials from one cell. Black = Ophn1+/y, grey = Ophn1-/y. Stimulation artefacts are cut off for clarity. 
(b) At 10 Hz, wild-type cells show a small facilitation of evoked responses, which is absent in Ophn1-/y cells 
(stimulus*genotype interaction: Greenhouse-Geisser F(2.15,45.13) = 4.99, p = 0.010; post-hoc test with Holm-
Bonferroni correction as indicated in the figure: * p < 0.05; ** p < 0.01). (c) At 50 Hz, wild-type cells show distinct 
facilitation of evoked responses. In Ophn1-/y cells, evoked responses undergo depression (stimulus*genotype 
interaction: Greenhouse-Geisser F(2.16,45.43) = 11.32, p < 0.001; post-hoc test with Holm-Bonferroni correction 
as indicated in the figure: ** p < 0.01; *** p < 0.001).
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Membrane properties and dendrite morphology
We find that Ophn1 deletion has no effect on membrane properties of cells in either layer, 
consistent with previous research in the hippocampus (Powell et al., 2012). Ophn1 deletion 
also has no effect on dendritic morphology of layer 3 neurons. In layer 5 Ophn1-/y neurons, 
the number of basal branch points and total basal dendritic length are reduced at 4 weeks. 
Neither dendritic branching nor dendritic length are affected at 2 weeks. Complexity of 
basal dendrites increases until 4 weeks, but total dendritic length does not (see chapter 
2). Therefore, the reduction in the number of basal branch points and dendritic length 
might be due to excessive pruning of basal branches between weeks 2 and 4.

Excitatory synaptic transmission
We find layer- and age-specific changes in the frequency of spontaneous excitatory and 
inhibitory events, with synaptic transmission being affected in layer 3 at 4 weeks, and in 
layer 5 at 2 weeks, but not at other ages. The expression and function of Rho GTPases 
and proteins that control their activity are tightly regulated (Duman et al., 2015; Soderling 

and Van Aelst, 2014). Therefore, it is possible that the layer- and age-specific effects we 
find are due to differential expression of Ophn1 in these cells. Khelfaoui et al. (2014) 
show that inhibition of PKA activity by OPHN1 is dependent on brain region. Moreover, 
presynaptic LTP in neurons in the amygdala is dependent on OPHN1 in synapses from 
cortical neurons, but not in synapses coming from the thalamus. Therefore, it is important 
to establish which cells express Ophn1, and at which age, in order to determine whether 
the reductions in excitatory synaptic transmission we find are due to the absence of 
OPHN1 in pre- or postsynaptic neurons. Interestingly, Ophn1 deletion leads to an increase 
in sEPSC frequency in the mPFC of adult mice (Zhang et al., 2017), further underscoring 
possible age-dependency of its function.
While the difference in sEPSC frequency between neurons in layer 3 and those in layer 
5 at 2 weeks (see chapter 3) is mirrored by a similar difference in mEPSC frequency, the 
decrease in sEPSC and sIPSC frequency in layer 5 neurons at 2 weeks is not associated 
with a decrease in the frequency of miniature events. This implies that there is no change 
in the number of excitatory synapses, which is also supported by the observation that 
overall spine density is not lower in Ophn1-/y mice.
We therefore hypothesised that the reduction we observed in the frequency of 
spontaneous events might be due to a presynaptic impairment. It was found previously 
that OPHN1 is necessary for proper synaptic vesicle release in response to high frequency 
stimuli (Nakano-Kobayashi et al., 2009; Powell et al., 2012, 2014). We assessed short-term plasticity 
in layer 5 cells at week 2, and found that indeed, synapses of Ophn1-/y showed more 
depression, consistent with impaired presynaptic function. This suggests that the 
specificity of the impairments found here depends not on OPHN1 expression in the 
postsynaptic cells, but on that in presynapse, perhaps during the formation of specific 
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afferent projections from other cortical or subcortical brain regions. It would therefore 
be interesting to see whether the brain region-specific activity of OPHN1 found by 
Khelfaoui et al. is also dependent on age. For instance, whether OPHN1 plays a transient 
role during the establishment of thalamocortical synapses.
Our finding that mEPSC frequency is not reduced is contradictory to a previous study, 
where Ophn1 deletion lowered mEPSC frequency (Nadif Kasri et al., 2009). However, there 
are several methodological differences that might explain the differences between 
our results and those published previously. As described above, OPHN1 activity is 
dependent on brain region, and may also be dependent on specific cell types within 
the cortex. Whereas previous studies focussed on hippocampus, we investigate mPFC. 
The differences between previous studies and ours may arise from this. Furthermore, we 
use acute slices from Ophn1-/y mice where the protein has been absent throughout both 
prenatal and postnatal development, whereas Nadif Kasri et al. used cell cultures in which 
Ophn1 was acutely knocked down. We find transient phenotypes for spontaneous events 
in the constitutive knockout, which implies there is some compensatory mechanism. This 
may also be relevant for miniature events. However, a short-term knockdown of the 
protein in vitro may not allow time for such compensation to occur.

Inhibitory synaptic transmission
There have been conflicting reports on the effect of OPHN1 on inhibitory synapse function. 
Based on our finding that reduction in the frequency of sIPSCs occurs simultaneously 
with the reduction in frequency of sEPSCs, we hypothesise that the reduction in sIPSCs 
stems from a reduced excitatory drive onto interneurons. Consistent with this, it has been 
reported previously that Ophn1 deletion does not affect mIPSC frequency (Nadif Kasri et 

al., 2009; Powell et al., 2012), which we also find here.
Interestingly, while many NDDs show E/I imbalance (Nelson and Valakh, 2015; Rubenstein 

and Merzenich, 2003; Selten et al., 2018), we find no evidence of an E/I imbalance in mPFC of 
Ophn1-/y mice. However, we used only one of several different measures that are used 
to determine E/I balance. Another method is to measure respective excitatory and 
inhibitory conductances in response to extracellular stimulation. This could be used to 
assess whether cells lacking OPHN1 show a disturbed E/I balance in response to a certain 
input, irrespective of the firing rates of excitatory and inhibitory presynaptic neurons. 
Since the relative excitatory and inhibitory response to an input, which could represent 
a sensory stimulus, for example, determines how such an input would be processed in 
the network, this may be a more behaviourally relevant measure of E/I balance.

Dendritic spines
We find only limited changes in spine densities compared to previous studies (Govek et al., 

2004; Khelfaoui et al., 2007). This too may reflect a brain region-specific difference in regulation 
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of OPHN1 function between hippocampus and mPFC. While dendritic spine density and 
morphology are severely affect early during development in the hippocampus (Powell et 

al., 2012), these measures are largely unaffected in the adult, suggesting a developmental 
compensatory mechanism (Meziane et al., 2016). The lack of a strong dendritic spine 
phenotype in our data further supports the notion that OPHN1 may play a more crucial 
role in the presynapse than it does in the postsynapse in mPFC neurons.
Taken together, we find layer-specific, transient synaptic phenotypes in mPFC neurons 
of Ophn1-/y mice. Considering the lack of strong phenotypes in membrane properties, 
dendritic morphology, dendritic spines and miniature events, as well as the finding that 
synaptic depression is stronger in Ophn1-/y mice, we hypothesise that the phenotypes 
we find in synaptic transmission are of a presynaptic nature.
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Figure S1. Dendritic morphology reconstructions from wild-type and Ophn1-/y mice at 1, 2 and 4 weeks. Layer 3 
cells are shown in grey, layer 5 cells are shown in blue. 
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Group I metabotropic glutamate receptors (mGluRs) mediate a range of signalling and 
plasticity processes in the brain and are of growing importance as potential therapeutic 
targets in clinical trials for neuropsychiatric and neurodevelopmental disorders. 
Fundamental knowledge regarding the functional effects of mGluRs upon pyramidal 
neurons and interneurons is derived largely from rodent brain, and their effects upon 
human neurons are predominantly untested. We therefore addressed how group I 
mGluRs affect microcircuits in human neocortex. We show that activation of group I 
mGluRs elicits action potential firing in Martinotti cells, which leads to increased synaptic 
inhibition onto neighbouring neurons. Other interneuron types, including fast-spiking 
interneurons, are depolarised but do not fire action potentials in response to group I 
mGluR activation. Furthermore, we confirm the existence of group I mGluR-mediated 
depression of excitatory synapses in human pyramidal neurons. We propose that the 
strong increase in inhibition and depression of excitatory synapses likely results in a shift 
in the balance between excitation and inhibition in the human cortical network upon 
group I mGluR activation.

INTRODUCTION
Metabotropic glutamate receptors (mGluRs) form a diverse set of G-protein-
coupled receptors that are divided into three groups, based on sequence homology, 
pharmacological properties, and signal transduction (Nakanishi, 1992). The most studied of 
the three is group I, which comprises mGluR1 and mGluR5, both of which act through 
Gq proteins. Group I mGluRs are located perisynaptically and are involved in a range of 
signalling and synaptic plasticity processes (Luján et al., 1996). They are particularly known 
for inducing a form of long-term depression (LTD) at glutamatergic synapses, which 
can be mediated by either mGluR1 or mGluR5, depending on brain region, postsynaptic 
cell type, and specific pathways in which the synapse is involved (Lüscher and Huber, 2010; 

Sherman, 2014). In addition to their role in LTD, group I mGluR activation potentiates NMDA-
receptor-mediated currents (Mannaioni et al., 2001; Wang and Daw, 1996), and can depolarise 
several types of neurons through activation of a Ca2+-dependent cation conductance 
and decrease of resting K+ current (Baskys et al., 1990; Crepel et al., 1994; Guérineau et al., 1994, 1995).
While most studies of mGluR function, as well as its therapeutic effects, have centred 
upon excitatory signalling and pyramidal neurons (Bandrowski et al., 2003; Chuang et al., 2000), 
mGluRs can induce plasticity at GABAergic synapses through a variety of mechanisms 
(Galante and Diana, 2004; Valentinova and Mameli, 2016). Furthermore, group I mGluRs are 
expressed in several types of interneurons in both mouse and human brain (Boer et al., 

2010; López-Bendito et al., 2002). Consequently, group I mGluRs depolarise specific types 
of interneurons (McBain et al., 1994; Van Hooft et al., 2000) and increase synaptic inhibition in 
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rodent brain (Mannaioni et al., 2001; Zhou and Hablitz, 1997). Activation of group I mGluRs can 
also synchronise network activity by eliciting synchronous spiking in low-threshold spiking 
interneurons (Beierlein et al., 2000), which include Martinotti cells.
In recent years, group I mGluRs, and mGluR5 in particular, have become of increasing 
interest as potential therapeutic targets in neuropsychiatric and neurodevelopmental 
disorders (NDDs; Barnes et al., 2015), including schizophrenia (Conn et al., 2009) and autistic 
spectrum disorders (ASDs; Aguilar-Valles et al., 2015; Wenger et al., 2016). For example, 
dysregulated group I mGluR-mediated plasticity was proposed to underlie the NDD 
pathophysiology of fragile X syndrome (FXS; Bear et al., 2004), since group I mGluR-
mediated LTD is exaggerated in hippocampal pyramidal neurons in the FXS mouse 
model (Huber et al., 2002). Strikingly, mGluR-elicited spiking in Martinotti cells has been 
shown to be reduced in the Fmr1 knockout mouse model for FXS (Paluszkiewicz et al., 2011b). 
These findings led to clinical trials targeting mGluR5 in adults with FXS (Berry-Kravis, 2014; 

Jacquemont et al., 2014). Unfortunately, these trials have thus far been unsuccessful, with 
reasons given ranging from patient age and drug dosage level, to incomplete knowledge 
at a brain circuit rather than at a single cell level (Berry-Kravis et al., 2016, 2018; Mullard, 2015). 
Furthermore, rodent data on mGluR function has rarely been validated in the human 
brain. Recent work has started to confirm the existence of some of the effects of mGluRs 
in human cortex. The influence of group II mGluRs on glutamatergic transmission has 
recently been shown to be the same in human cortex as it is in rodents (Bocchio et al., 2019), 
as has mGluR-mediated LTD in fast-spiking interneurons (Szegedi et al., 2016). Given the 
importance of validation in humans of the basic mechanisms underlying therapies for 
cognitive disorders, we sought to confirm the effects of group I mGluRs in human cortex. 
Accordingly, we report that group I mGluRs increase inhibitory transmission onto several 
types of neurons in human cortex, and identify depolarisation of Martinotti cells as a 
possible mechanism. Furthermore, we confirm the existence of mGluR-LTD in human 
pyramidal neurons. Taken together, these results provide an essential step forward in 
understanding human mGluR-mediated signalling that may inform our understanding of 
their therapeutic actions in future clinical trials.

METHODS
Acute slice preparation from human cortical tissue
All procedures carried out involving patient tissue were approved by the VU University 
Medical Center Medical Ethical Committee and in accordance with the Dutch law and 
the declaration of Helsinki. All 40 patients provided written informed consent. The 
majority of cortical samples were taken from patients that suffered from drug-resistant 
epilepsy due to mesial temporal sclerosis (Table 1). During surgery, non-pathological tissue 
showing no structural abnormalities was resected from anterior and medial temporal 
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cortex (Goriounova et al., 2018; in this paper, Fig. 2 shows the exact location and extend of 
the resection and what tissue block we take to the lab) in order to reach the pathological 
focus. Tissue was immediately stored and transported to the physiology laboratory in ice-
cold slicing solution containing (in mM) 110 Choline chloride, 26 NaHCO3, 10 D-glucose, 
11.6 sodium ascorbate, 7 MgCl2, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, and 0.5 
CaCl2. 350 – 450 µm thick slices were prepared in the same, carbogenated, solution and 
were left to recover in carbogenated aCSF containing (in mM) 125 NaCl, 26 NaHCO3, 
10 D-glucose, 3 KCl, 2 CaCl2, 1 MgCl2, and 1.25 NaH2PO4 at 35 °C, and then for at least 
60 minutes at room temperature.

Electrophysiology
Slices in the recording chamber were perfused with aCSF heated to 31 – 33 °C. Recordings 
were made using borosilicate (GC150-10, Harvard Apparatus, Holliston, MA) glass pipettes 
with a resistance of 3 – 5 MΩ, pulled on a horizontal puller (P-87, Sutter Instrument Co., 
Novato, CA). Signals were amplified (Multiclamp 700B, Molecular Devices) and digitised 
(Digidata 1440A, Molecular Devices) and recorded in pCLAMP 10 (Molecular Devices, 
Sunnyvale, CA). Access resistance was monitored before, during, and after recording. 
Cells were discarded if the access resistance deviated more than 25 % from its value 
at the start of recording, or if it exceeded 20 MΩ. To record spontaneous excitatory 
postsynaptic currents (sEPSCs) and membrane potential fluctuations, pipettes contained 
intracellular solution consisting of (in mM) 148 K-gluconate, 1 KCl, 10 Hepes, 4 Mg-ATP, 
4 K2-phosphocreatine, 0.4 GTP and 0.5% biocytin, adjusted with KOH to pH 7.3 (±290 
mOsm). Spontaneous inhibitory postsynaptic currents (sIPSCs) were measured using an 
intracellular solution containing (in mM) 70 K-gluconate, 70 KCl, 10 Hepes, 4 Mg-ATP, 
4 K2-phosphocreatine, 0.4 GTP and 0.5% biocytin, adjusted with KOH to pH 7.3 (±290 
mOsm). IPSC recordings were performed in the presence of 10 µM CNQX and 50 µM 
D-APV.
To measure evoked EPSCs (eEPSCs), a pipette filled with aCSF was placed on a stimulation 
electrode and positioned within 100 µm from the recorded neuron. Current pulses were 
applied using an ISO-Flex stimulation box, and timed by a Master 9 (A.M.P.I., Jerusalem, 
Israel). The stimulation pipette was positioned so a clear postsynaptic response could 
be observed with a clear separation from the stimulation artefact (Fig.1b). The stimulus 
intensity was set to evoke a half-maximal current. Pulses were applied every 15 seconds 
and a 5 min baseline was recorded after the eEPSC amplitude stabilised. After recording 
a stable baseline, 25 µM DHPG was perfused into the recording chamber for 5 minutes. 
After a 5-minute DHPG washout period, eEPSCs were measured every 15 s for up to 40 
minutes and responses averaged per 10-minute bins. Interneurons for sEPSC recordings 
were located either at cortical layer 1 or 2/3 and were selected based on their morphology 
(as assessed with DIC in the live slice) and physiological properties, including relatively 
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high input resistance. Interneurons for sIPSC recordings were all located in layer 1.

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

Immunohistochemistry
To assess the expression of mGluR1α in somatostatin-positive neurons, temporal cortical 
tissue was used from three MTS patients (1 male, 2 female, 25 – 47 years) and three 
autopsy controls, displaying a normal cortical structure for the corresponding age and 
without any significant brain pathology (1 male, 2 female, 25 – 49 years). The control 
cases included in this study were selected from the databases of the Department of 
Neuropathology of the Academic Medical Center, University of Amsterdam. Tissue 
was obtained during autopsy and used in accordance with the Declaration of Helsinki 
and the AMC Research Code provided by the Medical Ethics Committee. All autopsies 
were performed within 24h after death. Tissue was fixed in 10% buffered formalin and 
embedded in paraffin. 6 µm sections were incubated overnight at 4 °C in primary antibody 
solution (mGluR1α, 1:100, monoclonal mouse SC-55565, Santa Cruz Biotechnology, 
Santa Cruz, CA; Somatostatin, 1:300, polyclonal rabbit, AB1595, Chemicon, Temecula, 
CA). Sections were then incubated for 2h at room temperature with Alexa Fluor 
568-conjugated anti-rabbit and Alexa Fluor 488 anti-mouse immunoglobulin G (IgG, 
1:200, Thermo Fisher Scientific, Waltham, MA). Finally, sections were analysed using a 
laser scanning confocal microscope (Leica TCS Sp2, Wetzlar, Germany).

GRM1 and GRM5 expression quantification
GRM1 and GRM5 expression levels were quantified using publicly available Allen Institute 
for Brain Science (AIBS) database on human single-cell transcriptomics at http://celltypes.
brain-map.org/, where the detailed methods can be found. The transcriptomic data from 
Allen Institute comes from human temporal cortical tissue, postmortem or surgically 
resected, sectioned and dissected per layer (Hodge et al., 2018). The methods include single 
nuclei fluorescence-activated cells sorting (FACS) isolation based on DAPI and neuronal 
nuclei staining (NeuN), followed by Smart-seq v4 based library preparation and single-cell 
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deep (2.5 million reads/cell) RNA-Seq.
The data on single nucleus GRM1 and GRM5 mRNA expression in transcriptomic types 
from AIBS database were pooled to represent higher-order hierarchical clusters (SST, 
PVALB, PAX6/LAMP5, excitatory types) from selected cortical layers of interest. Violin 
plots were made using custom-made Matlab scripts (Mathworks, Natick, MA), the plots 
represent distribution of mRNA expression on a log scale with counts per million (CPM) 
value of 4000.

Analysis and statistics
Electrophysiological data were analyzed using custom scripts in Matlab. All data are 
represented as mean ± standard error of the mean (SEM). Normal distribution of the 
data was tested using Shapiro-Wilk tests. Appropriate statistical tests were performed 
in Prism 7 (Graphpad, La Jolla, CA), and are mentioned in the figure legends.

RESULTS
Group 1 mGluRs increase sIPSC frequency in human cortex.
Activation of group 1 mGluRs increases spontaneous inhibition in rodent cortex 
(Paluszkiewicz et al., 2011b). To test whether this holds true in human cortex, we recorded 
spontaneous inhibitory postsynaptic currents (sIPSCs) in pyramidal neurons in layer 2/3 
of surgically resected human neocortex and activated group I mGluRs by a 5-minute 
bath application of the agonist (S)-3,5-Dihydroxyphenylglycine (DHPG, 25 µM; Fig. 1a-c). 
Application of DHPG led to an increase in the frequency sIPSCs in pyramidal neurons that 
lasted after the agonist washout from the bath (Fig. 1d). Interestingly, while the amplitude 
of inhibitory events was unaffected, both the rise and decay times were increased after 
washout of the agonist (Fig. 1e).

Group 1 mGluR activation recruits Martinotti cells
A potential cause of the slower kinetics would be a change in membrane time constant 
caused by DHPG. However, membrane time constant after completion of the experiment 
did not differ from that measured before the start of the experiment (before: 17.7 ± 2.2 
ms, after: 15.3 ± 3.0 ms, paired t(5) = 0.931, p = 0.395). We hypothesised that the synaptic 
inputs elicited by DHPG might be onto distal dendrites, and were therefore likely coming 
from Martinotti cells (MCs). We performed current-clamp recordings of putative MCs in 
layer 2/3 to assess whether group I mGluR activation would elicit a change in membrane 
potential. Putative MCs were identified by an ovoid-shaped cell body and bitufted 
proximal dendritic morphology in the DIC microscopic image and by a rebound action 
potential following a depolarising current step. Post-hoc reconstruction of the morphology 
of these cells showed that the axon of putative MCs branched out and terminated in 
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layer 1 (Fig 2a; Obermayer et al., 2018). Application of DHPG caused a depolarisation of 7.7 
mV on average (Fig. 2b), and led to action potential firing in 6 out of 7 MCs (Fig. 2c). 
In one experiment, a connected pair of MC and pyramidal neuron was recorded (Fig. 
2d). Upon DHPG application, the MC started firing action potentials, and the pyramidal 
neuron received an increased number of inhibitory postsynaptic potentials (IPSPs, Fig. 
2e). Analysis of the pyramidal neuron membrane potential following 50 MC action 
potentials showed distinct IPSPs (Fig. 2f, left panel). Performing the same analysis on 
randomly generated time points does not show a similar peak (Fig. 2f, right panel; p < 
0.001). The latency between the peak of the MC action potential and the onset of IPSPs 
in the pyramidal neuron was 1.75 ms, with a jitter of 396 µs. Thus, action potentials 
elicited by DHPG in the presynaptic MC generate time-locked inhibitory responses in 
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postsynaptic pyramidal neurons.

To confirm that DHPG could mediate its effect on local synaptic inhibition directly via 
Martinotti cells, we performed double-labelling immunohistochemistry for somatostatin 
and mGluR1a. We observed near-total colocalisation of mGluR1a and somatostatin in 
samples from both surgically-resected (22 out of 22 SST+ neurons from 3 samples) and 
post mortem (22 out of 23 SST+ neurons from 3 samples) human temporal cortex (Fig. 2g). 
In addition, single-cell RNA-sequencing data from the Allen Brain Institute shows strong 
expression of both GRM1 and GRM5 in human SST+ interneurons (Fig. 2h). We therefore 
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conclude that Martinotti cells are equipped with group I mGluRs to directly respond to 
DHPG and mediate the increase in synaptic inhibition observed across pyramidal neurons 
and interneurons in superficial layers of human temporal cortex following group I mGluR 
activation.

Increased inhibition onto L1 interneurons upon group 1 mGluR activation
Martinotti cells are known to contact most types of interneurons in addition to pyramidal 
cells. Therefore, we tested whether interneurons in layer 1 (L1) of the human cortex also 
receive more inhibitory input upon group I mGluR activation. To this end, we recorded 
sIPSCs in L1 interneurons (Fig. 3a,b). Similar to pyramidal neurons, sIPSC frequency onto 
L1 interneurons was increased during and after application of DHPG (Fig. 3c), without a 
change in sIPSC amplitude (Fig. 3d). In addition to increased sIPSC frequency, 2 out of 12 
L1 interneurons showed a small increase in holding current after DHPG application (Fig. 
3e). This increase in holding current corresponds to a depolarisation of 5.4 mV and 6.7 mV 
when taking into account the input resistance of the cells. DHPG-induced depolarisation 
in L1 interneurons are therefore unlikely to elicit action potentials. During current-clamp 
recordings, L1 interneurons exhibited a small depolarisation or no response, but did not 
fire action potentials in response to DHPG (Fig. 3f, n = 3). L1 interneurons are therefore 
unlikely to contribute to the increase in synaptic inhibition upon group I mGluR activation. 
In accordance with this, human L1 interneurons express GRM5, but only rarely express 
GRM1 according to Allen Brain Institute single-cell sequencing data (Fig. 3g).

Fast-spiking interneurons are depolarised by group 1 mGluRs
In rodents, fast-spiking (FS) interneurons can be depolarised by activation of group I 
mGluRs. To assess whether FS interneurons contribute to DHPG-induced inhibition in 
human cortex, we performed current-clamp recordings of FS interneurons (Fig. 4a,b). 
Application of DHPG led to depolarisation of all recorded FS interneurons (Fig. 4c, n = 7), 
but did not elicit action potentials in any of them. In accordance with these results, analysis 

Figure 2. mGluR activation depolarises Martinotti cells and leads to action potential firing. (a) Morphological 
reconstruction of an MC in human cortex. Asterisks denote places where a neurite was cut during slice 
preparation. Inset: electrophysiological response to negative and positive current steps. (b) Membrane 
potentials of MCs are depolarised by DHPG (paired-t(6) = 5.52, p = 0.002). (c) DHPG induces an increase in action 
potential frequency (Wilcoxon matched-pairs signed rank test; p = 0.031). (d) Voltage traces of a connected pair 
consisting of an MC (teal) and a pyramidal neuron (grey). Application of DHPG (orange) induces sustained 
action potential spiking in the MC. (e) Voltage traces of MC and pyramidal neuron before and during application 
of DHPG. Dashed boxes denote the area used for the analysis in f. (f) Average pyramidal neuron voltage trace 
(left panel, 50 events, light grey area shows SEM) around MC action potentials (left panel, teal dash) shows an 
inhibitory response that is absent in voltage traces centered on random time points during the same period 
(right panel; Mann-Whitney U = 418, p < 0.001). (g) mGluR1a is present in SST+ interneurons (arrowheads) in 
both resected and post-mortem tissue. Scale bar = 10 µm. (h) Distribution of GRM1 and GRM5 RNA levels in 
SST+ cells. Data taken from the Allen Institute human single-cell RNA-seq database. Here and further, black dot 
shows the median, n number above is the number of cells (nuclei) plotted. 
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of single-cell sequencing data revealed that, similar to L1 interneurons, human PV+ FS 
interneurons express GRM5, rather than GRM1 (Fig. 4d). DHPG application did lead to an 
increase in the frequency and amplitude of IPSPs (Fig. 4e-g). This increase in IPSPs is likely 
due to the increased activity in MCs. However, it could be caused by an increase in driving 
force due to the depolarised membrane potential. We found no significant correlation 

Figure 3. mGluR activation increases synaptic inhibition onto layer 1 interneurons. (a) Morphological 
reconstruction of a human layer 1 interneuron. Inset: electrophysiological response to negative and positive 
current steps. (b) Example traces showing IPSCs before (Pre), during (DHPG) and after (Post) application of 
DHPG. (c) DHPG elicits a prolonged increase in sIPSC frequency in layer 1 interneurons (repeated-measures 
ANOVA; F(2,22) = 12.09, p < 0.001; Tukey’s post-hoc test: Pre vs DHPG p < 0.001***, DHPG vs Post ns, Pre vs Post p 
< 0.05*). (d) sIPSC amplitude in L1 interneurons was not affected by DHPG (repeated-measures ANOVA; F(2,20) 
= 1.16, p = 0.333). (e) Current trace showing increased sIPSC frequency and shift in holding current upon DHPG 
bath application. Right panel, proportion of cells in which the holding current shifts upon DHPG application.  
(f) Layer 1 interneurons are depolarised (upper panel) or are unresponsive (lower panel) to DHPG application. 
(g) GRM1 and GRM5 RNA levels in L1 interneurons. Data taken from the Allen Institute human single-cell RNA-
seq database.
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between the increase in IPSP frequency and the level of membrane depolarisation 
among FS interneurons (Spearman’s R = -0.26, p = 0.62). Thus, FS interneurons receive 
increased synaptic inhibition upon group I mGluR activation, but are themselves not 
likely to contribute to this effect.

Group 1 mGluR-mediated depression of exctitory synaptic currents
Finally, we examined whether excitatory inputs were equally affected by group I mGluR 
activation. In current-clamp, 2 out of 10 pyramidal neurons responded to DHPG by 
firing action potentials (Fig. 5a,b), although most L2/3 pyramidal neurons express GRM1 
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Figure 4. mGluR activation depolarises FS interneurons without leading to action potential firing.  
(a) Morphological reconstruction of a human fast-spiking basket cell. Inset: electrophysiological response to 
negative and positive current steps. (b) Voltage trace showing depolarisation of a fast-spiking interneuron in 
response to DHPG. (c) Fast-spiking interneurons are depolarised by DHPG (* Wilcoxon signed rank test, n = 7, W 
= -28, z = -2.37, p = 0.016). (d) GRM1 and GRM5 RNA levels in FS parvalbumin+ interneurons. Data taken from the 
Allen Institute human single-cell RNA-seq database. (e) Representative traces showing an increase in inhibitory 
synaptic potentials during DHPG bath application compared to baseline. (f) DHPG increased the frequency 
of spontaneous inhibitory events in fast-spiking interneurons (** paired t-test, t(5) = 4.233, p = 0.008). (g) sIPSP 
amplitude is increased by DHPG application (Wilcoxon matched-pairs signed rank test, n = 6, W = 21, p = 0.031). 
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(Fig. 5c). We therefore examined whether DHPG increased excitatory inputs onto 
pyramidal cells by measuring spontaneous excitatory postsynaptic currents (sEPSCs; 
Fig. 5d,e). Application of DHPG transiently increased sEPSCs by 25% or more in 6 out 
of 14 pyramidal neurons. However, there was no significant increase in sESPC frequency 
overall (Fig. 5f).
Group I mGluRs are known to induce long-term depression of excitatory synapses. This 
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Figure 5. mGluR activation 
reduces excitatory inputs to 
human pyramidal neurons.  
(a) Voltage trace showing 
DHPG-induced action 
potential firing in a pyramidal 
neuron. (b) Proportion of 
pyramidal neurons that fire 
action potentials in response 
to DHPG. (c) GRM1 and 
GRM5 RNA levels in L2/3 
pyramidal neurons. Data 
taken from the Allen Institute 
human single-cell RNA-seq 
database. (d) Experimental 
protocol for recording sEPSCs. 
(e) Example current traces 
showing sEPSCs. (f) sEPSC 
frequency is not increased by 
DHPG (Friedman test, χ2(2) = 
3, p = 0.223). (g) Experimental 
protocol for recording evoked 
EPSCs, depicting placement 
of stimulus pipette (left 
panel), and example evoked 
responses (right panel) before 
(black) and after (grey) DHPG 
application. (h) Example of 
eEPSC responses in a single 
pyramidal neuron during 
wash-in of DHPG (orange bar). 
Mean ± SEM of 4 responses 
binned per minute. (i) DHPG 
decreases eEPSC amplitude 
up to 10 minutes after wash-
out of DHPG (Friedman 
test, χ2(4) = 11.8, p = 0.019. 

*Bonferroni-corrected p < 0.05, 
Wilcoxon matched-pairs test, 
n = 8).
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is mediated by mGluR5, which virtually all L2/3 pyramidal neurons express (Fig. 5c). To 
test whether human pyramidal neurons excitatory synapses undergo mGluR-mediated 
LTD, we evoked EPSCs (eEPSCs) by electrical stimulation (Fig. 5g). Indeed, application 
of DHPG acutely decreased the amplitude of eEPSCs relative to baseline (Fig. 5h,i). 
Therefore, we conclude that pyramidal neurons in human cortex exhibit group I mGluR-
mediated depression of excitatory synapses.

DISCUSSION
In this study, we addressed the question how activation of group I mGluRs affect 
microcircuits in superficial layers of the human neocortex. Our data demonstrate, for the 
first time, a cell-type specific recruitment of human cortical interneurons by group I mGluR 
activation. We find that Martinotti cells are strongly excited by group I mGluR activation, 
which increases the amount of inhibitory inputs to neighbouring L2/3 pyramidal neurons. 
Somatostatin-positive interneurons in superficial layers of the human neocortex show 
strong abundance of mRNA for mGluR1 and mGluR5 receptors. Other local interneuron 
types, including fast spiking interneurons and layer I interneurons are depolarised by group 
I mGluR activation, but do not fire action potentials in response to this depolarisation. 
Also, these interneuron types show a lower abundance of mGluR1 and mGluR5 mRNA. 
Furthermore, excitatory inputs to pyramidal neurons are suppressed by group I mGluR 
activation. Thus, the large increase in synaptic inhibition across cell types in superficial 
cortical layers and the depression of excitatory synapses most likely results in a shift in 
the balance between excitation and inhibition in the cortical network.
In rodents, layer I interneurons and deep layer fast-spiking interneurons have previously 
been reported to fire action potentials upon mGluR activation with quisqualic acid 
(Zhou and Hablitz, 1997). We did not observe action potential firing in any human layer I 
interneuron or fast-spiking interneuron. This discrepancy could be due to the difference 
in pharmacological ligands used in the earlier study, which also activate ionotropic 
glutamate receptors in addition to metabotropic receptors. Our data are in agreement 
with metabotropic-specific ligand effects upon fast-spiking interneurons (Beierlein et al., 

2000) and layer 1 cortical interneurons in rodents (Cosgrove and Maccaferri, 2012). Enhanced 
synaptic inhibition in fast-spiking interneurons and in layer 1 Cajal-Retzius cells is mediated 
by Martinotti cells in rodents, the latter effect is mediated by mGluR1a specifically (Beierlein 

et al., 2000; Cosgrove and Maccaferri, 2012). Therefore, we propose that Martinotti cells mediate 
enhanced synaptic inhibition in human superficial temporal cortex in response to group 
I mGluR activation. While we did not see direct action potential firing in any other 
interneuron types besides putative Martinotti cells in our recordings, we cannot exclude 
the possibility that other interneuron types may also be involved in the mGluR-mediated 
increase in synaptic inhibition we observed.
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Although bath application of DHPG does not represent the physiological situation in the 
brain, our results show that activation of group I mGluRs can directly depolarise both 
Martinotti cells and fast-spiking interneurons. Since group I mGluRs are located mostly 
perisynaptically and can therefore likely be activated by spillover of glutamate from the 
synaptic cleft (Luján et al., 1996), subsequent depolarisation of these interneuron types may 
constitute a homeostatic mechanism by which inhibition is increased upon a prolonged 
or very strong initial excitatory drive.
mGluRs have been proposed to be involved in epileptogenesis (McNamara et al., 2006) 
and group I mGluRs are upregulated in the hippocampus of patients with temporal 
lobe epilepsy (Blümcke et al., 2000). In addition, studies have shown that the activation of 
mGluRs in hippocampal slices can increase epileptiform activity (Merlin and Wong, 1997). 
However, these studies often block GABAergic signalling in order to induce epileptiform 
activity, thereby disregarding the strong effect on inhibition we show here, and that is 
also observed in rodent hippocampus (McBain et al., 1994; Van Hooft et al., 2000). We therefore 
speculate that increased expression of mGluRs in epilepsy patients could be a homeostatic 
mechanism, rather than a direct component of the pathophysiology of epileptogenesis. 
In both cortex and hippocampus, group I mGluR-mediated increase in the frequency of 
inhibitory events is mediated by mGluR1 (Cosgrove and Maccaferri, 2012; Mannaioni et al., 2001; Sun 

and Neugebauer, 2011). We observed consistent co-expression of mGluR1a and somatostatin 
in putative Martinotti cells from both surgically-resected tissue and autopsy controls. 
However, because group I mGluRs have different roles in different populations of neurons 
(Mannaioni et al., 2001; Volk et al., 2006), it remains to be determined whether mGluR1 or mGluR5 
is responsible for the functional effects demonstrated here. Specifically, we found that 
FS and some L1 interneurons are depolarised to some extend by DHPG, an effect that 
might be due to activation of mGluR5, which both types express.
We found group I mGluR-mediated LTD of excitatory synapses received by L2/3 
pyramidal neurons, similar to that observed in the rodent brain. Group I mGluR-LTD 
has previously been shown in human cortex for excitatory synapses onto fast-spiking 
interneurons (Szegedi et al., 2016). The finding of LTD at excitatory synapses on pyramidal 
neurons is similar to that in rodent hippocampus (Huber et al., 2000). The LTD we observed 
is not particularly strong and is shorter in duration than has been found previously (Huber 

et al., 2000). It is worth mentioning that while other studies in rodents typically use 100 
µM DHPG, we only used 25 µM due to its strong acute excitation of network activity. 
Since the efficacy of DHPG in inducing LTD is dose-dependent (Ayala et al., 2009), this may 
explain why the LTD we observed was relatively small and short-lived. Overall, however, 
we demonstrate the occurrence of group I mGluR-induced LTD as a plasticity mechanism 
conserved across species, which means the aberrant LTD underlying the mGluR theory 
of FXS (Bear et al., 2004) may also apply to mature human cortex. However, to test mGluR-
mediated LTD in FXS patient brain tissue would require using postmortem brain tissue 
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for neurophysiological recordings (Kramvis et al., 2018), since surgically resected tissue as 
used in this study is not available from FXS patients.
In contrast to evoked excitatory responses, mean amplitudes of spontaneous events 
were not decreased by mGluR activation in our experiments. Group I mGluRs have been 
shown to increase the amplitude of excitatory synaptic spontaneous events in rodent 
somatosensory cortex (Bandrowski et al., 2003) and in rodent hippocampal interneurons 
(McBain et al., 1994). It is possible that in our recordings, mGluR-induced depression of a 
subpopulation of synapses is masked by a simultaneous global increase in events of a 
relatively large amplitude (Bandrowski et al., 2003), and that synaptic depression is visible 
only during the simultaneous timed activation of multiple synapses that occurs when 
synaptic events are evoked using extracellular stimulation. Conversely, a depression of 
excitatory synapses might cause the smaller responses from these synapses to fall below 
the detection threshold for spontaneous events. This might also explain why we observed 
no increase in the frequency of sEPSCs in the majority of pyramidal neurons, even though 
the increase in action potential firing in a subset of pyramidal neurons is quite robust, and 
we find an increase in sEPSC frequency in superficial interneurons. That only a subset of 
pyramidal neurons responded to mGluR activation may indicate that there are functional 
subtypes of pyramidal neurons in superficial human cortex that could be distinguished 
by mGluR expression. Indeed, superficial pyramidal neurons can be divided into two 
classes based on morphology and electrotonic properties (Deitcher et al., 2017). It remains 
to be determined whether these classes correspond to pyramidal neurons that do or do 
not respond to mGluR activation, or whether mGluR responsiveness further subdivides 
one or both of these classes.
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SYNOPSIS

Neurodevelopmental disorders (NDDs) can severely affect the quality of life of those 
who suffer from them. NDDs arise from a complex interplay between developmental 
processes and dysregulation of the expression of genes, or dysfunction of their gene 
products. It is therefore crucial to establish not only the phenotypes that arise from 
dysfunction of genes and proteins implicated in NDDs, and their basal functions, but 
also the time-courses according to which the genes are expressed, and, importantly, 
when their role is most critical during development. Accordingly, it is important to also 
establish their developmental context: the neurotypical functioning of the processes in 
which they are involved. In this thesis, I do this by providing a detailed description of 
the early postnatal development of pyramidal cells in the mouse (mPFC), as well as the 
impact of the deletion of NDD gene Oligophrenin-1 (Ophn1) on this.
In chapters 2 and 3, I describe the early postnatal development of pyramidal cells in 
layers 3 and 5 of mouse mPFC. I show that, with the exception of some small layer-
specific differences, overall development of dendritic morphology and intrinsic membrane 
properties show the same progression in cells in both layers. Most parameters of dendritic 
morphology reach their final values by the end of the second postnatal week, as do many 
intrinsic physiological membrane properties. However, some properties of the membrane 
only reach mature values at the end of the fourth week. Although the development 
of morphology and intrinsic properties is similar between layers, the development of 
synaptic function is markedly different. The frequency of spontaneous excitatory currents 
increases faster in layer 3 neurons, while the frequency of inhibitory events increases 
faster in neurons of layer 5.
In chapter 4, I show that knockout of Ophn1 leads to distinct age- and layer-dependent 
phenotypes that impact synaptic transmission. Surprisingly, the densities and morphology 
of dendritic spines was not heavily affected. Ophn1 deletion – in contrast to many other 
NDD genes – does not impact the balance of excitation and inhibition.
Metabotropic glutamate receptors (mGluRs) have been implicated in several 
neurodevelopmental disorders in rodent, and are a prominent drug target in recent 
clinical trials. In chapter 5, I therefore shift my focus to the function of mGluRs in the 
human cortex. I show that mGluR-mediated depression is present in excitatory synapses 
onto pyramidal cells in human cortex. Furthermore, activation of mGluRs leads to spiking 
in Martinotti cells, which in turn causes widespread synaptic inhibitory inputs to all other 
cortical neuronal types measured. These results validate what has earlier been shown 
in rodents, and highlight the importance of the little-studied, but conserved action of 
mGluRs on cortical inhibition.
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DISCUSSION

Development of dendritic morphology
In humans, the prefrontal cortex shows a delayed development relative to other regions 
of the cortex. In contrast, we show that the development of gross features of dendritic 
morphology in mouse mPFC is similar to what has previously been reported in other 
cortical areas. However, due to the methods used in the current study, there are some 
aspects of dendrite morphology development that we are not able to resolve. We 
imaged stained neurons in fixed brain slices from different animals at different ages. We 
find that the number of branch points of the apical tuft of layer 5 neurons is reduced in 
older animals. Because tuft dendrites in the younger age group show short, immature 
dendritic protrusions, we assume that it is these protrusions that are removed during 
development – a process known as pruning (Riccomagno and Kolodkin, 2015). However, we do 
not know whether this is the case. It may be that the immature protrusions seen at younger 
ages mature into fully grown dendritic branches, while other branches that seemed 
more mature are pruned instead. To resolve this, one could use in vivo approaches. In 
vivo two-photon imaging has been used to precisely monitor outgrowth and retraction 
of dendritic branches (Gonçalves et al., 2016), enabling a much more detailed study of the 
dynamics of dendrite development than is feasible with our methods. In addition, the 
pruning of neurites depends in part on neuronal activity (Riccomagno and Kolodkin, 2015). Using 
long-term in vivo imaging of neuronal morphology in combination with a measurement of 
physiological activity, such as voltage indicators, may show to what extent the electrical 
activity within a given branch determines whether this branch is pruned.
In vivo two-photon imaging has also shown that dendrite pruning is a homeostatically 
regulated response to dendrite outgrowth, and that experimentally increasing dendritic 
branching leads to increased dendrite pruning (Gonçalves et al., 2016). We assessed dendritic 
morphology in the Ophn1 KO and find only very minor phenotypes. However, it could 
be that OPHN1 does affect dendrite dynamics, but that this effect is counteracted by 
homeostatic mechanisms, and therefore does not show up in our snapshot measurements. 
This issue may be resolved by using either an in vivo approach, or by time-lapse imaging of 
neurons in organotypic cultures. The same may apply to our results concerning dendritic 
spines, which are known to be structurally highly dynamic (Bhatt et al., 2009; Ebrahimi and 

Okabe, 2014; Fischer et al., 1998).

Dendritic spine phenotypes in neurodevelopmental disorders
One of the earliest known functions of OPHN1 is the maintenance of dendritic spines. 
Interestingly, the nature of the effects of removal of OPHN1 from neurons on dendritic 
spines varies wildly from one study to the next. Initially, OPHN1 was found to reduce spine 
length, without affecting the density of spines or filopodia (Govek et al., 2004). Subsequent 



98

Chapter 6

studies have reported a decrease in both spine size and density (Nadif Kasri et al., 2009); a 
reduction in either spine length or density, depending on whether the measured dendrites 
was apical or basal (Khelfaoui et al., 2007); a reduction in mushroom spines with no effect 
on filopodia (Powell et al., 2012); and an increase in filopodium density, with no effect on 
other spine types (Meziane et al., 2016). We now find a decrease in thick (mushroom/stubby) 
spines, but only at 4 weeks in layer 3 pyramidal neurons.
How to solve these discrepancies? One important consideration is that the method of 
removal of OPHN1 differs between studies. The studies performed by Govek et al. and 
Nadif Kasri et al. use knockdown methods to reduce levels of Ophn1, whereas Khelfaoui 
et al., Powell et al., Meziane et al., and we use constitutive Ophn1 knockouts. It seems 
that studies where Ophn1 was knocked down tend to find a more consistent reduction 
in spine length. It is possible that spine length is restored later during development via 
some homeostatic mechanism, as appears to be the case for basal excitatory transmission 
(Nadif Kasri et al., 2009) and mGluR-mediated LTD (Khelfaoui et al., 2007; Nadif Kasri et al., 2011).
Similarly, different studies use animals of different ages. Meziane et al. assessed spine 
densities in 5-month-old animals. They find only an increase in filopodia, which they also 
attribute to compensatory mechanisms. The strongest evidence that the effect of OPHN1 
on dendritic spines is dependent on age comes from the 2007 study by Khelfaoui et al., 
who find that while spine densities were reduced at 12 weeks, the densities of all types 
of spines were actually increased during in vitro differentiation of neurons from Ophn1 
KO animals. The spine phenotype we find here is also age-dependent, providing further 
evidence that OPHN1 function is dependent on context.
Lastly, there are differences in the brain regions used in these studies. While most studies 
use hippocampal tissue, the studies performed using knockdown methods are performed 
in organotypic cultures, while those performed in KO animals typically use acute slices. 
However, even within the hippocampus, some studies assess cells in CA1, while other 
use dentate gyrus. Our results show that, even within the same part of the cortex, cells 
from different layers show different phenotypes upon deletion of Ophn1. The influences 
of age and area on studying OPHN1 function are further discussed below.
There has been debate in recent years regarding the validity of much of the research 
done on dendritic spines using conventional light microscopy. For example, a recent 
investigation into dendritic spines in the Fmr1 knockout mouse model for Fragile X 
Syndrome (FXS) using stimulated emission depletion (STED) microscopy indicates that 
dendritic spine phenotypes in this model are more nuanced than it was previously thought 
to be (Wijetunge et al., 2014). This may be due in part to the fact that non-superresolution 
microscopy methods often lead to errors in measurement of spine dimensions and 
misclassification of spine types (Tønnesen et al., 2014). Because the current study, as well as 
those mentioned previously, all use non-superresolution methods, extra care must be 
taken when interpreting their results.
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E/I balance
Disruption of the balance of excitation and inhibition (E/I balance) is thought to be a major 
pathophysiological feature of many neurodevelopmental disorders (Nelson and Valakh, 2015; 

Rubenstein and Merzenich, 2003; Selten et al., 2018). We do not find any changes in E/I balance in 
our Ophn1-/y data. However, E/I balance can be measured in several ways. We measure 
either spontaneous events or responses to regulated extracellular stimulation in an acute 
slice. Using these methods, excitation and inhibition cannot be measured simultaneously. 
Another method by which E/I balance can be measured is to extracellularly stimulate 
a neuron while clamping it at several potentials. This way, the excitatory and inhibitory 
conductances in response to the same stimulation can be measured (Cruikshank et al., 2007). 
This gives a clearer image of the excitatory and inhibitory inputs onto the cell elicited 
by the same stimulation, which more closely resembles the neuron’s response to, for 
example, a sensory stimulus in in vivo.
Nevertheless, our data align with previous results. Zhang et al. (2017) show no differences 
in feed-forward inhibition between Ophn1 KO and wild-type. Powell et al. (2012) show 
that, similar to our data regarding short-term plasticity of EPSCs upon high frequency 
firing, short-term depression is exaggerated in Ophn1-/y neurons. This is in accordance 
with our results, as E/I balance will be unaffected if the decrease in both excitation and 
inhibition is similar. Furthermore, E/I balance is regulated in a dynamic manner, and is at 
least partly dependent on activity in the postsynaptic cell (Xue et al., 2014). Homeostatic 
processes may thus act to decrease the influence of the synaptic deficit on the formation 
of the circuit.
However, interneurons, and PV+ basket cells in particular, fire at much higher frequencies 
than pyramidal cells in vivo (Klausberger et al., 2003; Massi et al., 2012). Hence, the impairment 
in neurotransmitter release upon high frequency firing may be far more relevant for 
inhibition than for excitation under in vivo conditions. It is therefore critical to assess the 
relative impairments of synaptic inhibition and excitation in vivo to determine whether 
E/I balance is disturbed during behaviour and during processing of sensory information.

Sensitive periods and neurodevelopmental disorders
The development of the brain is tightly regulated by various hardwired genetic cues. 
However, to ensure that the organism is able to respond to variations in its environment, 
external stimuli influence the development of neurons, as well as the way in which they 
are integrated into neuronal networks. While synaptic plasticity is an on-going process 
that is also evident in the adult brain (Holtmaat and Svoboda, 2009; Verhoog et al., 2013), there 
are periods during development during which the network is able to react particularly 
strongly to certain stimuli. These are known as sensitive (also critical) periods. The most 
well-studied of these is that of ocular dominance plasticity (Hensch, 2005; Wiesel and Hubel, 

1963).
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We have argued that sensitive periods are of particular importance within the context of 
neurodevelopmental disorders (Kroon et al., 2013; Meredith et al., 2012). The protein products 
of NDD genes often have functions at the synapse, and are involved in plasticity. The 
absence or aberrant function of these proteins may be more damaging during a sensitive 
period, while plasticity is heightened and the network is being formed, than at adult stages, 
when less plasticity is necessary. A second way in which the concept of the sensitive 
period can be applied to NDD genes is if the gene itself is only expressed for certain 
periods of time. In this case, the sensitive period is only applicable to the gene itself, and 
does not necessarily constitute a sensitive period at the network level. Phenotypes may 
then be restricted to periods during which the gene is expressed. However, the aberrant 
plasticity resulting from the incorrect function of the protein during the sensitive period 
may still lead to abnormal development of network and/or synapses, and therefore may 
also impact function even at times when the gene is not normally expressed.
Our results show the necessity of studying neurodevelopmental disorders in a 
developmental context. We also show that the function of OPHN1 further depends 
on the cell types within which it functions. One of the reasons for this is that in the 
case of OPHN1, an additional level of complexity is added by the diversity of proteins 
with which it interacts. This is exemplified by the fact that fasudil, a RhoA/Rho-kinase 
inhibitor that has been used to counter deleterious effects of Ophn1 deletion, has different 
effects on dendritic spines, depending on whether OPHN1 is present or not (Meziane et al., 

2016). We might therefore add another factor to the idea of sensitive periods: sensitive 
locations. The localisation of downstream effectors of RHOA, RAC1, and CDC42, of 
which there are many (Iden and Collard, 2008), is strictly regulated. They in turn can have 
many interactions with each other, depending on which effector proteins are present 
at their current location, and which ones are active and free to bind to. Consequently, 
the effect of deletion of one particular protein can have wide-ranging consequences 
at different moments, in different cell types, and conceivably, in different subcellular 
compartments within the same cell at the same time.
This necessitates a much more detailed study of how proteins with a diverse array of 
functions such as OPHN1 perform those functions at specific times and locations. In 
recent years, there has been progress in single-molecule imaging of processes in live 
cells (Gebhardt et al., 2013; Wang et al., 2015). Such approaches may in future be useful to 
disentangle the exact function of proteins like OPHN1 at specific times in specific cell 
types and locations.

Clinical implications of age-dependent phenotypes
Neurodevelopmental disorders pose a complex problem. Although the age at which 
most NDDs are diagnosed can differ significantly (Marín, 2016), many may have their origins 
at much earlier ages, before symptoms appear. To make matters more complicated, as 
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suggested by our data, homeostatic mechanisms may work to counteract the initial 
perturbation. However, homeostatic mechanisms by themselves may not be able to fully 
rescue the phenotypes. And even if they do rescue the phenotype at the synaptic level, 
the damage may already be done when it comes to the formation of the neuronal circuitry.
Thus, it is important to take the timing of the intervention into account when devising 
therapeutic strategies. For one thing, drugs that might potentially be used as therapeutics 
may have different effects depending on the age of the subject. Even the outcome 
genetic reinstatement of the affected gene in the case of a single-gene mutation may be 
severely affected by the timing of the intervention. For example, reinstatement of maternal 
Ube3a in a model for Angelman Syndrome is effective when done in the embryo, but 
only partially rescues certain phenotypes when performed in juvenile animals, while it 
is ineffective in the adult (Silva-Santos et al., 2015).
In the case of Oligophrenin-1, there have been two drugs that have been used in preclinical 
studies to rescue certain phenotypes in the mouse model. These are Y27632, which 
inhibits Rho-associated protein kinase (ROCK), a downstream target of RHOA, and fasudil, 
which inhibits RHOA and ROCK. In acute slices, short application of Y27632 have been 
used to rescue the deficiencies in neurotransmitter release in Ophn1-/y neurons. However, 
short application did not rescue dendritic spine phenotypes (Powell et al., 2012). Fasudil has 
been used in vivo to rescue recognition memory and spatial learning deficiencies in adult 
mice (Meziane et al., 2016). These results are encouraging and imply that treatment in adult 
patients may alleviate symptoms. One must keep in mind, though, that the cognitive tasks 
for which performance was improved by fasudil are relatively simple. They are also tasks 
that the mice were trained to perform as adults, and therefore apply to the capacity for 
learning and plasticity in the adult brain. They do not represent any capabilities that are 
learned during development.
Translation to the human condition may therefore not be straightforward. Administration 
of fasudil in adult patients may alleviate some symptoms, but may not rectify the more 
complex traits affected by the disorder, such as language and social skills (Santos-Rebouças et 

al., 2014). Language acquisition in particular has been shown to undergo sensitive periods 
(Kuhl, 2010). It would be interesting to investigate certain forms of behaviour that are 
dependent on proper network formation during development, to assess whether models 
for NDDs exhibit phenotypes in those behaviours, and to test whether therapeutic 
intervention in the adult can rescue the symptoms, or if intervention during development 
is necessary.
Recent evidence would suggest that the latter might be the case. Preclinical studies that 
include interventions have shown that early interventions are often more successful 
than those performed at later ages. For example, administration of bumetanide at an 
early age effectively prevented structural brain damage and normalised adult behaviour 
in a genetic model for epilepsy (Marguet et al., 2015). In a separate study, administration of 
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mGluR5 antagonist MPEP was more effective during development than in adult mice in 
rescuing the dendritic spine phenotype in Fmr1 knockout mice (Su et al., 2011). This latter 
study is particularly interesting, as mGluR5 is an important therapeutic target in Fragile 
X Syndrome (Gross et al., 2012).
Recently, clinical trials were performed in FXS patients, using drugs that target mGluR5 
function. Unfortunately, these have so far proved ineffective (Berry-Kravis et al., 2016; Jeste 

and Geschwind, 2016). One explanation for the disappointing results of these clinical trials 
may be that they were conducted mainly in adolescent or adult patients. According to 
the theoretical framework put forth in this thesis, the intervention may simply come 
too late. Thus, while some symptoms may be alleviated by therapeutics at this time, the 
damage may already be done at this age when it comes to important developmental 
milestones of circuit development. Therefore, the major dysfunctions apparent in the 
disorder would not be affected by treatment that comes too late. Earlier intervention 
may provide better treatment outcome in future trials, as has been suggested elsewhere 
(Jacquemont et al., 2014; Marín, 2016). Indeed, a clinical trial in children aged 3 to 6 is currently 
underway (see https://clincaltrials.gov/, identifier number NCT02920892; “AFQ056 for 
language learning in children with FXS”).

mGluRs in human networks
Another caveat of these clinical trials is that they are based entirely on the results of 
preclinical animal studies. The most prevalent theory regarding the pathophysiology of 
FXS is known as the mGluR theory of Fragile X. This theory states that loss of FMRP leads 
to exaggerated mGluR-dependent LTD. This in turn interferes with synapse development 
and maturation, which disrupts development of neuronal circuits (Bear et al., 2004). However, 
although a mechanism that is crucial to this theory – that activation of mGluRs leads 
to LTD of excitatory synapses onto pyramidal cells – has been extensively described 
in mice, it has not been replicated in human cortex. This is mainly due to the need for 
living human brain tissue, which is often not readily available. So far, only one type of 
excitatory synapse onto human basket cells has been shown to exhibit mGluR-mediated 
LTD (Szegedi et al., 2016).
We show here that excitatory synapses onto pyramidal cells undergo mGluR-LTD. This 
is a first step in validating the mGluR theory of Fragile X in humans. Whether or not 
mGluR-mediated LTD is affected in FXS patients as it is in the mouse model remains an 
open question, as it is currently not feasible to obtain cortical tissue from FXS patients on 
which electrophysiological experiments can be performed. One option is to use induced 
pluripotent stem cell (iPSC) technology to culture induced neurons from FXS patients 
(Halevy et al., 2014; Telias et al., 2015). These can then be used to assess whether FXS patients 
show changes in mGluR function compared to healthy controls. This technique is not 
perfect, as the neurons obtained this way are grown in culture. It therefore disregards 
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the developmental aspects of the disorder. Nevertheless, it is a useful tool for further 
validation of the effect of FXS on mGluR function in human neurons.
An aspect of mGluR function that is often overlooked is its effect on synaptic inhibition. 
mGluRs can have various effects on synaptic signalling. Notably, activation of group 
I mGluRs increases the frequency of inhibitory events in the cortex of rodents (Chu 

and Hablitz, 1998; Zhou and Hablitz, 1997). This is due to direct activation of certain types of 
interneurons, particularly O-LM neurons in the hippocampus (McBain et al., 1994; Van Hooft 

et al., 2000), and their counterparts, Martinotti cells, in the cerebral cortex (Beierlein et al., 

2000; Cosgrove and Maccaferri, 2012).
Here, we show that a similar mechanism operates in the adult human cortex. Martinotti 
cells are depolarised directly by group I mGluR activation in the absence of excitatory 
neurotransmission, and subsequently provide increased inhibition to neighbouring 
pyramidal cells and fast-spiking basket cells.
Dysfunction of inhibitory signalling in FXS has not been the topic of much research and 
has only recently begun to attract attention (Cea-Del Rio and Huntsman, 2014). Interestingly, 
the activation of Martinotti cells by group I mGluRs and subsequent increase in synaptic 
inhibition has been shown to be reduced in the Fmr1 knockout (Paluszkiewicz et al., 2011b). The 
presence of this effect of mGluRs in human cortex highlights the need for more research 
into the role of inhibitory signalling in FXS. It also implies that drugs that affect mGluR 
function may have unintended consequences for inhibitory transmission, in addition to 
their intended effect on excitation. It is therefore crucial to also take GABAergic inhibition 
into account when designing therapeutic strategies.
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CONCLUSION

In this thesis, I have advanced several concepts relating to development of the cerebral 
cortex and aberrant development in neurodevelopmental disorders. First, a detailed 
overview is provided of the development of cellular morphology, intrinsic physiology, and 
synaptic connectivity of pyramidal cells in layers 3 and 5 of the mouse medial prefrontal 
cortex. These data show that pyramidal neurons in both cortical layers show largely 
concurrent development of morphological and intrinsic physiological properties, but are 
differentially integrated into the cortical circuitry. Next, the effect of Ophn1 deficiency on 
the development of the medial prefrontal cortex was investigated. Absence of OPHN1 
caused only minor alterations in cellular morphology, but affected both excitatory 
and inhibitory synaptic transmission in a manner that was dependent on both age and 
cortical layer. These data have important clinical ramifications, and suggest that temporary 
synaptic phenotypes may disrupt network formation, leading to behavioural deficits later 
in life. Finally, we show that activation of group 1 mGluRs not only causes LTD in human 
excitatory synapses, but also elicits strong synaptic inhibition throughout the network in 
human cortex. This provides experimental validation of current therapeutic strategies in 
humans that are based on mGluR-mediated LTD. On the other hand, our results provide 
a caution that when developing therapeutics targeting mGluRs, one should take into 
account their potential effect on synaptic inhibition.
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SUMMARY 

The cerebral cortex is a complicated structure, comprising many different types of 
neurons and glia, which are organised into cortical layers, and connected through a 
number of mechanisms and rules that remain largely unknown. Development of the 
cortex consists of a tightly regulated series of events that ultimately results in this 
intricately interconnected structure.
The individual neurons that make up the cortex are born from progenitors, migrate to 
their appropriate position in the cortex and develop highly specialised morphological 
structures during early brain development. The precise shapes of these axons and 
dendrites not only help determine the cells to which a neuron connects via synapses, but 
also the way in which synaptic inputs from these connections are processed electrically 
within the cell. Thus, the form of a neuron is a major determinant of its function.
The morphology of neurons varies drastically between, and within, different cortical 
layers. It is unknown whether this diversity is reflected in the development of these 
different types of neurons. While the cortex is a moderately uniform structure, and the 
basic layout is similar, there are variations on this theme across cortical areas. The medial 
prefrontal cortex, for example, lacks a layer 4 in rodents. In humans, the development 
of the prefrontal cortex is protracted compared to other cortical areas, like primary 
sensory cortex. Whether this is also the case in rodents is debated.
 
In chapter 2, I examine the development of the dendritic morphology of pyramidal 
neurons in layers 3 and 5 of the medial prefrontal cortex. Neurons in layer 5 are larger 
and show more extensive dendritic arborisation than neurons in layer 3. In terms of 
development, however, I show that there are minor variations in the development of 
the dendrites of neurons from these layers, but that the overall developmental patterns 
are similar for both. Furthermore, these patterns resemble those found previously for 
other cortical areas in rodents, indicating that the development of the medial prefrontal 
cortex follows a similar timeline to that of other parts of the cortex.

The other important determinant of the way in which neurons integrate incoming 
synaptic inputs are their intrinsic membrane properties. The cell membrane of a neuron 
contains ion channels that allow the neuron to regulate the electrical potential across 
the membrane. The expression and localisation of these ion channels determines, for 
example, the membrane time constant, which affects the way in which distinct synaptic 
inputs are integrated over time.
Using the same cohort of layer 3 and 5 pyramidal neurons studied in chapter 2, in chapter 
3 I assess the development of intrinsic membrane properties of these cells. Similar to 
the results obtained for dendritic morphology, while there are large differences in actual 
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values of intrinsic properties between neurons from layers 3 and 5, the developmental 
patterns are roughly the same for neurons in both layers. Synaptic transmission, on the 
other hand, develops differently between layers, with excitatory transmission increasing 
more rapidly onto neurons in layer 3, while inhibition lags behind. This is not the case in 
layer 5 neurons, in which excitatory and inhibitory input increase in step with each other. 
This discrepancy leads to differences between layers in the balance between excitation 
and inhibition, and may thus be of importance when studying neurodevelopmental 
disorders.

In chapter 4, I study the effect of the intellectual disability gene Oligophrenin-1 
(Ophn1) on the development of pyramidal neurons in medial prefrontal cortex, using 
the datasets compiled in chapters 2 and 3 as a reference. Ophn1 encodes a Rho-GAP 
that inhibits the function of RHOA, CDC42 and RAC1. Thus, lack of OPHN1 might lead 
to constitutive activation of these targets, which is known to play a role in dendrite 
outgrowth. While studies of OPHN1 have shown dendritic spine growth to be affected, 
data on dendritic growth are less consistent. Furthermore, OPHN1 has been shown 
to be important for synaptic vesicle recycling and thus for synaptic fidelity upon high 
frequency stimulation. Indeed, I find that knockout of Ophn1 has no major effects on 
the development of dendritic morphology. Synaptic transmission, on the other hand, is 
affected, most likely due to decreased synaptic function in response to high frequency 
stimulation. Interestingly, this effect is transient, and dependent on both age of the animal 
and cortical layer. This indicates that Ophn1, and possibly also other genes implicated 
in neurodevelopmental disorders, is differentially regulated between cortical layers as 
well as during development, which should be taken into account when devising future 
therapeutic strategies.

Group I metabotropic glutamate receptors (mGluRs) have been implicated in 
neurodevelopmental disorders, particularly Fragile X Syndrome. Results from studies 
using rodent models of the disease have been promising and have led to several 
clinical studies targeting group I mGluRs in patients. However, it is not known whether 
mGluRs function similarly in human cortex as they do in rodents. In chapter 5, I show 
that activation of group I mGluRs depresses excitatory synapses onto human pyramidal 
neurons. In addition, group I mGluR activation transiently increases the frequency 
of excitatory synaptic events, and leads to a prolonged increase in the frequency of 
inhibitory synaptic events, which are likely mediated by somatostatin-expressing 
Martinotti neurons, as has been shown previously in rodent studies. I thus confirm that 
group I mGluRs function similarly in human and rodent cortex.
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Iedere promovendus begint aan het promotietraject met frisse zin en een gezonde dosis 
zelfoverschatting. Aan het eind is van beide vaak weinig meer over. In mijn geval kwam 
dat vooral doordat “wetenschap” eigenlijk een Orwelliaanse term is. Dat wetenschappelijk 
onderzoek altijd een open einde heeft, heeft enorm moeten wennen. Ik hou van studeren, 
maar vooral ook van het achterin het boek kijken of ik het antwoord goed heb. Dat het nu 
aan mij is die antwoorden achterin het boek te schrijven vond ik (en vind ik nog steeds) 
doodeng. Feiten leren gaat me goed af; feiten genereren is een stuk lastiger, en besluiten 
dat iets goed genoeg is, is voor mij schier onmogelijk.
Dat komt deels doordat ik erg (misschien te) kritisch kan zijn. Vooral voor mijn onderzoek 
vond ik dat als iets niet perfect is, het de moeite niet waard is om het te doen. Ook daarin 
heb ik moeten groeien, en ook dat is gelukt. Terwijl ik dit schrijf ben ik met de print proofs 
van het tweede paper bezig, en voel ik toch een zekere trots. Het is niet perfect, maar 
het is goed genoeg, voor nu. 
Ik wil alle mensen bedanken die me geholpen hebben mijn projecten op te starten en af te 
ronden, die me geholpen hebben te focussen of juist ergens anders aan te denken. Vooral 
ook zij die me de kracht hebben gegeven door te zetten en daarmee dit proefschrift 
mogelijk hebben gemaakt.

Rhi, none of this would have been possible without you. You’ve taken me on and guided 
me when I most needed it. I was very glad to notice that the number of times I would 
barge (or sidle) into your office with questions each day steadily decreased over the 
course of my PhD. But it was incredibly important for me to be able to ask them at the 
start, when I was not just finding my feet, but desperately wondering whether I had feet 
in the first place. I admire your approach to experiments, and your pursuit of questions 

“Dear friends, 
You are angels and drunks 
You are magi

Old friends, 
You stuck a pin 
In the map I was in

And you are the stars 
I navigate home by”

ACKNOWLEDGEMENTS

Guy Garvey
Dear Friends
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you find interesting or important. I’m happy to also have shared other aspects of your 
life: your wedding was lovely (and featured my only cèilidh to this day), and Belén is by 
far the happiest baby I’ve ever seen. I really appreciate all of the help you’ve given me in 
finishing the papers and this thesis, even after I left the lab, and I hope you are as proud 
as I am of the work we’ve done together. 

Huib, bedankt voor de ondersteuning en dat je me in staat hebt gesteld ook het laatste 
jaar van mijn promotie te volbrengen. Ik heb genoten van mijn tijd bij het INF, en ik denk 
dat er weinig profs zijn die zo enthousiast meedoen met de sociale aspecten van het lab.

Julia and Ioannis, my wise elder Rhisearch “siblings”. Thanks for helping out and giving 
advice whenever I needed it, and for paving the tracks for me to follow. And thank you 
especially for welcoming me to the group and making me feel at home in the lab from 
the moment I started my internship. It is a pleasure to know you and to count you among 
my friends.

Roel, je was een belangrijke steun tijdens dit hele proces, op zowel persoonlijk als 
wetenschappelijk vlak. Je bent in staat veel abstracter te denken dan ik, en dat heeft me 
laten groeien als wetenschapper. Daarnaast heb ik soms iemand nodig die luistert zodat 
ik mezelf hardop kan horen praten, en soms iemand die net het juiste zegt om mijn kijk 
op dingen om te gooien. Jij kunt het allebei, en dat zorgde ervoor dat mijn regelmatige 
wanhoop tijdens onze cola-trips werd omgezet in vastberadenheid. Voor mijn gevoel 
valt er tussen ons nooit een misverstaan woord, en dat is een zeldzaam gegeven dat ik 
koester. Bedankt voor de feesten, bedankt voor de ideën voor analyses, en bedankt dat 
je me liet voelen dat ik er nooit helemaal alleen voor stond. Je bent een schat.

Hans, Tim en Jaap: bedankt voor het toewerpen van oneindig veel reddingsboeien als 
ik weer eens dreigde te verzuipen. Huub, Amber and Joshua: de INF band! Hoewel het 
optreden er nooit van gekomen is ben ik in mijn hoofd al de reunion tour aan het plannen. 
Daarnaast was het dankzij jullie als vaste krachten altijd wel mogelijk even te volleyballen, 
het perfecte middel voor een matige patch-dag. Bedankt voor de middagen ballen slaan 
en de avonden lekker herrie maken met de Patch Cake Bakers! Madi, Bastiaan and Jaquie: 
our Film Club was short-lived but highly enjoyable. Thanks for sharing movies of varying 
quality and great pancakes. Croissant in a Wheel will live on in infamy. Madi, it’s nice to 
have someone around the lab with whom to share a love of puns, sarcasm and musical 
comedy, and who was willing to try and guess my obscure references. I’m glad you were 
‘prisint’. Lola, Djai en Eline, jullie waren de beste studenten die ik me kon wensen. Bedankt 
voor alle hulp! Zonder jullie was ik nu nog niet klaar geweest. Thijs, bedankt voor al je 
advies over bridge balance, pipetten trekken en for-loops. Er was een naarstig gebrek aan 
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patchende postdocs tijdens mijn jaren in het lab, maar jouw aanwezigheid compenseerde 
dat zeker. To the other INF-dwellers - Johny, Laurens, Tropical Sybsco, Arthur, Hemanth, 
Rogier, Jasper, Chris, Klaus, Johannes, Richard, Suman, Antonio, Rogier, Eelke, Mohit, 
Natalia; we’ve shared offices and lab space, ping-pong tables and volleyball fields, not to 
mention amazing labuitjes. You were all part of a great experience. Jörg, Ronald, Ruud 
and Matthijs, thanks for having me on for collaborations on your various projects. They 
provided a welcome boost in productivity during rough patches in my own work. Thanks 
to all the people at other departments of the CNCR with whom I’ve worked, partied and, 
of course, whose weddings I’ve been to!

Daniël, er zijn weinig mensen met wie ik zo op één lijn zit. Het is geweldig hoe we binnen 
een paar seconden via allerlei associaties uit kunnen komen op iets waar we allebei dubbel 
om liggen (en dat niemand anders dan grappig vindt). Het is passend dat je mijn paranimf 
bent, aangezien je aan de wieg van mijn wetenschappelijke carrière stond (want wat is dit 
proefschrift, anders dan een uit de klauwen geëscaleerd profielwerkstuk). Jij, Wander, 
Ruben en Boudewijn hebben een enorm aandeel gehad in de jaren die me gevormd 
hebben tot wie ik nu ben. We hebben grote hoeveelheden films en muziek verslonden 
en gemaakt, en hebben zelfs een nieuw spreekwoord de wereld in geholpen. Van de LotR 
marathons aan de Obdammerdijk en de opnamesessies met Blue-Screen tot de weekends 
in Londen zijn jullie een belangrijk deel van mijn leven gebleven, waarvoor dank! Matthijs, 
ruim een kwart eeuw, van het speelhuis op de Kelderswerf tot het spreekgestoelte van 
de VU, via onze eerste krantenwijk en eerste punkband. We kunnen allebei een andere 
kant op emigreren en elkaar jarenlang niet zien, maar als je ons weer bij elkaar zet is het 
alsof er niets veranderd is. Op de volgende 25. 14! Bart en Shashini, met jullie gebeurt 
er altijd iets onverwachts. Bedankt voor de wandelvakanties, de weekenden weg en 
natuurlijk al het lol maken!

Many thanks to the Rico and and Marín labs. Beatriz, thank you for enabling me to do 
the revision experiments in London and your supportive attitude to me finishing my PhD 
while working as a postdoc. A special thanks Martijn, Madda, Julie and Clem for being 
awesome friends, collaborators and band mates/managers.

Laurens, een nieuw instrument leren tijdens je promotie is geen slim idee, maar dankzij 
jou is het toch een succes geworden. Ik had het vaak ook nodig: een uur lang alleen 
denken aan de kern van de toon en genieten van het enige dat mooier klinkt dan één 
altviool. Bedankt!

Ik wil graag mijn oma’s, opa’s en andere familie bedanken. Door jullie is Obdam een veilige 
haven waar ik altijd op terug kan vallen. Mijn opa zei als ik vertrok altijd “hou je taai.” Als 
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kind vond ik dit een rare manier van afscheid nemen, maar ik wist toen nog niet dat het 
eigenlijk heel goed advies is voor het doen van een promotieonderzoek. Tessa, we zijn in 
veel opzichten verschillend; en zoals dat hoort bij broers en zussen, botsten we vroeger 
flink. Maar het is veelzeggend dat we, na iedere ruzie tijdens het voetballen, vijf minuten 
later weer vol goede moed met de bal de carport uit renden. Pap, mam, bedankt voor alle 
steun en wijze lessen. Dankzij jullie uitstekende opvoeding ben ik geworden wie ik ben. 
Jullie hebben me van jongs af aan aangemoedigd om veel te lezen en nieuwe dingen te 
leren, en staan altijd voor me klaar als het minder goed gaat. Het is dan ook grotendeels 
aan jullie te danken dat deze onderneming tot een goed einde is gekomen.

Lieve Linda, zonder jou zou dit hele proces vele malen zwaarder zijn geweest. Je 
groothartigheid en veerkracht zijn zowel verbazingwekkend als inspirerend, net als je 
vermogen om over bijna alles enthousiast te kunnen zijn. Je hebt mij er meer doorheen 
gesleept dan ik jou, ook al laat ik dat niet altijd merken. En nu dit eindelijk voor ons allebei 
voorbij is kijk ik ernaar uit nieuwe avonturen met je aan te gaan. 
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