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During our life, the brain is continuously able to adapt to changes and learn new 
information and skills. However, during childhood, the brain shows more plasticity 
and it is then often easier to learn new skills, such as speaking or playing a musical 
instrument. Some skills such as sensory processing and specific motor skills can 
only be acquired during a specific time window. During these so-called critical 
periods, specific brain areas are highly sensitive to input from the outside world and 
are shaped for the rest of a lifetime. The opening and closure of critical periods are 
regulated in many different ways. Altered timing of these critical periods can lead to 
developmental problems such as cognitive, behavioral and motor deficits observed 
in neurodevelopmental disorders. In this thesis we investigated different 
mechanisms and pathways involved in the regulation of critical periods. 

Early during development, before the start of critical periods but after the main 
neuronal pathways are formed, intrinsically generated waves of activity prepare 
neuronal circuits for incoming sensory experience. These spontaneous waves of 
activity sweep across the nervous system and are important for the formation of early 
connections. In the visual system, for example, spontaneous activity from the retina 
is required for the formation of retinogeniculate connections from the retina to the 
thalamus (Feller 1999; Katz & Shatz 1996; Siegel et al. 2012). Additionally, in the 
primary visual cortex (V1), this synchronized activity is necessary to establish 
precise topographic maps (Ackman et al. 2012; Xu et al. 2011).Thereby, the visual 
system is ready to process visual information when the eyes open. Disruptions in 
spontaneous activity might cause problems in neuronal connections, for example 
less precise topographic maps or enlarged axonal projection areas (Huberman et al. 
2008). Thus, the specific properties of spontaneous activity are an important factor 
in the early development of cortical circuits.  

Later during development, cortical plasticity is driven by incoming sensory 
experience. An infant has to gather many new skills, such as sensory perception, 
fine and gross motor skills, learn a primary language and eventually develop specific 
behaviors including social skills. This requires extensive plasticity, which occurs in 
different brain areas during specific critical periods. Once a critical period is closed, 
the potential for experience-dependent plasticity reduces and it can therefore be 
difficult to adapt or correct neuronal circuits later in life. These specific critical periods 
in different brain areas vary in length and timing. Initially, there are critical periods for 
different aspects of sensory processing and motor control. Later multiple critical 
periods of longer duration take place for more complex brain functions and 
behaviors, such as understanding and speaking a language, fine motor skills and 
social interactions (Hensch & Bilimoria 2012). Because different critical periods have 
to follow others, correct timing of critical periods is essential. Altered opening or 
closure of critical periods can have lifelong consequences and might underlie 
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neurodevelopmental disorders, such as NF1, autism spectrum disorders, Fragile X 
syndrome and Rett Syndrome (Dölen et al. 2007; Krishnan et al. 2015).  

The mechanisms behind opening and closure of critical periods can be studied well 
in mouse V1. Plasticity in this cortical area is easily induced by manipulating visual 
inputs, and due to its superficial location and its retinotopic organization it is easy to 
record and interpret responses of V1 neurons. Neurons in the binocular part of 
mouse V1, where inputs from both eyes converge, respond more strongly to inputs 
from the contralateral eye (figure 1). During the critical period for ocular dominance 
(OD) plasticity, brief deprivation of patterned vision in one eye leads to a reduction 
in the responses of visual cortical neurons to the deprived eye and a matching 
increase in responses to the open eye. In mice, this critical period for OD plasticity 
gradually opens between 2 and 3 weeks of age and has a peak at postnatal day (P) 
28, after which the level of cortical plasticity declines in time. During the critical 
period, a brief period (3 days) of monocular deprivation (MD) of the contralateral eye 
is sufficient to induce plasticity causing reduction of neuronal responses to this eye. 
Longer MD (7 days) results in an increase of neuronal responses to the non-deprived 
ipsilateral eye. In adult mice, 7 days of deprivation can still induce OD plasticity, 

 

Figure 1. Ocular Dominance plasticity in the mouse visual cortex. A, Schematic 
illustration of the mouse visual system. Visual input that reaches the retina is directed to the 
visual cortex (V1) through the dorsal lateral geniculate nucleus (dLGN). Most axons from the 
retinal ganglion cells innervate the contralateral hemisphere (indicated in red), whereas only 
a small portion of these cells form ipsilateral connections (blue). Therefore there is an ocular 
dominance in the binocular area of the dLGN and V1, where most cells respond to stimuli 
from the contralateral eye compared to the ipsilateral eye. B, Neurons in the binocular part of 
the mouse V1 can be grouped in different categories based on their responses to monocular 
input. Category 1 means that cells are responding only to contralateral (Contra) input and 
category 7 to exclusively ipsilateral (Ipsi) input. The left panel shows that under normal 
circumstances, most cells have a bias towards the contralateral eye. The right panel 
represents a mouse in which the contralateral eye has been deprived for a few days during 
the critical period for ocular dominance plasticity. This resulted in a shift in ocular dominance, 
where input from the deprived eye is weakened and influence from the non-deprived eye 
became stronger. Adapted from (Levelt and Hübener, 2012). 
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albeit with a smaller effect and likely involving partially different mechanisms. Until 
recently, it was thought that OD plasticity only occurred in the cortex. However, it 
was recently discovered that thalamic inhibitory circuits play a central role in the 
regulation of the critical period (Sommeijer et al. 2017). Thalamic relay neurons in 
the dorsolateral geniculate nucleus (dLGN) undergo OD plasticity and are essential 
for strengthening of non-deprived eye responses in V1 upon MD. 

Underlying the functional changes observed during OD plasticity are many structural 
changes. The reduced responsiveness of the closed eye and increased 
responsiveness of the open eye are mediated by changes in synapse numbers and 
-sizes and rearrangements of thalamocortical and intracortical axons (Antonini et al.
1999; Djurisic et al. 2013; Gordon & Stryker 1996; Oray et al. 2004). First, changes
in neuronal activity cause rapid strengthening and weakening of dendritic spines and
changes in their loss and formation (Kuhlman et al. 2013; Majewska & Sur 2003;
Oray et al. 2004; Yu et al. 2011). This is then followed by larger changes in synaptic
connectivity in the form of growth and retraction of thalamocortical and intracortical
axons (Antonini et al. 1999; Gordon & Stryker 1996; Haruta & Hata 2007; Hubel et
al. 1977).

There are different ways in which structural changes regulate the critical period. One 
mechanism might be through changes in the extracellular matrix (ECM). The main 
components of the ECM are proteins, such as cell adhesion proteins, and 
proteoglycans. One of these proteoglycans are chondroitin sulfate proteoglycans 
(CSPCs). Interestingly, degrading CSPCs in the ECM of adult mice enhances OD 
plasticity, possibly by enhancing spine density on pyramidal neurons (Pizzorusso et 
al. 2002, 2006). Additionally, the tissue plasminogen activator (tPA), a protein that 
degrades the ECM, is essential for OD plasticity (Mataga et al. 2002). This effect is 
also accompanied by changes in spine density or motility (Mataga et al. 2004; Oray 
et al. 2004). It is likely that by degrading part of the ECM, neurons are given the 
space to be more dynamic and make new connections, thereby increasing OD 
plasticity. The ECM thus seems to limit structural plasticity and is an important 
regulator of critical period closure. More importantly, during the critical period dense 
aggregates of CSPCs known as perineuronal nets (PNNs) begin to form and wrap 
around the somata and proximal dendrites of parvalbumin-expressing (PV+) 
interneurons (Pizzorusso et al. 2002). When attenuating the formation of PNNs in 
mice, the overall levels of CSPCs are unchanged, but animals retain juvenile levels 
of OD plasticity (Carulli et al. 2010). This shows that the formation of PNNs around 
PV+ interneurons are very important in critical period regulation.  

Alternatively, another mechanism that regulate structural changes underlying critical 
period closure might be through proteins involved in myelin mediated growth 
inhibition such as the nogo-66 receptor (NgR1) and paired Ig-like receptor B (PirB). 
NgR1 is necessary for closure of the critical period for OD plasticity and mice lacking 
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these receptors still have a high amount of OD plasticity in adulthood (McGee AW et 
al. 2005). Similarly, PirB restricts synaptic plasticity and mutant mice lacking 
functional PirB, have higher OD plasticity levels (Atwal et al. 2008; Djurisic et al. 
2013; Syken et al. 2006). Therefore, these myelin-associated proteins seem to 
regulate cortical plasticity by inhibiting structural changes or diminishing synaptic 
plasticity.  

Interestingly, in a screen for proteins involved in OD plasticity, several protein were 
identified whose expression levels changed around the time of critical period closure, 
including proteins involved in Wallerian axon degeneration (Dahlhaus et al. 2011). 
Wallerian degeneration is a process involved in the retraction and removal of axons 
after injury (Coleman & Freeman 2010; Geden & Deshmukh 2016; Gerdts et al. 
2016; Kerschensteiner et al. 2005; Pease & Segal 2014). One of the main protein 
families involved in regulation Wallerian degeneration are the Nicotinamide 
mononucleotide adenylyltransferases (NMNATs), which are part of the nicotinamide 
adenine dinucleotide (NAD) biosynthetic pathway. Because retraction of 
thalamocortical and intracortical axons occurs in V1 during OD plasticity, it is 
possible that the Wallerian degeneration signaling pathway also has a role in 
regulating axonal reorganization during critical period plasticity. We tested this idea 
in chapter 2 of this thesis. 

Apart from changes in the levels of structural rearrangements that may regulate 
critical period onset and closure, GABAergic inhibition has also been identified as a 
mechanism for critical period regulation. During postnatal development, the number 
and activity of inhibitory synapses gradually increases. Interestingly, mice that carry 
a deletion of GAD65, a GABA synthesizing enzyme, show reduced GABA release 
and an absence of an OD shift after short MD (Hensch et al. 1998). Impaired GABA 
synthesis and lack of OD plasticity in the GAD65 knock-out mouse can be rescued 
by treatment with the GABAA-receptor positive allosteric modulator diazepam 
(Hensch et al. 1998). This indicates that a certain amount of inhibition is necessary 
to open the critical period. Additionally, treatment with benzodiazepines can induce 
an early critical period in wild-type mice (Fagiolini & Hensch 2000; Fagiolini et al. 
2004). Furthermore, mice overexpressing brain-derived neurotrophic factor (BDNF) 
have a faster maturation of GABAergic synapses and consequently, a premature 
opening of the critical period (Hanover et al. 1999; Huang et al. 1999). By decreasing 
inhibition, for example by dark rearing mice, the start and closure of the critical period 
can be delayed (Heinen et al. 2004; Morales et al. 2002; Mower 1991). Also 
environmental enrichment (EE) in developing mice can prevent closure of the critical 
period for OD plasticity (Greifzu et al. 2014). All these studies show that correct 
development of the GABAergic system or a proper excitation/inhibition balance is 
crucial for normal onset and closure of critical periods. This important role of 
inhibition in developmental plasticity is probably not limited to rodents, as 
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Box 1. The Wallerian degeneration signaling pathway 

Wallerian degeneration is a process of axonal degeneration following injury. One 
family of enzymes, the nicotinamide mononucleotide adenylyltransferases 
(NMNATs), key proteins in the nicotinamide adenine dinucleotide (NAD) 
biosynthetic pathway, are important in the regulation of Wallerian degeneration. 
Much insight in the molecular mechanisms underlying this type of degeneration 
has been gained by the Wallerian degeneration slow mice (WldS). In these mice, 
Wallerian degeneration is delayed due to expression of the fusion protein UBE4b-
NMNAT1. NMNAT1 is normally only expressed in the cell nucleus. However, due 
the fusion with the Ubiquitin conjugation factor E4 B (UBE4b) this protein is 
targeted to the cytoplasm. When NMNAT3, which is normally located in 
mitochondria, is overexpressed, Wallerian degeneration can also be delayed. 
Interestingly, out of the 3 NMNAT isoforms, only NMNAT2 is required for axonal 
stability. After injury there is a rapid turnover of NMNAT2 by the ubiquitin ligase 
MYCBP2 (also known as PHR1). Loss of NMNAT2 results in decreased levels of 
axonal NAD+, possibly by inhibiting SARM1-dependent NAD+ depletion. NAD+ 
has crucial roles in energy metabolism and decreased NAD+ levels eventually 
results in axonal degeneration. NMNAT1 and NMNAT3 can also affect NAD+ 
levels. When these enzyme are cytoplasmically targeted, such as in WldS mice 
and mice overexpressing NMNAT3, axonal protection is likely caused by 
substituting for NMNAT2 activity. 
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benzodiazepines also affect cognitive development in infants (Curley et al. 2018; 
Gentile 2010; Laegreid et al. 1992).  

Over the last two decades it has become clear that one of the most important 
GABAergic interneurons in the regulation of critical periods are the PV+ fast-spiking 
basket cells (Chattopadhyaya et al. 2004; del Rio & de Leca 1994; Kuhlman et al. 
2012; Sugiyama et al. 2008). These PV+ interneurons form inhibitory synapses on 
the soma and proximal dendrites of both pyramidal neurons and other PV+ 
interneurons, thereby having a tight control over general activity levels. During the 
critical period for OD plasticity, PV+ interneurons express increasingly more 
parvalbumin and start to make more synapses (Chattopadhyaya et al. 2004). 
Importantly, reduction of PV+ interneuron activity can extend the critical period 
(Kuhlman et al. 2013). Interestingly, MD causes a temporary decrease of inhibition 
that is required for OD plasticity to take place (Kuhlman et al. 2013; van Versendaal 
et al. 2012). This suggests that plasticity of excitatory innervation of inhibitory 
neurons and inhibitory innervation of excitatory neurons are essential for OD 
plasticity to occur. Interestingly, in adult mice lacking the Ng1R receptor, MD causes 
a reduction of excitatory drive onto PV+ interneurons, which in wild type mice only 
occurs during the critical period. Also, OD plasticity can be induced by MD in adult 
Ng1R receptor-deficient mice (Stephany et al. 2014, 2016). These effects can also 
be observed when the Ng1R receptor is selectively deleted in PV+ interneurons. 
Therefore, it seems that Ng1R closes the critical period by regulating the activity of 
PV+ interneurons. Overall, these studies show that PV+ interneurons are one of the 
subtypes of inhibitory neurons that are very important in the regulation of critical 
periods.  

Because altered opening or closure of critical periods can have lifelong 
consequences and might underlie neurodevelopmental disorders, it is important to 
further investigate mechanisms involved in the regulation of critical periods and how 
these mechanisms might be affected during development. For some 
neurodevelopmental disorders, such as Rett syndrome and Fragile X, it is known 
that they have critical period deficits (Dölen et al. 2007; Krishnan et al. 2015), but the 
exact mechanisms need further investigation. In both disorders, patients show 
autism-like symptoms, a lack of motor skills, speech impediments and difficulty 
forming social interactions (Bhakar et al. 2012; Chahrour & Zoghbi 2007). Rett 
syndrome is caused by mutations in the transcriptional repressor methyl-CpG-
binding protein 2 (MeCP2) (Amir et al. 1999). MeCP2-knock out mice have a 
precocious critical period for OD plasticity (Krishnan et al. 2015), which is likely 
caused by an accelerated development of the GABAergic inhibitory system. During 
the normal critical period these mice express higher levels of parvalbumin and of the 
GABA synthesizing enzyme GAD67 compared to wild-type mice. Additionally, 
GABAergic transmission between PV+ interneurons is enhanced in MeCP2-knock 
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out mice and it looks like the maturation of PNNs is accelerated. More important is 
that the precocious opening of the critical period can be rescued by reducing GAD67 
expression (Krishnan et al. 2015). Fragile X is a form of intellectual disability that is 
caused by mutations in the FMR1 gene which encodes the fragile X mental 
retardation protein (FMRP). FMRP is a repressor for mRNA translation and a 
decrease in FMRP levels results in an increase in cerebral protein synthesis (Qin 
2005). One group of proteins that are increased in the absence of FRMP are the 
group 1 metabotropic glutamate receptors (mGluR), including mGluR5 (Chuang 
2005; Huber et al. 2002). Interestingly, FMR1 knock-out mice show increased OD 
plasticity during the critical period, which can be rescued by genetically reducing 
mGluR5 (Dölen et al. 2007). Studies on these neurodevelopmental disorders thus 
show that monogenetic mutations can have profound effects on critical period 
regulation, which may cause cognitive impairments later in life.   

Another neurodevelopmental disorder that can cause cognitive impairments, such 
as learning and behavioral problems, diminished social skills, problems with fine and 
gross motor skills, speech deficits and poor visuospatial memory, is 
neurofibromatosis type 1 (NF1). This hereditary neurodevelopmental disorder is 
caused by mutations in the NF1 gene and it affects approximately 1:2000 people. 
The symptoms are diverse, varying from mild skin conditions such as café-au-lait 
spots, to a complex disease including cognitive and behavioral deficits. Other 
symptoms are Lisch nodules, neurofibromas, bone malformations and motor deficits 
(Ferner et al. 2007). Additionally, NF1 is associated with autism spectrum disorder 
and attention deficit disorder. Most animal studies on NF1 use a heterozygous 
mouse model (nf1+/-), which shows spatial learning deficits and impairment of 
attentional-executive functions similar to neurophysiological impairments seen in 
NF1 patients (Li et al. 2005; Silva et al. 1997). These studies have demonstrated 
that the cognitive and learning deficits in nf1+/- mice are caused by increased 
neuronal inhibition (Costa et al. 2002; Cui et al. 2008; Shilyansky et al. 2010a). The 
nf1 gene encodes the protein neurofibromin, a GTPase-activating protein which 
inhibits Ras-MAPK signaling (Cui et al. 2008). This signaling pathway has a known 
role in neurodevelopment and is important for GABA vesicle release (Shilyansky et 
al. 2010b). Loss of function of the nf1 gene leads to unconstrained Ras-MAPK 
signaling, thus resulting in increased GABAergic inhibition (Krab et al. 2008; 
Shilyansky et al. 2010b). Apart from changes in this signaling pathway, excitability 
of interneurons is also disturbed, due to decreased hyperpolarization-activated cyclic 
nucleotide-gated (HCN)1 channel activity (Omrani et al. 2015). HCN channels are 
permeable to Na+ and K+ ions and are activated by membrane hyperpolarization. 
They facilitate the generation of action potentials and reduce membrane resistance 
and thus control the level of excitatory and inhibitory transmission (Benarroch 2013). 
Neurofibromin interacts with HCN1, decreasing the inward cation (Ih) current. Loss 
of nf1 thus results in an increase of interneuron excitability. Increasing the HCN 
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current in nf1+/- mice using the drug lamotrigine rescues electrophysiological and 
learning deficits (Omrani et al. 2015). This shows that increased inhibition is a key 
mechanism of the cognitive defects in NF1. Because inhibition is important in the 
regulation of critical periods during development, the increased inhibition in NF1 
might result in an early critical period which might explain developmental deficits and 
cognitive and behavioral problems later in life. We tested this hypothesis in chapters 
3 and 4 of this thesis. 

Box 2. The nf1 signaling pathway. 

The neurodevelopmental disorder neurofibromatosis type 1 (NF1) is caused by 
a mutation in the nf1 gene, resulting is reduced expression of the protein 
neurofibromin. Neurofibromin is a RAS-GTPase which has many functions in the 
human body, amongst others acting as a tumor suppressor gene. In the brain 
however, one of the main functions of neurofibromin is to control the release of 
the neurotransmitter GABA by acting on the RAS-MAPK signaling cascade. 
Additionally, neurofibromin binds to the hyperpolarization-activated cyclic 
nucleotide-gated channel 1 (HCN1) in inhibitory interneurons. HCN1 channels 
regulate the inward catonic current in neurons. This contributes to intrinsic 
excitability of the cell and GABA release. Reduction of neurofibromin in NF1 can 
therefore result in increased GABAergic signaling. This molecular mechanism 
seems to underlie the cognitive problems which are common in NF1. 
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Aim and outline of this thesis 

In this thesis, we investigate different aspects of the regulation of critical periods in 
development. Critical period plasticity has a structural component, characterized by 
extensive rearrangements in neuronal connectivity. For example during OD 
plasticity, there are substantial rearrangements of thalamocortical and intracortical 
axons. Additionally, the opening and closure of critical periods are closely regulated 
by levels of GABAergic inhibition. An increase in GABAergic inhibition can result in 
precocious critical periods, which in turn can cause the development of cognitive 
deficits seen in neurodevelopmental disorders. Because altered regulation of critical 
periods can have such profound effects in life, it is important to study molecular 
mechanisms involved in the regulation of critical periods during development.   

Chapter 2. The aim of this chapter is to determine whether the NMNAT signaling 
pathway, that is thought to be selectively involved in pathological axon degeneration, 
is also involved in developmental plasticity. Different forms of axon degeneration 
occur during development and neurodegenerative processes. A good understanding 
of the molecular and cellular events that regulate these forms of axon degeneration 
is essential to selectively modulate them for therapeutic purposes. 

Chapter 3. In this chapter, we investigate the development of GABAergic inhibition 
and excitability of pyramidal neurons during early development of nf1+/- mice. Adult 
nf1+/- mice have increased inhibition due to increased vesicle release and HCN1 
channel activity. Because at early stages of postnatal development, spontaneous 
activity of inhibitory and excitatory neurons refine neuronal connections, we also 
studied spontaneous calcium activity in V1 of nf1+/- mice and wild-type mice during 
development. 

Chapter 4 covers our hypothesis whether there is a precocious critical period for 
ocular dominance plasticity in nf1+/- mice. Indeed, we found an early closure of the 
critical period, which might underlie cognitive phenotypes observed in NF1 patients. 
Furthermore, we investigated whether enhancement of social interactions, activity 
and novelty by environmental enrichment might enhance cortical plasticity and 
possibly delay closure of critical periods in nf1+/- mice. 

Chapter 5 discusses the conclusions of this thesis and provides and outlook on 
future research. 
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