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introduction

“If the human brain were so simple we could understand it, we would be so simple
we couldn’t“ (Emerson M. Pugh)
The human brain contains an estimated 100 billion neurons, connected by 1014 synapses. The requirement for such a complex organisation becomes understandable
when we realise this one single organ in our body is responsible for basic functions
such as breathing, for senses such as sight, hearing, smell and taste, for allowing
us to recognise both others and ourselves, for making plans and carrying them out
physically in the form of movement, as well as for emotions such as happiness, sadness, love and fear.
Plasticity
A vital property of the brain is the ability to learn, or to undergo changes in response
to environmental influences. In neuroscience, the degree to which the brain is able
to undergo changes is referred to as plasticity. Functionally, plasticity is at the basis
of learning to play the guitar, learning to speak Spanish, recognising certain faces or
learning and remembering the multiplication table of four. Our ability to learn relies
on the potential of the brain, and most of all the neocortex, to change its neuronal
connectivity through experience. Neurons in the neocortex are connected with one
another by means of anatomical subcellular specialisations called synapses, locations where information is conveyed from one neuron to another. Synapses may
be electrical, in which case the cytoplasm of the neurons is connected, or chemical, when information is conveyed using neurotransmitters, substances excreted by
one neuron and bound by receptors on the synaptic membrane of the postsynaptic neuron. The most common excitatory neurotransmitter is glutamate, released by
excitatory neurons such as the neocortical pyramidal cell. Within the cortex, most
excitatory synapses are found between axonal en passant boutons and postsynaptic
dendritic spines, small protrusions on dendritic shafts.
Dendritic spines come in different sizes and shapes, ranging from mushroom spines,
characterised by a big spine head and a clear neck, to filopodia, long thin protrusions
with a high motility and low stability. The morphology of the spine tells a great deal
about the synapse the spine carries. A large spine head is indicative of a big synapse,
reflecting the amount of glutamate receptors, which in turn corresponds directly with
synapse strength. Spines with clear spine heads, such as mushroom spines, tend to
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be more stable than spines lacking a spine head and are long-lived, persisting for
months or longer.
Functional and structural activity-dependent synaptic plasticity is thought to be at
the basis of learning and memory by changing neuronal connectivity. This may be
accomplished by strengthening or weakening of existing synapses, by local synapse
turnover in which synapses may be lost or formed, or by more extensive rewiring in
the form of neurite outgrowth and retraction (figure 1).

A

B

C

Figure 1. Three ways to change neuronal connectivity. a) Synaptic strengthening or weakening. Existing synapses are maintained but their efficacy is altered. b) Local synapse turnover. Existing synapses
are lost and new synapses formed between neurons that contact each other. This results in the rewiring
of neuronal connections. c) Neurite outgrowth to form a new synaptic connection. More extensive
rewiring can be achieved by neurite outgrowth, allowing synapse formation between neurons that did
not previously contact each other. A colour version of this figure is available in chapter 12.
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Critical periods of plasticity during life
Plasticity in the neocortex is a cornerstone of our ability to learn and adapt to our
environment. It occurs with active training, passive exposure and after lesions. Any
adult will acknowledge that the ability to learn does not remain constant as time proceeds and we grow older; while learning to speak a foreign language is child’s play
when we are young, the same task may prove too difficult once we have reached a
certain age. During critical periods in our childhood and adolescence, the neocortex
shows greatly enhanced plasticity that facilitates the acquisition of skills and knowledge that we use and build on for the rest of our lives.
Anatomically, enhanced plasticity of the cortex during critical periods in development is reflected by a higher turnover of dendritic spines, axon growth and axon
retraction during this period, allowing more rapid adjustments of synaptic connectivity. In contrast, the majority of dendritic spines in the adult animal are stable for
long periods of time, and the turnover rate is low. This has been observed in different
cortical areas [Grutzendler et al., 2002; Trachtenberg et al., 2002; Holtmaat et al.,
2005; Holtmaat et al., 2006].
In the last decades, neocortical plasticity has been studied extensively in a range
of cortical systems, such as the somatosensory barrel cortex and the primary visual
cortex. These efforts have contributed significantly to our understanding of how the
neocortex is organised, how experience alters neuronal responses, and why it is that
neocortical plasticity is enhanced during certain ‘critical periods’ in development. A
proper understanding of the molecular mechanisms regulating critical period plasticity is important, since dysregulation of neocortical plasticity and wiring during
development is at the heart of many disorders of the brain, ranging from a lazy eye to
schizophrenia and from epilepsy to different types of mental retardation. Knowledge
about the molecular events regulating plasticity may ultimately allow us to control
neocortical plasticity during development or to reactivate it in adulthood for clinical
purposes.
The primary visual cortex as a model system
In our efforts to understand how neuronal circuits in the neocortex are altered under
the influence of experience, plasticity in the primary visual cortex (V1) has become
the most popular model system. The main reason for this popularity is the correlation between the anatomical and functional organisation of V1. In addition, visual
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experience can easily be experimentally manipulated, and the effects are measurable molecularly, physiologically, as well as anatomically. Adding to this, the way
in which plasticity of the visual cortex is regulated with age is similar to the way
our ability to learn is, thus providing an excellent model for studying the biological
and physiological mechanisms that underlie regulation of critical periods in cortical
development.
Area V1 is located caudally in the brain, in the occipital neocortex. Visual information from our environment enters the central nervous system at the level of the eyes,
from where it is relayed to the visual cortex via the lateral geniculate nucleus (LGN)
of the thalamus [Hubener, 2003] (figure 2). The visual cortex is built up of six cortical layers. Information from the thalamus enters the visual cortex predominantly in
layer 4 to then be passed on to layer 2/3, this is the first site within the visual system
where visual information from the two eyes converges onto single neurons.
In the 1960s, Hubel and Wiesel demonstrated that V1 shows an intriguing correlation between its anatomical and functional layouts [Hubel et al., 1962]. Neurons in
V1 respond to specific features of visual input, such as stimulus orientation, direction, spatial frequency, location in visual space and the eye providing the visual input. Responsiveness to these features is anatomically organised: neurons responding
to the left or right eye are clustered in respective ocular dominance (OD) columns
[Hubel et al., 1963]. In addition, they are organised in pinwheels according to the
stimulus orientation they respond to best [Bonhoeffer et al., 1991]. From the retina
through the primary visual cortex a retinotopic organisation is maintained, meaning
that neurons responding to a neighbouring location in the visual field are located
in a neighbouring position in the visual cortex [Talbot and Marshall, 1941]. These
functional arrangements are underpinned by thalamocortical and intracortical axonal
projections that link neurons with similar functional properties [Gilbert et al., 1989].
The initial development of neuronal circuitry of the visual system commences before
the onset of vision. During early development, eye-specific thalamocortical axons
form connections with their respective targets in V1 [Crowley et al., 1999; Sur et
al., 2001; Sur et al., 2005]. Convergence of retinotopically matched input onto common postsynaptic neurons the visual cortex is the substrate for binocular vision,
and proper visual input is essential for development, fine-tuning and maintenance of
these binocular connections.
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Figure 2. Schematic overview of the mouse visual system. The left and right visual hemifields and
their representation throughout the visual system are colour-coded in red and green, respectively.
The temporal parts of the retinas of both eyes see the small binocular part of the visual field directly
in front of the mouse. Projections from the most temporal region of each retina (coded in light red
and light green) innervate the ipsilateral lateral geniculate nucleus (LGN) in the thalamus. Axons of
the majority of retinal ganglion cells (over 90%, reflecting the lateral position of the eyes) cross over
at the optic chiasm to the contralateral hemisphere. In V1, binocular responses can be found in the
lateral portion of this area, making up about one third of V1. The numbers in the visual cortex refer
to the corresponding numbers in the visual field, illustrating the retinotopic organisation of the visual
system. The ‘3’ in the middle of the visual field is covered by both hemispheres, as in the mouse the
primary visual cortex contains a small ipsilateral visual field representation (figure based on [Hubener,
2003], reprinted with kind permission from the author). A colour version of this figure is available in
chapter 12.

Ocular dominance plasticity and the critical period for visual cortex plasticity
During the critical period, plasticity in the cortex occurs readily in response to environmental stimuli. Proper sensory experience and plasticity mechanisms during
these critical periods are essential, as they facilitate fine-tuning and maintenance of
the appropriate synaptic connections under the influence of sensory activity. In this
way, sensory experience allows neuronal response properties such as visual acuity
and binocular matching of orientation preference to reach adult levels [Fagiolini et
al., 1994; Wang et al., 2010]. Visual acuity, an indication for the spatial resolution of
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the visual system, is low at the start of the critical period and matures rapidly towards
adult values during the critical period [Fagiolini et al., 1994].
Response properties and the anatomical organisation of neurons in V1 can be altered
by manipulating visual input, for example by monocular deprivation [Hubel et al.,
1964], misalignment of the optical axes [Hubel et al., 1965] or stripe rearing [Sengpiel et al., 1999].
Monocular deprivation, the closure of one of the two eyes, during development results in a loss of visual acuity in the deprived eye. A classic form of plasticity used as
an experimental paradigm for understanding how activity shapes neuronal connectivity is ocular dominance plasticity: the rapid changes that occur in the circuitry of
the primary visual cortex, resulting from imbalanced inputs from the two eyes. This
artificial induction of amblyopia, or a lazy eye, by means of monocular deprivation,
leads to a loss of physiological responses to the deprived eye, with neurons in the
visual cortex shifting their responsiveness from the closed eye to the eye that had
been open [Wiesel et al., 1963; Heimel et al., 2007] (figure 3).

young (P35)

adult

Figure 3. Ocular dominance plasticity in young and adult mice. Imaged ocular dominance index
(iODI; contralateral eye response minus ipsilateral eye response divided by the sum of the responses)
for young and adult B6 mice. An iODI of 1.0 corresponds to a response to contralateral eye input
only, an iODI of –1.0 corresponds to a response to ipsilateral eye input only, whereas an iODI of 0.0
means equal responsiveness to both eyes. Monocular deprivation of the contralateral eye for 7 days
from P28 results in an ocular dominance shift in the direction of the open eye. A much smaller shift
is detectable in animals deprived in adulthood (figure based on [Heimel et al., 2007], reprinted with
kind permission from the author).
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Anatomically, this is reflected by retraction of thalamocortical projections conveying
input from the deprived eye and growth of projections serving the non-deprived eye,
resulting in an expansion of OD columns serving the open eye, at the cost of those
serving the closed eye [Hubel et al., 1977; Stryker et al., 1986]. Thalamocortical
axons representing the non-deprived eye have been shown to be more branched and
have an increased total length. Conversely, axons carrying input from the deprived
eye are less branched and have a reduced total length. Monocular deprivation also
causes a reduction in axonal bouton size, as well as in the fraction of boutons containing mitochondria [Tieman, 1984].
Clearly, not only the acquisition of skills, knowledge and the maturation of neuronal
response properties are easier when we are young. Amblyopia is a developmental
disorder of the visual cortex in which vision through one of the eyes is impaired,
with the eye itself appearing normal. Potential causes include strabismus, in which
the optical axes of the eyes are misaligned, anisometropia, in which the two eyes
do not have the same refractive power, and sensory deprivation. If left untreated, it
may result in alterations in the visual cortex with permanent impairment of vision,
in the form of a reduced visual acuity. Enhanced plasticity during the critical period,
and as such enhanced sensitivity to sensory information, is exemplified by the easy
inducibility of amblyopia in the lab, but also by the fact that treatment of amblyopia
is generally successful in young children using an adhesive eye patch to cover the
good eye, whereas in adults this therapy is not effective.
OD plasticity then is especially pronounced during the developmental critical period, a finding observed across a wide range of animal species [Berardi et al., 2000]
including ferrets [Issa et al., 1999], monkeys [Horton et al., 1997] and rodents [Heimel et al., 2007] (figure 3). It should be noted that mice display a higher degree of
adult plasticity [Sawtell et al., 2003; Hofer et al., 2006; He et al., 2006] than other
animals including rats. For this reason, the period of heightened plasticity during
development is usually referred to as a ‘sensitive’ period in mice.
Traditionally, visual plasticity has been studied in animals with good binocular vision such as cats, ferrets and primates [Dahlhaus et al., 2010]. More recently, molecular biological approaches have made the rodent visual cortex a more popular model
system [Gordon et al., 1996]. Because of the lateral position of the eyes in mice,
the binocular field of vision is relatively limited in size in these animals. Within the
binocular region, which makes up about one third of the mouse visual cortex, the
17
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vast majority of the neurons is responsive to input from both eyes. Still, there is a
significant contralateral bias in the OD, implying the dominance of contralateral eye
input over ipsilateral eye input, which is reflected by the majority of axons from the
two eyes crossing over at the optic chiasm.
Although V1 in mice lacks a columnar organisation and OD columns, many fundamental aspects of visual function are similar to the way they are in higher animals.
Also, similar effects of manipulation of visual input have been described, such as a
reduced visual acuity in the deprived eye following monocular deprivation [Prusky
et al., 2003]. OD plasticity can be induced in rodents as well [Maffei et al., 1992;
Gordon et al., 1996] and many of its functional and anatomical aspects are very
similar [Antonini et al., 1999]. A brief period of monocular deprivation during the
sensitive period affects binocular response properties of neurons in the binocular
zone of the visual cortex in a similar way as it does in higher animals such as cats and
monkeys. Initially, after two to three days of monocular deprivation, the response
to the deprived (generally the contralateral) eye input decreases, due to a reversible
weakening of deprived-eye connections and reorganization of intracortical connections in the superficial layers [Trachtenberg et al., 2000; Trachtenberg et al., 2001].
Subsequently, after about seven days of deprivation, this is followed by an increased
response to input from the non-deprived (ipsilateral) eye, accompanied by anatomical reorganization of thalamacortical afferents [Shatz et al., 1978; Antonini et al.,
1993; Antonini et al., 1999; Frenkel et al., 2004].
The anatomical changes observed during ocular dominance plasticity in rodents
match those underlying the shrinking and expansion of columns in higher animals,
with thalamocortical axons serving the open eye expanding, while those serving the
deprived eye stop growing [Antonini et al., 1999]. This similarity has facilitated a
change in animal models and has made a set of genetic tools available for studying
visual plasticity, resulting in the elucidation of molecular and cellular mechanisms
underlying visual plasticity [Nedivi, 1999; Berardi et al., 2003; Tropea et al., 2009].
Dark rearing
The importance of visual experience, and thus of proper binocular vision during
the sensitive period is emphasised by the effects of disturbed visual input, but also
by the effects of an entire absence of sensory input. In dark-reared animals, grown
up in total darkness from birth, cortical neurons display immature properties, such
as reduced orientation and direction tuning, larger receptive field sizes, as well as
18
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lower visual acuity. These are all immature neuronal properties typically observed
at the time of eye-opening [Fregnac et al., 1978; Timney et al., 1978; Fagiolini et
al., 1994]. In addition, dark rearing results in a postponement of the sensitive period
for OD plasticity. A total lack of visual experience also affects the fine structure of
neurons in V1, measured as changes in the size and density of dendritic spines, the
post-synaptic elements for most excitatory connections [Wallace et al., 2004]. Normal developmental processes appear to be restored once the animals are exposed to
light, allowing the recovery of neuronal response properties [Timney et al., 1978;
Buisseret et al., 1982]. The effects of dark rearing have given rise to the belief that
the dark reared visual cortex is merely a mirror image of an immature young cortex.
To what extent the two are really the same remains to be determined.
Notch signalling
Great efforts have been put into elucidating the proteins and mechanisms underlying visual cortex plasticity. The model of ocular dominance plasticity allows us to
investigate the influence and role of different proteins and factors in cortical plasticity. Instrumental in the identification of genes and proteins as regulators of cortical
plasticity has been the use of both forward [Heimel et al., 2008] and reverse [Huang
et al., 1999; Nedivi, 1999; Taha et al., 2002; Yang et al., 2005; Heimel et al., 2010]
genetics.
The functional changes in ocular dominance plasticity are accompanied by structural rearrangement of thalamocortical and intracortical axons, as well as dendritic
spine turnover. Naturally, signalling pathways regulating neuronal morphology and
connectivity are prone to play an important role in visual plasticity [Tropea et al.,
2009]. Examples of such signalling pathways and proteins that have been shown to
affect both neuronal morphology and cortical plasticity include insuline-like growth
factor 1 (IGF1) [Tropea et al., 2006] and neurotrophins such as Brain-Derived Neurotrophic Factor (BDNF) [Huang et al., 1999; Lodovichi et al., 2000; Gianfranceschi
et al., 2003], myelin-related receptors [McGee et al., 2005] and PirB [Syken et al.,
2006], as well as chondroitin sulphate proteoglycans (CSPGs) [Pizzorusso et al.,
2006], a constituent of the extracellular matrix (ECM), and tissue plasminogen activator (tPA), an enzyme used to break down the ECM [Mataga et al., 2004; Oray
et al., 2004]. The involvement of proteins and pathways related to the ECM reflects
the important role of perineuronal nets in functioning of parvalbumin-expressing
interneurons.
19
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One interesting new candidate pathway is signalling through Notch1, a transmembrane receptor embedded within the neuronal plasma membrane [Bray, 2006] (figure
4).
ligand expressing cell

Delta

extracellular
Notch

S2 cleavage

target genes
repressed

target genes
repressed

S3 cleavage

target genes
expressed

Notch expressing cell
Figure 4. Canonical Notch pathway signalling. Binding of the ligand Delta ligand on one cell to Notch
on another cell results in two proteolytic cleavages of Notch. S2 cleavage by ADAM10 generates a
substrate for subsequent S3 cleavage by the γ-secretase complex containing presenilin. This last step
results in release of the Notch intracellular domain (NICD), which enters the nucleus and interacts
with the DNA-binding protein CBF1. Upon binding of Notch to CBF1, co-repressors are released and
co-activators are recruited, resulting in transcription of target genes. A colour version of this figure is
available in chapter 12.

The external domain of Notch (NED) contains a binding site for ligands. In mammals these are Jagged and Delta. Jagged and Delta are transmembrane proteins themselves, generally located in the cell membrane of neighbouring cells. Interaction of
Notch with either of these ligands initially results in the NED being cleaved off and
endocytosed by the ligand-bearing cell, together with the ligand to which it is bound.
This allows subsequent cleavage of the remaining part of Notch near the plasma
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membrane by presenilin [de Strooper et al., 1999], releasing the Notch Intracellular
Domain (NICD), after which the NICD translocates to the nucleus. Previous work
has demonstrated that cell-cell contact is required for Notch activation [Sestan et al.,
1999]. In the cell nucleus, the NICD binds the transcriptional repressor C-promoter
binding factor (CBF1/RBP-Jk), turning it into a transcriptional activator, and in this
way inducing transcription of target genes [Lu et al., 1996]. Notch1 is mostly known
for its role in cell-fate determination and proliferation during development, but its
expression in the central nervous system continues into adulthood, albeit at reduced
levels [Sestan et al., 1999; Stump et al., 2002].
In the last decade, it has become clear that Notch regulates structural changes in developing neurons. Activation of the Notch1 signalling pathway results in enhanced
neurite branching as well as reduced neurite outgrowth in postmitotic neurons [Berezovska et al., 1999; Sestan et al., 1999; Redmond et al., 2000], neuroblastoma cells
[Franklin et al., 1999] and newborn neurons of the dentate gyrus [Breunig et al.,
2007]. Also Hes1, the primary transcriptional target of Notch, has been shown to influence neurite morphology [Jessen et al., 2003]. The activation of Notch signalling
upon cell-cell contact and the subsequent effects on neuronal morphology, suggest a
negative feedback mechanism by which Notch regulates synaptic connectivity.
The idea that Notch may be an interesting protein from a perspective of cortical
plasticity is supported by studies looking into in vitro plasticity and memory formation. Mice with reduced hippocampal Notch signalling display impaired long-term
potentiation at CA1 synapses [Wang et al., 2004]. Interfering with Notch signalling
also negatively affects certain types of learning and long-term memory in mice and
Drosophila [Costa et al., 2003; Presente et al., 2004; Ge et al., 2004].
In addition, interactions between Notch1 and amyloid precursor protein (APP)
processing have been described [Song et al., 1999; Fischer et al., 2005; Fassa et al.,
2005]. APP is the protein that, when cleaved by presenilin, may give rise to the beta
amyloid plaques in the brain that are characteristic hallmarks of Alzheimer’s disease.
Both Notch1 and APP are transmembrane proteins, both are substrates for the gamma-secretase activity of presenilin, and the two have been shown to interact physically. Expression of Notch is increased in Alzheimer’s disease [Selkoe, 2001] and
other brain disorders [Berezovska et al., 1998; Fischer et al., 2005; Ishikura et al.,
2005; Nagarsheth et al., 2006], suggesting it may play a role in neurodegeneration.
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Altogether, this renders Notch1 an interesting candidate protein when studying the
molecular pathways regulating cortical plasticity.
Screening for new candidate proteins in cortical plasticity
Clearly, the number of genes and proteins potentially involved in cortical plasticity
is vast. In order to obtain a coherent overview into those molecules without having
to test them one by one, an approach adopted in the last decade is to study the broadscale changes in gene expression resulting from plasticity-manipulating experimental paradigms such as monocular deprivation. Microarray studies have provided insight into the gene networks and signalling cascades potentially underlying visual
cortex plasticity [Tropea et al., 2006; Majdan et al., 2006] and have resulted in many
new candidate genes for closer examination.
Importantly, rather than studying the synapse, microarray studies have made use of
mRNA isolated from entire pieces of cortex, thus including mRNA from any subcellular location in the cortical cells, and including non-neuronal cells in the cortex.
Additionally, these studies analyse mRNA levels, rather than levels of the proteins
which have more direct functional implications. If we are to study the molecular
events intrinsic to the synapse, it is essential to directly and quantitatively assess
the synaptic proteome. Such an approach has the important advantage that localised
events can be revealed that are otherwise hidden in the complexity of molecular
changes occurring in other subcellular compartments or in non-neuronal cell types.
Proteomics approaches have recently been adopted [Van den Bergh et al., 2006] in
order to directly screen for proteins potentially involved in cortical plasticity. Yet, a
broad-scale study with a scope similar to microarray studies, allowing simultaneous
comparisons between for example the plastic and less-plastic cortex, as well as the
dark reared and monocularly deprived cortex has not been conducted yet. This will
certainly provide valuable insights into the synaptic proteome and into the cascades
of proteins involved in regulating cortical plasticity, as well as new endeavours in the
form of proteins to be examined more closely.

22

introduction

Scope of this thesis
This thesis aims to extend current knowledge on plasticity of the primary visual cortex, and more specifically on the proteins and molecular mechanisms underlying it.
The next chapters describe our studies addressing the following questions:
- What is the role of neuronal Notch signalling in vivo when it comes to synaptic
morphology and plasticity? We address this question in chapter 2, and include the
behavioural consequences in the form of visual acuity of the effects of Notch signalling.
- What does the molecular signalling downstream of neuronal Notch activation look
like? And what might be the mediators of the effects of Notch signalling in neurons?
In chapter 3 we describe the results of our microarray-based study into the effects of
neuronal Notch signalling on downstream gene expression.
- What are the proteins that play a role at the synapse, in mediating the synaptic effects of visual cortex plasticity? How do monocular deprivation and dark rearing
affect expression of these proteins? And how is this expression different between a
plastic visual cortex during the critical period, and a less plastic cortex in adulthood?
In chapter 4 we address these questions by means of a large-scale proteomics analysis of visual cortex plasticity.
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Abstract
How the visual cortex responds to specific stimuli is strongly influenced by visual
experience during development. Monocular deprivation, for example, changes the
likelihood of neurons in the visual cortex to respond to input from the deprived
eye and reduces its visual acuity. As these functional changes are accompanied by
extensive reorganization of neurite morphology and dendritic spine turnover, genes
regulating neuronal morphology are likely to be involved in visual plasticity. In recent years Notch1 has been shown to mediate contact inhibition of neurite outgrowth
in postmitotic neurons and implicated in the pathogenesis of various degenerative
diseases of the CNS. Here, we provide the first evidence for the involvement of neuronal Notch1 signalling in synaptic morphology and plasticity in the visual cortex.
By making use of the Cre/Lox system we expressed an active form of Notch1 in
cortical pyramidal neurons several weeks after birth. We show that neuronal Notch1
signals reduce dendritic spine- and filopodia densities in a cell-autonomous fashion
and limit long-term potentiation in the visual cortex. Upon monocular deprivation,
these effects of Notch1 activity predominantly affect responses to visual stimuli with
higher spatial frequencies. This results in an enhanced effect of monocular deprivation on visual acuity.
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Introduction
The primary visual cortex (V1) responds selectively to various features of visual
stimuli such as orientation, direction and spatial frequency [Hubener, 2003]. Moreover, most neurons in V1 are more responsive to stimuli from one eye than from the
other. How neurons respond in adulthood is strongly influenced by visual experience
during postnatal development. When during a critical period of development one
eye is deprived for example, responsiveness of V1 to the deprived eye decreases
while that of the non-deprived eye increases resulting in a shift of ocular dominance
(OD) [Wiesel et al., 1963; Gordon et al., 1996]. Monocular deprivation (MD) also
counteracts the development of responsiveness to stimuli with high spatial frequencies that occurs during the critical period, thus reducing visual acuity of the deprived
eye [Giffin et al., 1978; Fagiolini et al., 1994; Prusky et al., 2003]. These functional
changes are accompanied by extensive structural changes involving growth and retraction of thalamocortical and intracortical axons and turnover of dendritic spines,
suggesting that signalling cascades regulating neuronal morphology play an important role in visual plasticity [Shatz et al., 1978; Antonini et al., 1999; Majewska et al.,
2003; Mataga et al., 2004; Oray et al., 2004; Pizzorusso et al., 2006].
One of these cascades is signalling through the transmembrane receptor Notch1.
Although Notch1 [Bray, 2006; Weinmaster et al., 2006] is mostly known for its role
in cell-fate decisions during development, it has in recent years been shown to also
regulate structural changes in developing neurons. Notch1 is activated upon interacting with ligands on neighbouring cells, resulting in release of its intracellular
domain (NICD) [de Strooper et al., 1999] which together with CBF1/RBP-Jκ activates transcription of target genes [Lu et al., 1996]. This cascade stimulates neurite
branching but inhibits neurite growth in postmitotic cortical neurons [Berezovska et
al., 1999; Sestan et al., 1999; Redmond et al., 2000], neuroblastoma cells [Franklin
et al., 1999] and newborn neurons in the dentate gyrus [Breunig et al., 2007]. Also
the primary transcriptional target of Notch1, Hes1, has been shown to restrict neurite outgrowth [Jessen et al., 2003]. Because Notch1 signalling is upregulated with
increasing contacts between neurons in the developing brain [Sestan et al., 1999]
and downregulated during a hippocampus dependent learning task [Conboy et al.,
2007], Notch1 has been suggested to provide a negative feedback signal controlling
neuronal growth and connectivity.
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In this study we used V1 to investigate whether neuronal Notch1 signalling plays a
role in plasticity of the mammalian brain. Several studies suggest that it may [Costa
et al., 2003; Wang et al., 2004; Costa et al., 2005] but do not exclude the possibility
that the observed effects are caused by developmental deficits and/or altered Notch1
signals in non-neuronal cell types. To circumvent these issues we used the Cre/Lox
system to target expression of constitutively active Notch1 to individual- or all pyramidal neurons of the cortex, starting in the fourth postnatal week just before the
beginning of the critical period of OD plasticity. Using this approach we show for
the first time that neuronal Notch1 signalling cell-autonomously regulates synaptic
connectivity of cortical neurons and affects experience-dependent plasticity in V1.
Materials and Methods
DNA Constructs and Transgenic Mice
A construct for Cre-dependent expression of NICD and GFP was created by cloning
cDNA encoding amino acids 1741−2531 of mouse Notch1 into pCDNA3.1 containing the poliovirus internal ribosome entry site (IRES) followed by GFP. The fragment encoding NICD-IRES-GFP was cloned into pThy-LSL [Chakravarthy et al.,
2006] rendering pThyLSL-NICD-IRES–GFP. Transgenic mice were created by pronuclear injections of linearised DNA into fertilized C57BL/6 oocytes. New founders were crossed to the G35-3-Cre line [Sawtell et al., 2003] which had been kept
on a C57BL/6 background for at least 6 generations. Transgenic mice expressing
membrane-associated GFP (mGFP) in a Cre dependent fashion have been described
previously (line TLG498 [Chakravarthy et al., 2006]). All experiments involving
mice were approved by the institutional animal care and use committee of the Royal
Netherlands Academy of Arts and Sciences.
RNA isolation and qPCR
Male mice were anaesthetised by intraperitoneal (i.p.) injection of 0.1ml/10g bodyweight pentobarbital (Nembutal; www.ceva.com). Occipital cortex was dissected,
snap-frozen in liquid nitrogen and stored at -80°C until RNA isolation using Trizol
(www.invitrogen.com). RNA yield was quantified on a Nanodrop (http://www.nanodrop.com) and quality assessed using an Agilent Bioanalyser (http://www.chem.
agilent.com/Scripts/PDS.asp?lPage=51). cDNA was synthesized using the SuperScript® III First-Strand cDNA Synthesis Kit (www.invitrogen.com). Oligonucle-
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otide primers were designed with Primer Express 2.0 software and purchased from
Eurogentec (www.eurogentec.com) or Biolegio (www.biolegio.com).
Forward and reverse primer sequences for qPCR were as follows:
primer

sequence

ACTG1-fw

CATTGCTGACAGGATGCAGAA

ACTG1-rv

ACATCTGCTGGAAGGTGGACA

EF1alpha-fw

AAGAAGATCGGCTACAACCCAG

EF1alpha-rv

TTACGCTCTACTTTCCAGCCCT

GAPDH-fw

ATGTGTCCGTCGTGGATCTGA

GAPDH-rv

ATGCCTGCTTCACCACCTTCT

G6PDX-fw

GTCCAGAATCTCATGGTGCTGA

G6PDX-rv

GCAATGTTGTCTCGATTCCAGA

HPRT-fw

GCAAACTTTGCTTTCCCTGG

HPRT-rv

TTCGAGAGGTCCTTTTCACCA

Polr2a-fw

TTTGCGCTGTGTCTGCTTCTT

Polr2a-rv

TGCCCCTTAGATTTGGCCA

Rs27a-fw

GGCCAAGATCCAGGATAAGGA

Rs27a-rv

CCATCTTCCAGCTGCTTACCA

TBP-fw

CACGGACAACTGCGTTGATTT

TBP-rv

GCCCAACTTCTGCACAACTCT

NICD-fw

CGTACTCCGTTACATGCAGCA

NICD-rv

AGGATCAGTGGAGTTGTGCCA

Hes1-fw

TCAACACGACACCGGACAAA

Hes1-rv

CCTTCGCCTCTTCTCCATGAT

qPCR reactions were run on the 1/20 diluted cDNA for genes of interest and candidate reference genes. SYBR® Green technology was used on a 7300 Real-Time
PCR System (http://www.appliedbiosystems.com). Using GeNorm software (http://
medgen.ugent.be/~jvdesomp/genorm/) an optimal set of reference genes was chosen
based on similar expression patterns across samples [Vandesompele et al., 2002]. A
geometrical mean of the set was used to normalize results of the genes of interest.
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Lentiviral injections
NICD+mGFP+ or mGFP+ transgenic males were injected with a lentiviral vector
mediating expression of a CreGFP fusion protein (LV-CreGFP) at P22-25. Mice
were anaesthetised with isoflurane (www.abbott.com). The eyes were protected using artificial tears (Methocel; www.novartis.com) and patches.
Holes were drilled 2.8mm caudal to Bregma and 2.5mm lateral to the midline. 200nl
of LV-CreGFP was injected bilaterally into V1 250-300mm below the cortical surface using a Nanoject II pump (http://www.drummondsci.com). Mice were analyzed
at P38.
Immunohistochemistry
Mice were anaesthetised by i.p. injection with pentobarbital and perfused with 4%
PFA (http://www.sigmaaldrich.com) in phosphate buffered saline (PBS). Following
2h postfixation, 50mm coronal sections of V1 were made using a Leica VT1000S
vibratome (http://www.leica.com). To enhance the EGFP signal and allow longterm storage, free-floating sections were stained using monoclonal mouse-anti-GFP
(1:500; Chemicon; http://www.millipore.com), followed by goat-anti-mouse-Cy3
(1:500; http://www.jireurope.com/home.asp). Sections were embedded in Mowiol
(10% w/v Mowiol 4-88 (Calbiochem; http://www.merckbiosciences.co.uk); 25%
glycerol; 0.1M Tris HCl; pH 8.5) and stored at 4ºC in the dark until imaging.
For analysing parvalbumin (PV)-containing boutons surrounding pyramidal neurons, sections were stained using rabbit-anti-PV (1:1000; http://www.swant.com)
and mouse-anti-NeuN (1:500; www.millipore.com), followed by goat-anti-rabbitAlexa568 and goat-anti-mouse-Alexa488 (both 1:500; http://probes.invitrogen.
com).
Confocal microscopy and morphological analysis
Cy3-stained mGFP expressing layer 2/3 pyramidal neurons in V1 were imaged on
a Zeiss LSM510 Meta confocal microscope (http://www.zeiss.com) using a He/Ne
(543nm) laser. Dendritic protrusions on basal dendrites distal to the first branch point
were imaged if the distance to either the next branch point or the end of the dendrite
was at least 20μm. Z-stacks were made with 200nm Z-intervals (63x oil objective,
NA 1.4. Optical zoom was adjusted for each dendrite). For each neuron of which a
dendrite segment was imaged, a single-plane image of the largest cross-sectional
area of its soma was acquired (63x objective, 2.5x optical zoom). An 80μm pinhole
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was used. Laser intensity, detector gain, and amplifier offset were adjusted for each
individual image acquisition to allow use of the entire detector range and avoid saturation. 3D Reconstruction of image stacks was done to facilitate analysis.
Morphological analysis was carried out using Zeiss LSM Image Browser (http://
www.embl-heidelberg.de/eamnet/html/body_image_browser.html). Dendritic protrusions of V1 pyramidal neurons expressing mGFP (473 protrusions, 29 dendrites,
26 neurons, 8 mice) or NICD and mGFP (518 protrusions, 39 dendrites, 32 neurons, 10 mice) were analysed. Spine neck length and the longest straight line in the
spine head were determined. Statistical significance of differences in protrusion density, spine neck length, head size, soma size and densities of filopodia (longer than
2mm, no head), mushroom spines (clear neck and head), stubby spines (wider than
0.30mm, no neck) and thin spines (no head, shorter than 2mm and a width less than
0.30mm) was determined by student’s t test. At all stages the investigator was blind
to the experimental group.
For analysis of perisomatic inhibitory boutons, PV-containing puncta around NeuN
positive neurons of layer 2/3 cells from V1 were imaged using a 488nm Argon laser and a 543nm He/Ne laser. The same settings were used for imaging sections
of control and NICD+Cre+ transgenic animals. Single-plane confocal images were
converted into TIFF images and analysed in ImagePro 6 (http://www.mediacy.com).
NeuN positive cells were marked with a free-drawing tool. Using customized macros,
a 2mm ring was drawn around NeuN-positive cells. The number, intensity and size
of PV-puncta within the ring were counted automatically. Analysis was carried out
blind to genotype. A total of 10 mice were used for the analysis with 5 NICD+Cre+
mice (64 cells; 221 puncta) and 5 littermate controls (55 cells; 181 puncta).
Slice electrophysiology
Coronal slices (325mm thickness) of V1 were prepared from 29-34 day old NICD+Cre+
male mice (10 slices; 6 animals) or littermate controls (24 slices; 12 animals). Slices
were cut in ice-cold slicing artificial cerebrospinal fluid (ACSF) containing the following (in mM): 125 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, 3
MgSO4, 1 CaCl2 (0.300mOsm) and carboxygenated with 95%O2/5%CO2. Slices
were allowed to equilibrate for one hour at room temperature in carboxygenated
ACSF containing (in mM): 125 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, 1 MgSO4, 3 CaCl2, 0.01 glycine (300mOsm).
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Slices were put onto a 64-channel multi-electrode recording probe (MED64; http://
www.med64.com/products/medprobe.html) with the electrodes covering layers 1-5
and superfused with 4ml/min carboxygenated ACSF at 32°C. Layer 4 was stimulated
with a bipolar extracellular electrode (0.15ms; current was adjusted per experiment
to evoke half-maximum response) and synaptic response was quantified as the maximum amplitude of the field EPSP (fEPSP) response. After 20min baseline recording
at 0.1 Hz, long-term potentiation (LTP) was induced by theta burst stimulation (TBS;
8 trains of 4 pulses at 100Hz, delivered at 200ms intervals). TBS was carried out 3
times at 10s intervals. After LTP induction, fEPSP’s were recorded for 40min at 0.1
Hz. The number of electrodes in layer 2/3 recording a clear synaptic response was
not different between transgenic and control animals (not shown).
Synaptic responses were analyzed off-line using the recording software Performer
2.0, Igor Pro (WaveMetrics), Excel, and SPSS. Only recordings showing baselines
stable within 1.5% were included. For statistical comparisons, the magnitude of LTP
was taken as the average of the 10-40min post-TBS time frame. Normality of the distribution was assessed using Kolmogorov-Smirnov testing, followed by two-tailed
student’s t-test or Kruskal-Wallis analysis. A p-value <0.05 indicates statistically significant differences. At all stages the investigator was blind to experimental conditions.
For input/output (I/O) curves, the smallest stimulus size yielding a detectable synaptic response was designated threshold stimulus. Multiples of this stimulus size
(generally 10-15mA) were then used to characterize the input-output relationship.
For each stimulus amplitude, 6 repetitions were performed, yielding an average response size per slice.
In vivo intrinsic signal imaging
Intrinsic signal was imaged transcranially in 62 NICD+Cre+ or control mice
(NICD+Cre-, NICD-Cre+ or NICD-Cre- littermates) as previously described [Heimel et al., 2007]. Mice were anaesthetised by i.p. injection of urethane (http://www.
sigmaaldrich.com; 20% in saline, 2g/kg). Heads were fixed and scalps resected. Atropine sulphate (http://www.pharmachemie.com; 0.05mg/ml in saline, 0.1mg/kg)
was injected subcutaneously to reduce mucous excretions. A monitor covered the
mice’ visual field from -15 to 75 deg horizontally and from -45 to 45 deg vertically. The screen was divided in 2x2 patches and drifting gratings were used to map
the retinotopic representation of V1. The representation of the upper nasal screen
38

notch1 controls plasticity of visual acuity

patch was used to calculate responses to subsequent tests. For OD measurements,
computer-controlled shutters alternated visual stimulation of the eyes using drifting
square wave gratings (0.05 cpd). An Imaged Ocular Dominance Index was defined
as the iODI = (contra response – ipsi response)/(contra response + ipsi response). A
response to the contralateral eye only corresponds to an iODI of 1, iODI = -1 indicates only ipsilateral response. Acuity was determined with 90% contrast sinusoidal
gratings of 0.1, 0.2, 0.3, 0.4, 0.5 and 0.7 cpd, phase reversing at 2Hz and changing
orientation every 0.75s. A spatial frequency tuning curve was fit to a linear-threshold
function using a least-mean-squares procedure. The intersection with zero response
strength was our measure of spatial acuity. Student’s t-tests were used to compute
significance levels.
Eye lid suturing
Right eyelids were sutured at P28 under isoflurane anaesthesia (www.abbott.com)
as previously described [Heimel et al., 2007]. At P35 the eyelid was reopened at the
start of the imaging session.
Golgi impregnation
Adult (P72-88), male mice (NICD+Cre+ or control) were anaesthetised by i.p. injection of a mixture of 0.36mg/kg fentanyl citrate, 11.25mg/kg fluanisone (Hypnorm;
http://www.hypnorm.com) and 2.8mg/kg midazolam (http://www.roche.com). The
brain was rapidly removed, cut midsagittally and placed in Golgi-Cox solution (1%
potassium dichromate, 1% mercuric chloride, 0.8% potassium chromate in water).
The solution was refreshed once. After 3-4 weeks the tissue was dehydrated and
embedded in celloidine (www.merckbiosciences.co.uk).
200mm coronal sections were cut (Reichert Jung Polycut S microtome; www.leica.
com), developed, fixed, dehydrated and mounted. Slides were coded to render the
analyser blind to experimental condition.
Sholl analysis
Analysis of dendritic branching was done on layer 2/3 pyramidal neurons (controls
42 neurons, 4 mice; NICD+Cre+ 17 neurons, 4 mice). Camera lucida drawings were
made using a Zeiss binocular microscope, with a 40x oil-immersion objective and a
camera lucida drawing tube. Selected neurons showed a fully impregnated dendritic
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tree and spines and no obscuring of branches by blood vessels, precipitate or other
artefacts.
Sholl analysis was performed using an overlay of concentric circles centred on the
soma [Sholl, 1953]. The number of dendritic intersections crossing each circle (diameters of 25, 50, 75, 100, 125, 150, 200, 250 and 400mm) was counted.
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Figure 1. Schematic for mediating Cre-dependent expression of the Notch Intracellular Domain
(NICD) and EGFP in transgenic mice. Mice carry a transgene mediating Cre-dependent expression
of membrane-associated GFP (mGFP; top half; transgenic line TLG498) and/or of NICD and EGFP
(bottom half). The NICD transgene (TLNic403) consists of the neuronal Thy1-promoter, followed by
a STOP cassette flanked by loxP-sites which inhibits transcription of the adjacent sequence encoding
NICD, an internal ribosomal entry site and EGFP. In the absence of Cre-recombinase, the transcriptional STOP cassette prevents transgene expression. Providing Cre results in excision of the STOP
cassette and subsequent activation of transcription.
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Results
Production of transgenic mice expressing NICD in V1 pyramidal neurons
To activate Notch1 signalling in excitatory neurons of mouse V1, we produced a
mouse line carrying a transgene driving expression of NICD, a constitutively active
form of Notch1 (missing the extracellular and transmembrane domains) followed
by an internal ribosomal entry site (IRES) and GFP. The transgene contained the
Thy1-promoter, restricting expression to neuronal cell types, followed by a “stopcassette” flanked by loxP sites, rendering it Cre-dependent (figure 1). Founders were
crossed with Cre transgenic line G35-3, expressing Cre-recombinase specifically in
all excitatory neurons of cortex and hippocampus [Sawtell et al., 2003]. One founder
(TLNic403) showed broad and detectable GFP expression in the visual cortex and
will be referred to as NICD transgenic mice. In NICD+Cre+ offspring, the transgene
was expressed in >80% of pyramidal neurons of cortical layers 2/3 and 5/6 (figure
2A), as well as in the dentate gyrus and areas CA1 and CA3. No transgene expression was detected in layer 4, probably due to the lack of Thy1-promoter activity in
this layer (figure 2A). To confirm that NICD was expressed and functionally active,
we used qPCR to analyse expression of NICD and Hes1 (a classical Notch target)
at different ages. By P26, expression of Notch1 was twice as high in the cerebral
cortex of NICD+Cre+ animals as in control littermates, 4-5 times as high by P29 and
8 times as high in adults (2-3 months old; figure 2B). As expected, Cre-dependent
transgene expression occurred in cortex but not in the cerebellum or retina (figure
2B). Hes1 expression was about doubled in the cortex of NICD+Cre+ mice confirming the NICD transgene was functional (figure 2C).
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Figure 2. Expression of NICD-IRES-EGFP in visual cortex. A, In NICD+Cre+ mice (in this example
61 days old), the transgene is expressed in pyramidal neurons of cortical layers 2/3 and 5/6. B, Quantification of cortical NICD expression at different ages by qPCR. Transcript levels of NICD+Cre+
animals are plotted relative to age-matched controls. Transgene expression starts during the fourth
postnatal week. A lack of increased NICD expression in the adult cerebellum (cbl) confirms that transgene expression requires Cre-recombinase. No transgene expression was detected in the retina. C,
Expression of NICD-IRES-EGFP results in increased transcription of Notch1 target genes, as demonstrated by increased Hes1 mRNA levels. Error bars indicate sem. * p<0.05; ** p<0.01; *** p<0.001.
P26 and P29: 3 controls, 3 transgenics; adult: 19 controls, 22 transgenics. Scale bar 200mm (A).

42

notch1 controls plasticity of visual acuity

Notch1 activity cell-autonomously reduces dendritic spine- and filopodium density
but leaves perisomatic inhibitory boutons unaffected
As Notch1 has been shown to restrict neuronal growth with increasing neuronal contacts, we asked if Notch1 also restricts neuronal connectivity at the synaptic level. To
study cell-autonomous effects of Notch1 on morphology in post-mitotic neurons in
V1 in vivo, we activated the Cre-dependent NICD transgene by lentivirus-mediated
CreGFP expression (LV-CreGFP [Ahmed et al., 2004]). Because the level of GFP
expression from the NICD(-IRES-GFP) transgene alone was not sufficient for visualizing dendritic protrusions and the GFP of the CreGFP fusion protein was localized
to the nucleus, we crossed NICD transgenic animals with mice expressing a Credependent, membrane-associated form of GFP (line TLG498, referred to as mGFP
transgenic mice) [Chakravarthy et al., 2006]. Bilateral, intracranial LV-CreGFP injections were made in NICD+mGFP+ mice or in mGFP+ single transgenic littermates at P22-25. The resulting Golgi-staining-like transgene expression pattern allowed
detailed morphological analyses (figure 3A) of dendritic protrusions from basal dendrites of layer 2/3 pyramidal neurons (figure 3B, 3C).
NICD expression until P38 resulted in an 18.6% reduction in total protrusion density
(16.31 ± 1.08 in controls vs 13.28 ± 0.93 in transgene expressing cells; p=0.037;
figure 3D), caused mostly by a 22.0% reduction in mushroom spine density (12.83
± 0.97 in controls vs 10.00 ± 0.82 in transgene-expressing cells; p=0.024; figure 3D)
and a 59.1% reduction in filopodial density (0.69 ± 0.17 per 15mm in controls vs 0.28
± 0.07 in NICD transgene expressing cells; p=0.016; figure 3D). The cross-section
of the soma was reduced by 8.1% in NICD expressing neurons (177.46mm2 ± 3.42,
vs 193.02mm2 ± 4.36 in controls; p=0.006; figure 3E).
No changes were observed in the spine head size between neurons expressing NICD
and mGFP (0.57mm ± 0.01) and neurons expressing mGFP only (0.56mm ± 0.01;
p=0.37; figure 3F), nor did NICD expression significantly affect spine neck length
(0.80mm ± 0.03, vs 0.87mm ± 0.03 in controls; p=0.096; figure 3F). Dendrite thickness was not affected by transgene expression (data not shown).
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Figure 3 (above and opposite page). Notch1 activity cell-autonomously reduces spine- and filopodium
densities in V1, as well as neuronal soma size. A, Lentiviral CreGFP-vector injection into V1 results
in transduction of neuronal (white arrows) and non-neuronal (red arrows) cells, causing CreGFP expression. The Thy1 promoter is only active in neuronal cells, driving expression of the transgene and
membrane-associated EGFP (mGFP; white arrows). Basal dendrites of layer 2/3 pyramidal neurons
were imaged and analysed. B and C, High magnification projection of confocal images showing basal
dendrites of pyramidal neurons expressing mGFP (B) or both NICD-IRES-EGFP and mGFP (C). D,
Neurons expressing NICD-IRES-GFP have 59% fewer filopodia than control neurons, 22% fewer
mushroom spines, and a 19% reduction in total protrusion density. Stubby and thin protrusions are
unaffected. E, The cross-section through the soma of neurons expressing NICD-IRES-EGFP is 8%
smaller than for control neurons. F, A correlation plot of spine head diameter and spine neck length
shows that in V1, expression of NICD-IRES-EGFP does not affect dendritic spine neck length or
spine head size. G, Parvalbumin puncta number and area, representing inhibitory input to the pyramidal neurons, are not different between control animals and NICD transgenic animals. On the left
an example (control) cell is shown with the analysis ring in white indicated around the soma. Green
channel intensity has been reduced to facilitate punctum visualisation.
Error bars indicate sem. * p<0.05; ** p<0.01. n=473 dendritic protrusions for control mGFP-expressing neurons and 518 protrusions for neurons expressing NICD-IRES-EGFP and mGFP. F: filopodia;
T: thin; S: stubby; M: mushroom; TOT: total protrusion numbers. Scale bars 50mm (A) and 5mm (B,
C). A colour version of this figure is available in chapter 12.
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Next, we addressed the question whether increased Notch1 activity in pyramidal
neurons also affected the number or size of boutons providing perisomatic inhibitory
input. This form of inhibitory input is considered a crucial determinant of plasticity
during the critical period, and is provided predominantly by PV-expressing basket
cells [Fagiolini et al., 2004]. To this end, PV-puncta surrounding layer 2/3 pyramidal
neuron somata were analysed. Sections of broad-expressing transgenic animals (figure 2A) and littermate controls were stained for the neuronal nucleus marker NeuN
and PV, after which PV-puncta in a ring surrounding the pyramidal neurons were
quantified.
The number of PV-puncta per pyramidal cell was not affected by transgene expression (3.29 ± 0.27 in controls versus 3.45 ± 0.31 in transgenics; p=0.93; figure 3G),
nor was their size, as determined by the percentage of the ring area covered by PVpuncta (controls 3.89% ± 0.43; transgenics 3.95% ± 0.37; p=0.87; figure 3G). Punctum intensity was the same between controls and transgenics.
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Postsynaptic Notch1 activity reduces LTP
The finding that NICD expression reduced spine and filopodia density prompted
the question whether NICD expression would also affect LTP induction, which is
associated with formation of new spines, probably through filopodia growth and
stabilization [Engert et al., 1999; Maletic-Savatic et al., 1999]. LTP induction in
connections from layer 4 to layer 2/3 of V1 was analysed in NICD+Cre+ mice and
control animals.
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Figure 4. Postsynaptic Notch1 activity reduces LTP. Extracellular stimulation was delivered to layer 4
of V1. Field potentials were recorded in layer 2/3. A, fEPSP amplitude as a function of stimulus intensity (multiples of threshold stimulus). Input-output curves of control and transgenic animals overlap
completely. B, Example traces of field potentials collected before (1) and after (2) induction of LTP
by TBS. Time in ms is indicated along the x-axis. C, TBS-induced LTP is reduced in transgenic mice
compared to controls (p<0.05). Black circles, data from controls (24 slices); light grey circles, data from
NICD+Cre+ transgenic animals (10 slices); dark grey, error bars indicating sem.

Synaptic transmission from layer 4 to layer 2/3 was recorded in coronal V1 slices
of 29-34 day old mice, before and after induction of LTP by theta-burst stimulation (TBS). In NICD+Cre+ mice, TBS resulted in a smaller increase in synaptic
responses (104.9 ± 0.9%) than in littermate controls (109.3 ± 1.3%; p=0.045; figure
4C, example traces in figure 4B). No differences in basic physiology were observed.
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Neither the I/O curve was affected by transgene expression (figure 4A), nor the stimulus strength required for obtaining a half-maximal response. As in NICD+Cre+
mice transgenic NICD was expressed in layer 2/3 but not in layer 4 (figure 2A), these
data indicate that restriction of LTP is caused by increased Notch1 signalling in the
postsynaptic neurons.
Notch1 activity does not affect the magnitude of ocular dominance plasticity determined using a low spatial frequency stimulus
The reduction in LTP, filopodia formation and total spine numbers suggested that
NICD expression in pyramidal neurons reduces their capacity to form new connections. To test whether this had any consequences for OD plasticity in NICD transgenic mice, they were subjected to monocular eyelid suture at the peak of the critical
period (P28) and analysed at P35.
Seven days of MD in control animals resulted in an OD shift, measured by optical
imaging of intrinsic signal in the visual cortex using moving square wave grating at
0.05 cycles/degree (cpd) as a visual stimulus. Examples of ocular dominance maps
under the different experimental conditions are shown in figure 5A. Following 7
days of MD, the iODI was reduced in monocularly deprived animals (0.07 ± 0.05;
6 animals) compared to non-deprived littermate controls (0.35 ± 0.02; n=8 animals;
p<0.0001; figure 5B). This was not different in NICD+Cre+ transgenic animals (0.31
± 0.03 in non-deprived transgenics (n=11), 0.04 ± 0.06 after MD (n=5); p=0.001;
figure 5B). Interestingly, we noticed that in control animals, the OD shift was caused
by both a decrease in deprived eye responses (0.74 ± 0.17 (value normalized to nondeprived control)) and an increase in open eye responses (1.47 ± 0.37; figure 5C;
consistent with previous imaging literature [Hofer et al., 2005; Heimel et al., 2008]),
whereas in NICD+Cre+ animals the shift seemed to be caused predominantly by
decreased responses of the deprived eye (0.62 ± 0.10) while open eye responses
remained unchanged (1.05 ± 0.19; figure. 5C). Although the differences between the
genotypes were not significant, the observation suggested that more subtle differences in visual responsiveness could be occurring between control and NICD+Cre+
animals after MD.
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Figure 5. Notch1 activity does not affect OD or the OD shift, but changes the underlying physiology.
A, Example responses to stimulation of each of the eyes for a non-deprived and a monocularly deprived NICD+Cre+ mouse and wild type controls. B, OD in young (p35) animals with or without 7d
of prior MD. Expression of NICD does not affect OD in non-deprived animals, nor does it affect the
size of the MD-induced OD shift. C, Responses to the open- and to the deprived eye following MD,
relative to the corresponding eye in a non-deprived mouse. 7d of MD results in a decreased response
to the deprived eye; this is only significant in NICD transgenic mice. 7d of MD results in an increased
response to the open eye, but only in control animals. Error bars indicate sem. * p<0.05; *** p<0.001

Notch1 activity increases effects of MD on visual acuity
Apart from changing OD, MD also counteracts the development of high visual acuity in the deprived eye that normally occurs during the critical period (from 0.3 cpd
at P25 to 0.5 cpd at P35 [Heimel et al., 2007]). The findings that changes in visual
acuity could still be induced in adult rats despite the absence of OD plasticity at this
age [Iny et al., 2006] and do not always mirror OD in kittens [Murphy et al., 1986;
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Faulkner et al., 2006] suggested to us that acuity may be the more sensitive measure
for changes in visual responsiveness. We therefore assessed visual acuity in controland NICD+Cre+ animals 7 days after MD at P35 using optical imaging of intrinsic
signals [Heimel et al., 2007]. We determined that non-deprived control mice had a
spatial acuity of 0.52 ± 0.02 cpd in the contralateral eye (n=3 animals; figure 6A).
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Figure 6. Notch1 activity increases the effects of MD on visual acuity. A, Visual acuity in young (p35)
animals with or without 7d of prior MD. Notch1 activity does not affect acuity in non-deprived mice,
but causes enhanced deterioration of visual acuity upon MD. B, Deprived-eye response after MD,
relative to the response in a non-deprived animal. Responsiveness to low salience stimuli decreased
more in NICD+Cre+ animals after MD, also at lower spatial frequencies. Error bars indicate sem. *
p<0.05; ** p<0.01

MD from P28-35 resulted in a lower acuity (0.41 ± 0.02 cpd; n=8; p=0.03). In
NICD+Cre+ mice, the acuity under control conditions was unaffected (0.51 ± 0.05
cpd; n=9). However, following MD the acuity was strongly reduced (0.30 ± 0.02
cpd; n=7; p=0.001), significantly lower than in deprived control mice (p=0.004; figure 6A). We noticed that while after MD, NICD+Cre+ mice showed especially weak
responses to visual stimuli with the highest spatial frequencies (0.3-0.4 cpd), responses to lower spatial frequency stimuli (0.1-0.2 cpd) were also more affected than
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in deprived control animals (figure 6B). Thus, Notch1 activity caused MD to have
a greater impact on responses to visual stimuli with increasing spatial frequencies.
NICD expression does not affect acuity in adult animals
We next analyzed whether Notch1 activity had similar effects in the adult visual cortex. Like in juvenile animals, we did not see any reduction of acuity in non-deprived
adult (2-6 months of age) NICD+Cre+ mice (0.52 ± 0.07; n=8) compared to controls
(0.53 ± 0.03; n=11). But in contrast to the situation during the critical period, we did
not observe differences in the effects of adult MD on visual acuity in NICD+Cre+
mice (0.39 ± 0.03; n=5 animals) or control animals (0.40 ± 0.04; n=6) (figure 7A).
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Figure 7. In adult animals, Notch1 activity does not affect acuity or dendritic morphology. A, Visual
acuity in adult animals with or without 7d of prior MD. Notch1 activity does not affect acuity in
NICD+Cre+ animals, neither in non-deprived animals nor after a week of MD. Error bars indicate
sem. * p<0.05. B, Quantitative Sholl-analysis of pyramidal neurons in Golgi-stained adult V1 of
NICD+Cre+ animals (4 mice, 17 cells) and controls (4 mice, 42 cells). The number of dendritic intersections with 8 concentric circles at different distances around the neuronal soma was not affected by
prolonged NICD overexpression. Error bars indicate sem.
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Notch1 signalling does not cause dendritic degeneration in adult V1
As it has been proposed that Notch1 activity could cause neuronal degeneration in
the adult brain, we assessed whether prolonged NICD expression resulted in any
changes in dendritic morphology of pyramidal neurons in adult NICD+Cre+ mice.
Brains of 2.5 month old animals were Golgi-impregnated after which Sholl analysis
was performed on layer 2/3 pyramidal neurons, using coronal slices through V1.
The number of intersections of dendrites with respective concentric circles drawn
at different distances around the soma was not significantly reduced in NICD+Cre+
mice compared to controls (figure 7B). Also when all intersections were added up
per neuron, the difference between controls (75.38 ± 2.84) and NICD+Cre+ (66.71
± 4.87) was not significant (p=0.116).
Discussion
Plasticity in the visual cortex is accompanied by structural rearrangements including
the loss and gain of dendritic spines [Fifkova, 1968; Majewska et al., 2003; Mataga
et al., 2004; Oray et al., 2004]. Signalling pathways regulating neuronal morphology are therefore likely to be involved in this form of plasticity. In this respect,
the Notch1 signalling pathway is of particular interest. Apart from its well known
function in cell-fate decisions and regulation of proliferation and apoptosis, it has
also been implicated in limiting neurite outgrowth of post-mitotic neurons in the
first weeks after birth [Berezovska et al., 1999; Sestan et al., 1999; Redmond et al.,
2000]. Moreover, various interactions between Notch1 and Amyloid Precursor Protein processing have been observed [Song et al., 1999; Fischer et al., 2005; Fassa et
al., 2005] and its expression is increased in Alzheimer’s disease [Selkoe, 2001] and
other brain disorders [Berezovska et al., 1998; Fischer et al., 2005; Ishikura et al.,
2005; Nagarsheth et al., 2006] suggesting it may play a role in neurodegeneration.
Whether neuronal Notch1 signalling regulates synaptic plasticity [Costa et al., 2005]
has remained an unanswered question with important clinical implications. In this
study we addressed this question by analysing the consequences of increased Notch1
activity in cortical neurons on ocular dominance plasticity.
We first wanted to establish whether Notch1 activity affected spine density and
morphology during the critical period. We found that cell-autonomous activation
of Notch1 activity of neurons in the juvenile visual cortex (P23-P38) resulted in a
reduction in mushroom spine densities (by 22%) while spine head sizes and neck
lengths remained unchanged. In addition, there was a strong reduction in the number
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of filopodia (by 59%) upon Notch1 activation. We observed a small reduction in
the soma size of neurons expressing active Notch1, which we believe reflects the
reduction of total synapse numbers. As perisomatic inhibitory innervation by PVexpressing basket cells is an important determinant of critical period plasticity, we
also determined the size and numbers of PV-positive boutons surrounding pyramidal
neurons but detected no differences between NICD transgenic and control mice.
These results show that Notch1 not only restricts dendritic growth during early development, but that it also limits synaptic connectivity at later stages of cortical
maturation. Our spine morphological analyses do not allow us to distinguish whether
the reduced spine numbers are caused by reduced spine formation or increased spine
loss. However, the concurrent reduction in the density of filopodia, which are believed to be precursors of dendritic spines, seems more consistent with the idea that
Notch1 activity reduces the potential of neurons to form new excitatory synapses.
We next addressed the question of whether the effect of Notch1 on dendritic spine
densities had any consequences for cortical plasticity. As the induction of LTP has
been shown to result in the induction of filopodia- [Maletic-Savatic et al., 1999]
and spine formation [Engert et al., 1999] we analyzed whether activation of Notch1
signalling in layer 2/3 pyramidal neurons in V1 reduced the level of LTP that can be
induced in the connections between layers 4 and 2/3. We indeed found that postsynaptic NICD expression reduced LTP induction, confirming a functional correlate for
the effects of Notch1 on neuronal morphology and providing for the first time direct
evidence for a role of neuronal Notch1 signalling in synaptic plasticity.
In apparent contrast to our observation, a previous report has shown that ubiquitous
transgenic expression of Notch1 antisense RNA (NAS) decreased LTP in the hippocampus, while addition of the Notch1 ligand Jagged-1 had the opposite effect
[Wang et al., 2004]. In that report, however, Notch1 signalling was not only altered
in pyramidal neurons but in many cell types, and already during development. As
Notch1 signalling in oligodendrocytes interferes with their differentiation [Wang et
al., 1998] and affects myelination [Givogri et al., 2002] it seems plausible that other
(or additional) mechanisms are affected in NAS transgenic animals explaining the
phenotypic difference.
Having confirmed the influence of Notch1 on neuronal morphology and plasticity
we analyzed whether Notch1 would also affect OD plasticity. To our initial surprise,
overexpression of NICD in V1 did not appear to affect the size of the OD shift that
is induced by MD. However, further experiments revealed that while visual acuity
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developed normally in NICD transgenic animals, after MD it was significantly lower
than in deprived control animals. This seemed to be caused predominantly by the
more strongly reduced responsiveness to the deprived eye in NICD transgenic mice,
which became especially prominent with increasing spatial frequency, resulting in a
more pronounced reduction of visual acuity after MD. Only because the increase in
responsiveness to the non-deprived eye was more apparent in control- than in NICD
transgenic mice, the relative change in OD was the same in both types of animals.
Thus, neuronal Notch1 activity causes the development or stability of visual acuity
to be more dependent on visual experience. What causes this increased vulnerability
of the responses to high spatial frequencies in NICD transgenic animals? Currently
we can only speculate about this, but the most parsimonious explanation seems to
be that while responsiveness to low spatial frequencies is already high before the
critical period (and develops even in the absence of experience [Fagiolini et al.,
1994]), responsiveness to higher spatial frequencies increases strongly during the
critical period [Heimel et al., 2007]. The reduced capacity for synaptic strengthening
due to Notch1 activity could well cause the formation or stability of these developing responses to be more dependent on visual input. This idea is supported by our
observation that also an increase in responsiveness to the non-deprived eye does not
occur in NICD transgenic animals after MD. This explanation opens the interesting
possibility that a relationship between LTP and visual plasticity [Daw et al., 2004]
may be found more readily in the development of visual acuity than in altered OD
plasticity assessed using optimal visual stimuli.
Our data provide clear evidence for the involvement of neuronal Notch1 signalling
in experience-dependent synaptic plasticity during the critical period of OD plasticity, and support the idea that Notch1 signals limit neuronal connectivity. At the
same time, we did not obtain convincing evidence for a possible role of Notch1 in
dendritic degeneration. Dendritic morphology as assessed with Sholl-analysis was
not different between adult NICD transgenic animals and controls. We did not find
any evidence for a loss in visual performance in adult NICD transgenic mice up to
6 months of age, nor did monocular deprivation during adulthood affect visual acuity more in NICD transgenic animals than in control mice (figure 7). Of course, this
does not rule out the possibility that Notch1 may have effects on neurite morphology
or neuronal maintenance when neurons are at the same time otherwise affected by
CNS pathology.
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Apart from providing insight into the role of Notch1 in cortical plasticity, our data
exemplify how apparently small changes in OD plasticity can have important implications for the development of visual acuity. This stresses the need for studying
the mechanisms that underpin plasticity of visual acuity [Giffin et al., 1978; Murphy
et al., 1986; Fagiolini et al., 1994; Faulkner et al., 2006; Iny et al., 2006; Fischer et
al., 2007] especially when taking into consideration that loss of acuity is the major
problem for people with amblyopia.
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Abstract
Notch1-signalling is a key pathway for various early developmental processes in
the CNS. By now, it is clear that Notch1 also plays an important role in regulating migration, neurite outgrowth and structural- and functional plasticity in postmitotic neurons of the cerebral cortex. To determine the targets of Notch1-regulated
transcription that may mediate these effects on plasticity, we performed microarray
analyses in mice overexpressing constitutively active Notch1 in cortical pyramidal
neurons. We found that in these animals Notch1 predominantly regulates genes involved in transcription and in signalling through the Ras/MAPK pathway. In addition, we identified a negative feedback loop involving the class II histone deacetylase HDAC4, restricting Notch1-mediated transcription. These findings provide new
insights in the mechanisms through which Notch1 regulates synaptic plasticity and
transcription of its target genes in the juvenile and adult cortex.
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Introduction
Notch signalling constitutes an evolutionary conserved signalling pathway regulating
a variety of cellular processes during development and postnatal life. This includes
cell-fate decisions, differentiation, proliferation and apoptosis. In recent years, a role
of Notch1-signalling in postmitotic neurons has started to be appreciated. Notch1signalling has been implicated in limiting neurite outgrowth in the first weeks after
birth [Sestan et al., 1999; Redmond et al., 2000] and in regulating synaptic plasticity
in the hippocampus [Wang et al., 2004] and the developing visual cortex [Dahlhaus
et al., 2008]. Moreover, Notch1 has been found to interact with amyloid precursor
protein (APP) signalling [Berezovska et al., 2001; Roncarati et al., 2002; Lleo et al.,
2003; Fischer et al., 2005] and its expression is increased in Alzheimer’s Disease and
other brain disorders, suggesting that Notch1 may be involved in neurodegeneration.
Notch1 is a single-span transmembrane protein, functioning as a receptor. Its ligands
(in mammals Delta and Jagged) are single-span transmembrane proteins as well, embedded in the plasma membrane of neighbouring cells. Upon ligand-receptor binding, the Notch1 intracellular domain (NICD) is cleaved off [de Strooper et al., 1999]
and translocates to the nucleus where it binds C-promoter binding factor (CBF1) [Lu
et al., 1996], a member of a transcriptional repressor complex that also includes the
co-repressors SMRT, C-terminal binding protein (CtBP) [Oswald et al., 2005] and
class I histone deacetylases (HDACs) among others [Kao et al., 1998; Bertos et al.,
2001]. Binding of the NICD to CBF1 induces removal of transcriptional repressors
and recruitment of transcriptional activators Mastermind and histone acetyl transferases (HATs), thus resulting in transcription of downstream targets. A principle
transcriptional Notch1-target is Hes1, a basic helix-loop-helix (bHLH) protein [Jarriault et al., 1995]. Additional molecular and cellular effects of Notch1-signalling
seem to depend on the cellular and environmental context [Bray, 2006].
In this study, we set out to shed light on the molecular effects of Notch1-signalling
in postmitotic cortical pyramidal neurons. We have previously reported that in a
transgenic mouse model overexpressing a constitutively active form of Notch1 in
neocortical pyramidal neurons from the fourth postnatal week onwards, neuronal
morphology and visual plasticity were altered [Dahlhaus et al., 2008]. Here we have
performed microarray analysis in the same animal model with the aim to identify
molecular targets of Notch1-signalling potentially involved in regulating synaptic
plasticity and neuronal morphology. We found a small set of Notch1-regulated genes
that were mostly involved in transcriptional regulation or signalling through the Ras/
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MAPK-pathway. Also, we uncovered a feedback loop involving HDAC4 that limits
Notch-mediated transcription.
Materials & Methods
DNA Constructs and Transgenic Mice
The transgenic mice used in this paper have been described before [Dahlhaus et al.,
2008]. Briefly, Notch transgenic mice conditionally overexpress the Notch Intracellular Domain (NICD) in all pyramidal neurons of the neocortical extragranular layers. NICD acts as an active Notch mutant that does not require activation by ligand
binding, resulting in constitutive signalling of the Notch pathway. This mouse model
has been validated before [Dahlhaus et al., 2008]. All experiments involving mice
were approved by the Ethical Committee on the use of experimental animals of the
Royal Netherlands Academy of Arts and Sciences.
DNA vectors for transfection
Flag-tagged HDAC4 in pcDNA3.1 was obtained from Addgene (Addgene plasmid
13821), the GFP vector was obtained from Invitrogen (pEGFP-N3) and the TK
promoter-Luciferase vector was obtained from Promega (pTK-RL). The Hes1-luciferase reporter construct has been described earlier [Fischer et al., 2005], as has the
NICD construct [Dahlhaus et al., 2008].
RNA isolation
Cerebral cortex from ten week old mice was dissected, snap-frozen in liquid nitrogen and stored at -80°C until RNA isolation using Trizol (Invitrogen). RNA yield
was quantified on a Nanodrop (Nanodrop; Thermo Scientific) and quality assessed
using an Agilent Bioanalyser (Agilent). Only samples with RNA Integrity Numbers
(RIN’s) of at least 8.0 were included.
Sample preparation, hybridization and data analysis
RNA samples were isolated from the cerebral cortex of 9 NICD+Cre+ animals and 6
littermate controls (NICD+Cre-, NICD-Cre+ or NICD-Cre-) of 10 weeks old. Group
samples were made for NICD+Cre+ animals and controls by pooling equal amounts
of RNA from each mouse. Pooled RNA was labelled and hybridized to microarrays;
eight microarrays were used in parallel. On four of these arrays, RNA from control
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animals was labelled with Cy3 and RNA from NICD+Cre+ animals with Cy5, while
on the remaining four arrays the dyes were swapped.
Microarrays used were Mouse 70-mer oligos (Operon, Mouse V2 AROS) spotted
onto Corning UltraGAPS slides as described before [Raaben et al., 2007]. Arrays
contained 35000 spots (32101 70-mer oligonucleotides and 2891 control spots).
RNA amplifications, labelling and hybridizations were performed as described before [Roepman et al., 2005].
Hybridized slides were scanned on an Agilent scanner (G2565AA) at 100% laser
power, 30% PMT. After data extraction using Imagene 7.5 (BioDiscovery), print
tip Loess normalization was performed [Yang et al., 2002] on mean spot-intensities.
Data was analyzed using ANOVA (R version 2.2.1/MAANOVA version 0.98-7;
http://www.r-project.org/). In a fixed effect analysis, sample, array and dye effects
were modelled. P-values were determined by a permutation F2-test, in which residuals were shuffled 5000 times globally. Genes with p<0.05 after Benjamini Hochberg
correction were considered significantly changed.
Quantitative RT-PCR
RNA was obtained as described for microarray analysis. Beside the mice used for
microarray experiments, an additional 13 mice were added to both the control and
the transgenic group. RNA was not pooled and individual mice were processed as
individual samples throughout the experiment. cDNA was synthesized using the SuperScript® III First-Strand cDNA Synthesis Kit (Invitrogen). Oligonucleotide primers were designed with Primer Express 2.0 software and purchased from Eurogentec
or Biolegio.
qPCR reactions were run on 1/20 diluted cDNA for genes of interest and candidate reference genes. SYBR® Green technology was used on a 7300 Real-Time
PCR System (Applied Biosystems). Using GeNorm software (http://medgen.ugent.
be/~jvdesomp/genorm/) an optimal set of reference genes was chosen based on similar expression patterns across samples [Vandesompele et al., 2002]. A geometrical
mean of the set was used to normalize results of the genes of interest. Statistical
significance was determined using Student’s t-test. One-tailed testing was used for
confirmation of microarray data. A p-value of <0.05 was considered statistically significant. For NICD, Hes1, Riam, S100a6 and NED, 19 controls and 22 transgenics
were used. For Rasgef1c, Phlda3, HDAC4, Rasd2, Accn1 and Wnt10a, 11 controls
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and 14 transgenics were used. For all qPCR reactions on cerebellar samples, 8 controls and 8 transgenics were used.
Forward and reverse primer sequences for qPCR were as follows:
primer

sequence

ACTG1-forward (fw) CATTGCTGACAGGATGCAGAA
ACTG1-reverse (rv) ACATCTGCTGGAAGGTGGACA
EF1alpha-fw
AAGAAGATCGGCTACAACCCAG
EF1alpha-rv
TTACGCTCTACTTTCCAGCCCT
GAPDH-fw
ATGTGTCCGTCGTGGATCTGA
GAPDH-rv
ATGCCTGCTTCACCACCTTCT
G6PDX-fw
GTCCAGAATCTCATGGTGCTGA
G6PDX-rv
GCAATGTTGTCTCGATTCCAGA
HPRT-fw
GCAAACTTTGCTTTCCCTGG
HPRT-rv
TTCGAGAGGTCCTTTTCACCA
Polr2a-fw
TTTGCGCTGTGTCTGCTTCTT
Polr2a-rv
TGCCCCTTAGATTTGGCCA
rs27a-fw
GGCCAAGATCCAGGATAAGGA
rs27a-rv
CCATCTTCCAGCTGCTTACCA
TBP-fw
CACGGACAACTGCGTTGATTT
TBP-rv
GCCCAACTTCTGCACAACTCT
NICD-fw
CGTACTCCGTTACATGCAGCA
NICD-rv
AGGATCAGTGGAGTTGTGCCA
Hes1-fw
TCAACACGACACCGGACAAA
Hes1-rv
CCTTCGCCTCTTCTCCATGAT
RIAM-fw
TCTGCTGTGATGACGCAAGAA
RIAM-rv
ACCAACAGTCCCCAGGTTTGT
S100a6-fw
ACTCTGGCAAGGAAGGTGACA
S100a6-rv
TCAGCCTTGCAATTTCAGCA
Phlda3-fw
CGCCACATCTACTTCACGCTAG
Phlda3-rv
TTGAACTTGACCAGGCCCA
Rasgef1c-fw
CGAGCATCACCCATTACCTGT
Rasgef1c
CTCGCTTTCATAGGAAGCCAA
HDAC4-fw
CTACATGTCCCTGCACCGCTAT
HDAC4-rv
TGACATTGAAACCCACGCCT
Rasd2-fw
“ATATCCTGGACACCTCTGGCA”
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primer

sequence

Rasd2-rv
Accn1-fw
Accn1-rv
Crym-fw
Crym-rv
Wnt10a-fw
Wnt10a-rv
NED-fw
NED-rv

CAGGCTGAACACCAGGATGAA
GCTGGAGATCATGCTGGACAT
TGGATGAAAGGTGGCTCAGAC
GTGATTTCAGGAGCGAAGCCT
AACCAGGTCTTCCACTGCCAT
CACAGAGACATCCATGCTCGA
TACGCCGCATGTTCTCCAT
GGACGGCGTGAATACCTACAA
GCTGACATTCGTCCACATCCT

Transfections
HEK293T cells were cultured in 10cm Petri dishes in Dulbecco’s Modified Eagle’s
Medium (Gibco Invitrogen) supplemented with 10% foetal bovine serum (Invitrogen), 100U/ml penicillin and 100μg/ml streptomycin (Invitrogen). One day after
seeding, cells were transfected for 3h with a total of 1μg of plasmid DNA, using
lipofectamin transfection (Invitrogen).
Luciferase
Cells were harvested 48h after transfection and luciferase activity was measured
using the Dual Luciferase® Reporter Assay System (Promega) on a Centro LB 960
luminometer (Berthold Technologies, Vilvoorde, Belgium). For every sample firefly
Hes1-luciferase activity was normalized versus TK-Renilla luciferase activity. Statistical significance was determined using Student’s t test. A p-value of <0.05 was
considered statistically significant. The number of samples per condition was, control, n=9; NICD, n=14; HDAC4, n=14; NICD and HDAC4, n=13.
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Results
Microarray analysis of transgenic mice expressing NICD in cortical pyramidal neurons
To investigate Notch1-induced molecular signalling in cerebral cortex, we made use
of transgenic mice expressing a constitutively active Notch1-protein (consisting of
NICD alone) selectively in cerebral cortex pyramidal neurons, with an expression
onset in the early fourth postnatal week [Dahlhaus et al., 2008]. The transgene encoded NICD under the control of the Thy-1 promoter and was preceded by a transcriptional stop cassette flanked by loxP recognition sites. By crossing animals carrying this transgene to G35-3 Cre transgenic mice [Sawtell et al., 2003], offspring
was produced in which the stop cassette was excised and transgene expression established in all pyramidal cells in the neocortex and hippocampus.
For microarray analyses, RNA samples were isolated from the cerebral cortex of 9
adult NICD+Cre+ animals and 6 littermate controls (NICD+Cre-, NICD-Cre+ or
NICD-Cre-). The RNA samples were pooled per genotype and eight parallel microarray experiments were performed. In half of these experiments a dye swap was
performed to avoid dye specific biases.
Statistical analysis of the microarray data revealed a remarkably low number of
genes differentially expressed between NICD+Cre+ transgenic mice and littermate
controls. By means of ANOVA with Benjamini-Hochberg correction for multiple
comparisons, 177 significantly regulated transcripts were identified of which 102
were upregulated in NICD+Cre+ mice and 75 were downregulated (table 1). Only
22 genes were upregulated by more than 25%, 18 genes were downregulated to the
same degree (table 2).
Automated categorization of genes with changes in transcript levels did not provide
useful information, likely due to the small number of regulated genes. However, upon
manual inspection we noticed that especially genes involved in Ras/MAPK signalling were upregulated, including Rasd2, Rasgef1b, Rasgef1c, RIAM, Rph3a, and
Mink1, or downregulated such as Grb10 and the Erk target Ets2. Moreover, various
genes involved in transcriptional regulation were upregulated (Hes1, XP_359291.1,
Atrophin-1 and HDAC4) or downregulated (Ets2 and Nfix). Of these, only Hes1 is
a known target of Notch1.
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gene-symbol
Hes1
Phlda3
S100a6
Rasd2
Apbb1ip

Rasgef1c
Rph3a
Tinagl
Atn1
Accn1
Brsk1
XP_359291.1

identifier

NM_008235

NM_013750

NM_011313

XM_204287

NM_019456

NM_029004

NM_011286

NM_023476

NM_007881

NM_007384

NM_001003920

XM_359291

1,48

1,52

1,59

1,66

NICD+Cre+/
control

1,34

1,35

1,31

PREDICTED: similar to ring
finger protein 39

BR serine/threonine kinase 1

1,30

1,31

amiloride-sensitive cation channel 1,31
1, neuronal (degenerin)

atrophin 1

tubulointerstitial nephritis antigen- 1,31
like

rabphilin 3A

RasGEF domain family, member
1C

amyloid beta (A4) precursor
1,44
protein-binding, family B, member
1 interacting protein

RASD family, member 2

S100 calcium binding protein A6
(calcyclin)

pleckstrin homology-like domain,
family A, member 3

hairy and enhancer of split 1

description

0,0006

0,0089

0,0009

0,0089

0,0008

0,0090

0,0004

0,0002

0,0001

0,0001

0,0001

0,0000

ENSMUSG00000036492

ENSMUSG00000035390

ENSMUSG00000020704

ENSMUSG00000004263

ENSMUSG00000028776

ENSMUSG00000029608

ENSMUSG00000020374

ENSMUSG00000026786

ENSMUSG00000034472

ENSMUSG00000001025

ENSMUSG00000041801

ENSMUSG00000022528

P-value
BH
ENSEMBL

Table 1. Genes expressed significantly different between NICD+Cre+ transgenic animals and controls. A cut-off of p<0.05 (Benjamini-Hochberg
corrected ANOVA) was used.
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1300003K24Rik
Slc7a8

Mink1
Rasgef1b
Dars
AI480556
Calr

Mical2

Col24a1
Car12

2610204M08Rik RIKEN cDNA 2610204M08 gene
(2610204M08Rik), mRNA

NM_027900

NM_016972

NM_016713;NM_176893

NM_145839;NM_181318

NM_145507;NM_177445

NM_001008422

NM_007591

NM_177282

XM_619970

NM_178396

NM_198411

0,0442

1,25

carbonic anyhydrase 12

procollagen, type XXIV, alpha 1

1,239

1,239

1,24

0,0084

0,0025

0,0041

0,0037

0,0231

0,0071

0,0090

0,0012

0,0321

0,0091

0,0132

0,0260

0,0197

0,0008

ENSMUSG00000037679

ENSMUSG00000032373

ENSMUSG00000028197

ENSMUSG00000038244

ENSMUSESTG00000021095

ENSMUSG00000003814

ENSMUSG00000038406

ENSMUSG00000026356

ENSMUSG00000029333

ENSMUSG00000020827

ENSMUSG00000022180

ENSMUSG00000025404

ENSMUSG00000026313

ENSMUSG00000047085

ENSMUSG00000045567

P-value
BH
ENSEMBL

1,26

1,26

1,26

1,27

1,27

1,28

1,29

1,29

1,29

microtubule associated monoxy1,25
genase, calponin and LIM domain
containing 2

calreticulin

expressed sequence AI480556

aspartyl-tRNA synthetase

RasGEF domain family, member
1B

misshapen-like kinase 1

solute carrier family 7 (cationic
amino acid transporter, y+ system), member 8

R3H domain protein KIAA1002

histone deacetylase 4

Hdac4

leucine rich repeat containing 4B

NP_937893.1

NM_207225

Adult male tongue cDNA, RIKEN 1,29
full-length enriched library,
clone:2310067L16

2310067L16Rik

NICD+Cre+/
control

description

gene-symbol

NM_198250

identifier
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Eno2

Maz

Il7r

Rtdr1

XM_489730

NM_013509

Cabp1

NM_013879

NM_008372

Alcam

NM_009655

Vamp2

D8Ertd82e

NM_172911

NM_009497

Srebf2

NM_033218

Cnp1

Mansc1

NM_026345

NM_009923

Klc2

NM_008451

Adra1b

MYC-associated zinc finger protein (purine-binding transcription
factor)

Cd7

NM_009854

NM_007416

rhabdoid tumor deletion region
gene 1

Spnb3

NM_021287

NICD+Cre+/
control

enolase 2, gamma neuronal

interleukin 7 receptor

vesicle-associated membrane
protein 2

cyclic nucleotide phosphodiesterase 1

adrenergic receptor, alpha 1b

calcium binding protein 1

activated leukocyte cell adhesion
molecule

MFLJ00269 protein (Fragment)

sterol regulatory element binding
factor 2

MANSC domain containing 1

kinesin light chain 2

CD7 antigen

spectrin beta 3

1,212

1,212

1,213

1,214

1,215

1,217

1,219

1,22

1,226

1,227

1,229

1,23

1,231

1,233

1,236

discs, large (Drosophila) homolog- 1,238
associated protein 3

Dlgap3

NM_198618

description

gene-symbol

identifier

0,0311

0,0321

0,0260

0,0042

0,0132

0,0240

0,0114

0,0162

0,0055

0,0053

0,0202

0,0199

0,0190

0,0090

0,0082

0,0285

ENSMUSG00000004267

ENSMUSG00000003882

ENSMUSG00000020894

ENSMUSG00000006782

ENSMUSG00000050541

ENSMUSG00000030678

ENSMUSG00000009070

ENSMUSG00000029544

ENSMUSG00000022636

ENSMUSG00000050271

ENSMUSG00000022463

ENSMUSG00000032718

ENSMUSG00000024862

ENSMUSG00000025163

ENSMUSG00000067889

ENSMUSG00000042388

P-value
BH
ENSEMBL
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Ell2
Chst2
Adrbk1
Dlgap1
Spnb3
XP_359291.1

XM_484289

NM_018763

NM_130863

NM_177639

NM_021287

NM_001099632.1

1,208

1,208

1,209

1,211

1,212

1,203

1,204

PREDICTED: similar to ring
finger protein 39

spectrin beta 3

contactin associated protein 1

1,198

1,201

1,202

1,202

1,202

discs, large (Drosophila) homolog- 1,203
associated protein 1

adrenergic receptor kinase, beta 1

carbohydrate sulfotransferase 2

elongation factor RNA polymerase 1,206
II 2

solute carrier family 17 (sodiumdependent inorganic phosphate
cotransporter), member 7

Cntnap1

Slc17a7

NM_182993

synaptophysin

NM_016782

Syp

NM_009305

insulin-like growth factor binding
protein 7

ADP-ribosylation factor-like 10B

Igfbp7

NM_008048

PTK2 protein tyrosine kinase 2
beta

Arl10b

Ptk2b

NM_172498

RIKEN cDNA C030046I01 gene
(C030046I01Rik), mRNA

NM_026823

C030046I01Rik

NM_177994

NICD+Cre+/
control

acyl-Coenzyme A binding domain 1,212
containing 6

lemur tyrosine kinase 3 (Lmtk3),
mRNA

Acbd6

NM_028250

description

NM_001005511

gene-symbol

identifier

0,0268

0,0322

0,0480

0,0074

0,0255

0,0375

0,0386

0,0173

0,0089

0,0486

0,0162

0,0037

0,0173

0,0255

0,0071

ENSMUSG00000017167

ENSMUSG00000026426

ENSMUSG00000062044

ENSMUSG00000036492

ENSMUSG00000067889

ENSMUSG00000003279

ENSMUSG00000024858

ENSMUSG00000033350

ENSMUSG00000001542

ENSMUSG00000045228

ENSMUSG00000031144

ENSMUSG00000036256

ENSMUSG00000059456

ENSMUSG00000035781

ENSMUSG00000033701

P-value
BH
ENSEMBL
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Cpne5
Dhcr24
4631426J05Rik
Grp
XP_620246.1
D1Ertd622e
Hcn2
6430517E21Rik

NM_153166

NM_053272

NM_029935

NM_175012

XM_620246

NM_133825

NM_008226

NM_207583

1,191

1,192

1,192

1,192

1,192

1,194

1,194

1,194

1,195

1,196

1,197

1,197

NICD+Cre+/
control

BMP/retinoic acid-inducible
neural-specific protein 2

Jun proto-oncogene related gene
d1

1,187

1,188

1,189

1,189

hyperpolarization-activated, cyclic 1,191
nucleotide-gated K+ 2

PREDICTED: myosin XVIIIb

gastrin releasing peptide

N-acetylgalactosamine 4-sulfate
6-O-sulfotransferase

24-dehydrocholesterol reductase

copine V

RNA binding motif protein 14

Jund1

Rbm14

NM_019869

seizure related gene 6

NM_010592

Sez6

NM_021286

developmentally regulated RNA
binding protein 1

RIKEN cDNA 4930538D17 gene
(4930538D17Rik), mRNA

Drbp1

NM_178090;NM_153405

myelin-associated glycoprotein

cortexin 1

ribonucleotide reductase M2

Mag

NM_010758

4930538D17Rik

Ctxn1

NM_183315

RIKEN cDNA 6330406I15 gene
(6330406I15Rik), mRNA

NM_029186

6330406I15Rik

NM_027519

description

NM_138686;NM_001004455 Cys1

gene-symbol

identifier

0,0496

0,0167

0,0188

0,0162

0,0365

0,0164

0,0346

0,0154

0,0197

0,0311

0,0275

0,0162

0,0181

0,0371

0,0149

0,0181

0,0162

ENSMUSG00000049389

ENSMUSG00000025227

ENSMUSG00000062563

ENSMUSG00000004031

ENSMUSG00000020331

ENSMUSG00000044768

ENSMUSG00000044918

ENSMUSG00000024517

ENSMUSG00000030930

ENSMUSG00000034926

ENSMUSG00000024008

ENSMUSG00000006456

ENSMUSG00000000632

ENSMUSG00000042369

ENSMUSG00000036634

ENSMUSG00000048644

ENSMUSG00000029659

P-value
BH
ENSEMBL
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74
ATP-binding cassette, sub-family
B (MDR/TAP), member 9
NOD-derived CD11c +ve dendrit- 1,18
ic cells cDNA, RIKEN full-length
enriched library

NP_775579.1

Ap2a1

Blnk

Abcb9

1200016G03Rik

NM_007458

NM_008528

NM_019875;NM_177876

claudin 11

Heparan sulfate glucosamine 3-O- 1,174
sulfotransferase 2 (EC 2.8.2.29)

Slc12a9

Prss19

Cldn11

OST2_MOUSE

NM_031406

NM_008940

NM_008770

kalirin, RhoGEF kinase

Kalrn

1,17

EF hand calcium binding protein 2 1,17

Efcbp2

1,172

NM_054095

G protein-coupled receptor 103

Gpr103

1,174

1,175

1,176

1,177

NM_198192

protease, serine, 19 (neuropsin)

solute carrier family 12 (potassium/chloride transporters),
member 9

aortic preferentially expressed
gene 1

1,177

Apeg1

profilin 1

Pfn1

NM_007463

1,179

NM_011072

tubulin, beta 4

Tubb4

1,185

1,185

1,185

1,187

NM_009451

B-cell linker

adaptor protein complex AP-2,
alpha 1 subunit

1,187

NM_173403

CDC42 effector protein (Rho
GTPase binding) 4

Cdc42ep4

NICD+Cre+/
control

NM_020006

description

gene-symbol

identifier

0,0447

0,0152

0,0453

0,0306

0,0295

0,0255

0,0260

0,0431

0,0253

0,0453

0,0240

0,0162

0,0318

0,0208

0,0485

0,0129

ENSMUSG00000057487

ENSMUSG00000031837

ENSMUSG00000058400

ENSMUSG00000046321

ENSMUSG00000037625

ENSMUSG00000064023

ENSMUSG00000037344

ENSMUSG00000026207

ENSMUSG00000018293

ENSMUSG00000062591

ENSMUSG00000037185

ENSMUSG00000029408

ENSMUSG00000061132

ENSMUSG00000060279

ENSMUSG00000029219

ENSMUSG00000041598

P-value
BH
ENSEMBL
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gene-symbol

Mobp

Cgref1

Plekhb1

Pik3r1

Ppp1r1b

Bcas1

Daam2

Pde1b

Adcy2

Nav1

BC061259

Lrpap1

identifier

NM_008614

XM_181420

NM_013746

NM_001024955

NM_144828

NM_029815

NM_001008231

NM_008800

NM_153534

NM_173437

NM_198424

NM_013587

1,169

NICD+Cre+/
control

1,163

1,164

1,164

1,168

1,154

1,158

1,162

1,162

low density lipoprotein receptor0,864
related protein associated protein 1

cDNA sequence BC061259

neuron navigator 1

adenylate cyclase 2

phosphodiesterase 1B, Ca2+calmodulin dependent

dishevelled associated activator of 1,163
morphogenesis 2

breast carcinoma amplified sequence 1

protein phosphatase 1, regulatory
(inhibitor) subunit 1B

phosphatidylinositol 3-kinase,
regulatory subunit, polypeptide 1
(p85 alpha)

pleckstrin homology domain
containing, family B (evectins)
member 1

cell growth regulator with EF hand 1,169
domain 1

myelin-associated oligodendrocytic basic protein

description

0,0480

0,0310

0,0480

0,0380

0,0453

0,0494

0,0402

0,0364

0,0340

0,0275

0,0321

0,0260

ENSMUSG00000029103

ENSMUSG00000043964

ENSMUSG00000009418

ENSMUSG00000021536

ENSMUSG00000022489

ENSMUSG00000040260

ENSMUSG00000013523

ENSMUSG00000061718

ENSMUSG00000041417

ENSMUSG00000030701

ENSMUSG00000029161

ENSMUSG00000032517

P-value
BH
ENSEMBL
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76
Bone marrow macrophage cDNA, 0,854
RIKEN full-length enriched
library, product:splicing factor

Dnajb4

H2-L

Nr4a1

Q3U781_

NM_025926;NM_027287

NM_010380

NM_010444

Btbd9

Sfrs3

Sfrs7

Stk36

Ptpre

Camk1g

NM_172618

NM_013663

NM_146083

NM_175031

NM_011212

NM_144817

MOUSE

nuclear receptor subfamily 4,
group A, member 1

Tia1

NM_011585

0,854

0,855

0,856

calcium/calmodulin-dependent
protein kinase I gamma

protein tyrosine phosphatase,
receptor type, E

serine/threonine kinase 36 (fused
homolog, Drosophila)

splicing factor, arginine/serinerich 7

0,848

0,0260

0,0322

0,0442

0,851
0,85

0,0255

0,0275

0,0375

0,0311

0,0431

0,0295

0,0350

0,0455

0,0398

0,0494

ENSMUSG00000016179

ENSMUSG00000041836

ENSMUSG00000051566

ENSMUSG00000033276

ENSMUSG00000024097

ENSMUSG00000045786

ENSMUSG00000062202

ENSMUSG00000034437

ENSMUSG00000023034

ENSMUSG00000036861

ENSMUSG00000028035

ENSMUSG00000029997

ENSMUSG00000030002

P-value
BH
ENSEMBL

0,852

0,853

splicing factor, arginine/serine-rich 0,854
3 (SRp20)

BTB (POZ) domain containing 9

histocompatibility 2, D region
locus 1

DnaJ (Hsp40) homolog, subfamily 0,857
B, member 4

cytotoxic granule-associated RNA 0,859
binding protein 1

dual specificity phosphatase 11
0,861
(RNA/RNP complex 1-interacting)

Dusp11

NICD+Cre+/
control

NM_028099

description

gene-symbol

identifier
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Rtf1, Paf1/RNA polymerase II
complex component, homolog (S.
cerevisiae)
Mus musculus clone NCD40
0,844
LINE-1 element ORF1 (Fragment)

Cacybp

Rtf1

Q6LCX0_
MOUSE

Acoxl

MOUSE

0,0173

Q3USP3_

NM_028765

0,0189

4930553M18Rik RIKEN cDNA 4930553M18 gene 0,842
(4930553M18Rik), transcript variant 2, mRNA

acyl-Coenzyme A oxidase-like

Adult male corpora quadrigemina cDNA, RIKEN
full-length enriched library,
product:hypothetical protein

0,841

0,842

0,842

0,0202

0,0340

0,0350

NM_029248

Sec61, alpha subunit 2 (S. cerevisiae)

0,842

Sec61a2

transmembrane protein 41a

Tmem41a

NM_021305

0,0162

0,0321

0,0296

0,0181

0,0371

0,0285

NM_025693

0,843

0,844

0,847

0,848

5730406M06Rik 8 days embryo whole body cDNA, 0,842
RIKEN full-length enriched
library, product:SR rich protein
homolog

reticulon 1

aquaporin 4

0,0238

ENSMUSG00000027380

ENSMUSG00000044224

ENSMUSG00000031939

ENSMUSG00000025816

ENSMUSG00000022856

ENSMUSG00000028248

ENSMUSG00000021087

ENSMUSG00000057331

ENSMUSG00000027304

ENSMUSG00000014226

ENSMUSG00000024411

ENSMUSG00000021559

P-value
BH
ENSEMBL

XM_283936

NM_153457;NM_001007596 Rtn1

calcyclin binding protein

Aqp4

NM_009786

0,848

NM_009700

death associated protein kinase 1

Dapk1

NICD+Cre+/
control

NM_029653

description

gene-symbol

identifier
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Garnl3

NM_178888

GTPase activating RANGAP
domain-like 3

description

Nol5a

Hspa5

Smoc1

NM_024193

NM_022310

NM_022316

SPARC related modular calcium
binding 1

heat shock 70kD protein 5
(glucose-regulated protein)

nucleolar protein 5A

similar to cytoplasmic beta-actin
(LOC547246), mRNA

F-box only protein 33

Fbxo33

XM_622627.1

XM_622627

18-day embryo whole body
cDNA, RIKEN full-length enriched library, product:similar to
HT033

XM_127032

D4Wsu53e

NM_023665

zinc finger protein 612

CDC-like kinase 1

RCE1 homolog, prenyl protein
peptidase (S. cerevisiae)

Zfp612

NM_175480

Rce1

Clk1

NM_009905

RIKEN cDNA A930034L06 gene
(A930034L06Rik), mRNA

DNA segment, human D4S114

NM_023131

A930034L06Rik

NM_175692

protein tyrosine phosphatase,
receptor type, D

D0H4S114

NM_053078

prostaglandin H2 D-isomerase

NM_011211;NM_001014288 Ptprd

NP_032989.1

NM_008963

A230054D04Rik RIKEN cDNA A230054D04 gene

gene-symbol

identifier

0,824

0,825

0,826

0,829

0,83

0,834

0,834

0,835

0,838

0,838

0,839

0,839

0,839

0,841

0,841

NICD+Cre+/
control

0,0087

0,0321

0,0170

0,0134

0,0132

0,0183

0,0398

0,0093

0,0162

0,0198

0,0240

0,0179

0,0172

0,0209

0,0198

ENSMUSG00000035329

ENSMUSG00000024889

ENSMUSG00000028399

ENSMUSG00000021136

ENSMUSG00000026864

ENSMUSG00000027405

ENSMUSG00000060781

ENSMUSG00000037266

ENSMUSG00000044676

ENSMUSG00000026034

ENSMUSG00000044349

ENSMUSG00000042834

ENSMUSG00000015090

ENSMUSG00000050223

ENSMUSG00000038860

P-value
BH
ENSEMBL
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gene-symbol

Rbm3

Igf2

Cbln4

Grb10

Dpyd

NP_032989.1

NP_032989.1

Camkk1

Gnai1

Trib2

Tnp2

Myom2

D130059P03Rik

Nov

identifier

NM_016809

NM_010514

NM_175631

NM_010345

NM_170778

NM_008963

NM_008963

NM_018883

NM_010305

NM_144551

NM_013694

NM_008664

NM_177185

NM_010930

nephroblastoma overexpressed
gene

RIKEN cDNA D130059P03
gene (D130059P03Rik), mRNA
(ubinuclein2)

myomesin 2

transition protein 2

tribbles homolog 2 (Drosophila)

guanine nucleotide binding protein, alpha inhibiting 1

calcium/calmodulin-dependent
protein kinase kinase 1, alpha

prostaglandin H2 D-isomerase

prostaglandin H2 D-isomerase

0,0041

0,0025

0,80
0,80

0,0300

0,0064

0,0052

0,0024

0,0061

0,0052

0,0028

0,0041

0,801

0,802

0,803

0,805

0,807

0,81

0,812

0,813

0,0055

0,0037

0,0492

0,815

0,0041

0,818

0,0089

0,818

0,0162

0,822

0,0061

ENSMUSG00000037362

ENSMUSG00000067730

ENSMUSG00000038538

ENSMUSG00000031461

ENSMUSG00000043050

ENSMUSG00000020601

ENSMUSG00000057614

ENSMUSG00000020785

ENSMUSG00000015090

ENSMUSG00000015090

ENSMUSG00000033308

ENSMUSG00000020176

ENSMUSG00000046782

ENSMUSG00000067578

ENSMUSESTG00000020631

ENSMUSG00000048583

ENSMUSG00000031167

P-value
BH
ENSEMBL

0,823

0,824

NICD+Cre+/
control

dihydropyrimidine dehydrogenase 0,814

growth factor receptor bound
protein 10

cerebellin 4 precursor protein

insulin-like growth factor 2

RNA binding motif protein 3

description
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Ets2

Mfn1

Pam

D430039N05Rik RIKEN cDNA D430039N05 gene 0,78
(D430039N05Rik), mRNA

NP_733785.1

Metrnl

Grb10

Nfix

Wdsub1

Wnt10a

BC053749

Olfr919

Ott

D13Bwg1146e

Cdkn3

NM_024200

NM_013626

NM_175514

NM_170684

NM_144797

NM_010345

NM_010906

NM_028118

NM_009518

NM_183321

NM_146440

NM_011022

NM_029879

XM_899867

cyclin-dependent kinase inhibitor 3

R7 binding protein

ovary testis transcribed

olfactory receptor 919

cDNA sequence BC053749

wingless related MMTV integration site 10a

WD repeat, SAM and U-box
domain containing 1

nuclear factor I/X

growth factor receptor bound
protein 10

meteorin, glial cell differentiation
regulator-like

copine 7 protein

peptidylglycine alpha-amidating
monooxygenase

mitofusin 1

E26 avian leukemia oncogene 2,
3' domain

0,64

0,69

0,71

0,71

0,71

0,75

0,76

0,77

0,77

0,77

0,77

0,78

0,78

0,79

0,79

NM_011809

crystallin, mu

Crym

NICD+Cre+/
control

NM_016669

description

gene-symbol

identifier

0,0001

0,0027

0,0170

0,0162

0,0209

0,0005

0,0009

0,0327

0,0257

0,0009

0,0012

0,0257

0,0407

0,0016

0,0025

0,0012

ENSMUSG00000037628

ENSMUSG00000021719

ENSMUSG00000056861

ENSMUSG00000056961

ENSMUSG00000036864

ENSMUSG00000026167

ENSMUSG00000026988

ENSMUSG00000001911

ENSMUSG00000020176

ENSMUSG00000039208

ENSMUSG00000034796

ENSMUSG00000048388

ENSMUSG00000026335

ENSMUSG00000027668

ENSMUSG00000022895

ENSMUSG00000030905

P-value
BH
ENSEMBL
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0.0089
0.0006

0.0008

1.31

PREDICTED: similar to ring finger
protein 39
1.30
Adult male tongue cDNA,
RIKEN full-length enriched library,
clone:2310067L16
1.29

Rasd2

Apbb1ip

Rasgef1c

Rph3a

Tinagl

Atn1

Accn1

Brsk1

XP_359291.1

2310067L16Rik

XM_204287

NM_019456

NM_029004

NM_011286

NM_023476

NM_007881

NM_007384

NM_001003920

XM_359291

0.0004

RasGEF domain family, member
1C

0.0009

BR serine/threonine kinase 1

0.0089

1.31

amiloride-sensitive cation channel
1, neuronal (degenerin)
1.31

0.0008

tubulointerstitial nephritis antigenlike
1.31
atrophin 1

0.0090

1.34

1.35

0.0002

rabphilin 3A

0.0001

1.48

0.0001

0.0001

amyloid beta (A4) precursor
protein-binding, family B, member
1 interacting protein (RIAM)
1.44

RASD family, member 2

1.52

S100a6

S100 calcium binding protein A6
(calcyclin)

NM_011313

1.59

pleckstrin homology-like domain,
family A, member 3

Phlda3

0.0000

NM_013750

1.66

hairy and enhancer of split 1

Hes1

ENSMUSG00000045567

ENSMUSG00000036492

ENSMUSG00000035390

ENSMUSG00000020704

ENSMUSG00000004263

ENSMUSG00000028776

ENSMUSG00000029608

ENSMUSG00000020374

ENSMUSG00000026786

ENSMUSG00000034472

ENSMUSG00000001025

ENSMUSG00000041801

ENSMUSG00000022528

P-value
BH
ENSEMBL-identifier

NM_008235

NICD+Cre+/
control

Symbol

Identifier

Description

Table 2. Genes expressed significantly different between NICD+Cre+ transgenic animals and controls. A cut-off of p<0.05 (Benjamini-Hochberg
corrected ANOVA) and 1.25 fold change was used.
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Dars

AI480556

Calr

Nov

Crym

Ets2

Mfn1

Pam

NP_733785.1

NM_145507;NM_177445

NM_001008422

NM_007591

NM_010930

NM_016669

NM_011809

NM_024200

NM_013626

NM_175514

NM_170684

0.0025

0.80

0.0025

E26 avian leukemia oncogene 2, 3’
domain
0.79

copine 7 protein

0.77

0.0012

0.0016

0.0012

0.79

crystallin, mu

0.0041

0.0231

0.0071

0.0090

0.0012

1.26

1.26

nephroblastoma overexpressed gene 0.80

calreticulin

expressed sequence AI480556

1.26

1.27

aspartyl-tRNA synthetase

RasGEF domain family, member
1B

0.0257

Rasgef1b

NM_145839;NM_181318

0.0321

0.0091

1.27

misshapen-like kinase 1

0.0407

Mink1

NM_016713;NM_176893

0.78

Slc7a8

NM_016972

solute carrier family 7 (cationic
amino acid transporter, y+ system),
member 8
1.28

0.0260
0.0132

1.29
1.29

R3H domain protein KIAA1002

histone deacetylase 4

0.0197

RIKEN cDNA D430039N05 gene
D430039N05Rik (D430039N05Rik), mRNA
0.78

1300003K24Rik

NM_027900

1.29

ENSMUSG00000034796

ENSMUSG00000048388

ENSMUSG00000026335

ENSMUSG00000027668

ENSMUSG00000022895

ENSMUSG00000030905

ENSMUSG00000037362

ENSMUSG00000067730

ENSMUSG00000003814

ENSMUSG00000038406

ENSMUSG00000026356

ENSMUSG00000029333

ENSMUSG00000020827

ENSMUSG00000022180

ENSMUSG00000025404

ENSMUSG00000026313

ENSMUSG00000047085

P-value
BH
ENSEMBL-identifier

peptidylglycine alpha-amidating
monooxygenase

Hdac4

NM_207225

leucine rich repeat containing 4B

NICD+Cre+/
control

0.78

NP_937893.1

NM_198250

Description

mitofusin 1

Symbol

Identifier

chapter

3

Symbol

Metrnl

Grb10

Nfix

Wdsub1

Wnt10a

BC053749

Olfr919

Ott

D13Bwg1146e

Cdkn3

Identifier

NM_144797

NM_010345

NM_010906

NM_028118

NM_009518

NM_183321

NM_146440

NM_011022

NM_029879

XM_899867

0.69

0.71

0.71

cyclin-dependent kinase inhibitor 3 0.64

R7 binding protein

ovary testis transcribed

olfactory receptor 919

0.71

0.0001

0.0027

0.0170

0.0162

0.0209

0.0005

cDNA sequence BC053749

0.0009

0.76

wingless related MMTV integration
site 10a
0.75

0.0327

0.0257

WD repeat, SAM and U-box domain containing 1

0.77

growth factor receptor bound
protein 10

0.0009

0.77

0.77

meteorin, glial cell differentiation
regulator-like

ENSMUSG00000037628

ENSMUSG00000021719

ENSMUSG00000056861

ENSMUSG00000056961

ENSMUSG00000036864

ENSMUSG00000026167

ENSMUSG00000026988

ENSMUSG00000001911

ENSMUSG00000020176

ENSMUSG00000039208

P-value
BH
ENSEMBL-identifier

nuclear factor I/X

NICD+Cre+/
control

Description
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Other genes regulated in NICD transgenic animals that could not be grouped but
potentially play a role in cortical plasticity or degeneration included Phlda3 (a p53
regulated repressor of Akt) Cdkn3 (an inhibitor of the kinase Cdk2), S100a6 (a calcium binding protein) and Brsk1 (a kinase involved in axon outgrowth and vesicle
release).
Confirmation of microarray results by quantitative RT-PCR
To confirm the microarray results, RNA was isolated from additional animals and
quantitative RT-PCR was performed for a number of genes regulated significantly,
and displaying a difference of at least 25% between control animals and transgenics.
Genes selected included representatives of the groups mentioned above and others
likely interesting for understanding plasticity. Compared to control littermates (set
to 1) NICD+Cre+ animals showed increased expression of Hes1 (2.47 ± 0.26 in
transgenics vs 1 ± 0.08 in littermate controls; p<0.001; figure 1 and figure 2c), RIAM
(2.20 ± 0.22 vs 1 ± 0.07; p<0.001; figure 1 and figure 2e), S100a6 (1.61 ± 0.11 vs 1
± 0.08; p<0.001; figure 1 and figure 2g), Rasgef1c (1.78 ± 0.12 vs 1 ± 0.11; p<0.001;
figure 1), Phlda3 (2.11 ± 0.35 vs 1 ± 0.10; p<0.01; figure 1) and HDAC4 (1.47 ± 0.09
vs 1 ± 0.11; p=0.001; figure 1).
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Figure 1. Confirmation of expression of selected genes by quantitative RT-PCR. Representation of
fold changes of selected genes in NICD+Cre+ animals compared to controls, for both microarray
(white) and qPCR (black).
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Figure 2 (continued on next page). Differential gene expression between NICD+Cre+ transgenics and
controls is restricted to the cerebral cortex. Cre expression occurs in the cerebral cortex but not in the
cerebellum. To show that modulation of transcription in transgenic animals occurs only in the brain
region where Cre is expressed, quantitative RT-PCR was performed in both the cerebral cortex and
cerebellum. A-B) Expression of the Notch intracellular domain is increased in the cerebral cortex of
NICD+Cre+ transgenic animals, but not in the cerebellum. The same is true for Hes1 (C-D), RIAM
(E-F) and S100a6 (G-H). I) Expression of the Notch extracellular domain (NED) is unchanged in the
cerebral cortex of NICD+Cre+ transgenic animals, demonstrating that increased NICD expression in
the cerebral cortex of NICD+Cre+ transgenic animals (A) reflects transgene expression. Error bars
indicate SEM. *** p<0.001. Data on cortex: 19 controls, 22 transgenics. Data on cerebellum: 8 controls, 8 transgenics.
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RT-PCR on three other transcripts showed a trend towards regulation in the same
direction as the microarray experiments, although these differences were not significant. This was true for Rasd2 (1.53 ± 0.33 in transgenics compared to 1 ± 0.13 in littermate controls; p=0.09; figure 1), Accn1 (1.35 ± 0.23 vs 1 ± 0.19; p=0.13; figure 1)
and Wnt10a (0.81 ± 0.11 vs 1 ± 0.16; p=0.15; figure 1). Also NICD expression was
increased (8.12 ± 0.91 vs 1 ± 0.05; p<0.001; figure 2a). To show that this specifically
represented NICD transgene expression, we also quantified NICD expression in the
retina [Dahlhaus et al., 2008] and cerebellum, where transgene expression does not
occur. Indeed, in the cerebellum NICD expression was not increased in transgenics
compared to controls (1.09 ± 0.05 vs 1 ± 0.05; p=0.41; figure 2b). Additionally, we
quantified expression of the Notch extracellular domain (NED) and found that as
anticipated, expression of the extracellular part of Notch was unaffected (0.98 ± 0.06
vs 1 ± 0.09; p=0.88; figure 2i).
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Regulation of transcripts by Notch was restricted to the brain regions where transgene expression occurred. Expression of Hes1, RIAM and S100a6 was not changed
in the cerebellum of NICD+Cre+ animals (figure 2d, 2f and 2h). This showed that
the observed effects were specifically due to constitutive activity of the Notch pathway brought about by transgene expression.
HDAC4 inhibits Notch-mediated expression of Hes1
The number of genes of which expression levels were changed by overexpression
of NICD appeared relatively small. Interestingly, among the upregulated genes we
noticed a class IIa HDAC, HDAC4. Class IIa HDACs are known to interact with
HDAC1 (a class I HDAC) and CtBP, both inhibitors of Notch1-signalling. We therefore hypothesized that HDAC4 may form part of a feedback loop restricting Notchsignalling.
To analyse this possibility, we investigated whether overexpression of HDAC4 inhibits Notch1-mediated Hes1 expression. HEK293T cells were transfected with a
construct containing the Hes1-promoter driving firefly-derived luciferase expression. A construct encoding the TK promoter driving Renilla-derived luciferase was
used as a normalisation control, not affected by Notch pathway signalling. The influence of NICD and HDAC4 was tested by cotransfecting constructs encoding these
proteins, while a GFP construct served both to determine transfection efficiency and
to balance the total amount of transfected DNA.
As expected, expression of NICD increased promoter activity of its primary downstream target, Hes1 (2.65 ± 0.33 relative to control levels set to 1 ± 0.15; p=0.001;
figure 3). HDAC4 expression alone resulted in reduced Hes1 promoter activity (0.48
± 0.07; p=0.002 compared to control; figure 3). Co-expression of HDAC4 with
NICD (1.06 ± 0.19; figure 3) prevented the increased Hes1 activity induced by NICD
(p=0.0004), rendering it similar to control levels (p=0.83; figure 3). Together, these
data indeed confirm that HDAC4 inhibits Notch1-mediated transcription of Hes1.
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Figure 3. HDAC4 inhibits Notch-mediated transcription. Expression of NICD in HEK293 cells resulted in increased expression of its primary downstream target, Hes1, determined by using a coexpressed Hes1-luciferase reporter. HDAC4 reduced Hes1 expression under control conditions, and
also prevented the increased Hes1 expression induced by Notch. Error bars indicate SEM. ** p<0.01;
*** p<0.001.
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Discussion
In this study we aimed to identify and characterize transcripts regulated by Notch1signalling in cerebral cortical pyramidal neurons and identify potential mediators of
its effects on structural and functional plasticity. To this end, we used transgenic animals expressing NICD in pyramidal neurons of the neocortex, starting 3-4 weeks after birth. In this same mouse model, we have shown previously that cortical plasticity is affected by Notch1-signalling, both in vitro and in vivo [Dahlhaus et al., 2008].
Making use of microarray analysis and quantitative RT-PCR, we compared gene
expression levels in these mice with control animals. A surprisingly small number
of transcripts was found to be regulated by more than 25% as a result of enhanced
Notch1-signalling. We noticed that although not all these genes could be grouped in
functional categories, there was an overrepresentation of two groups of genes: those
involved in the Ras/MAPK pathway and those mediating transcriptional regulation.
Of the genes that could not be classified in these groups, some are worthy of note
due to their potential involvement in regulating cortical plasticity or neurodegeneration or possible cross-talk with Notch1-signalling. Of particular interest are Phlda3,
Cdkn3, s100a6 and Brsk1. Phlda3 is a recently discovered p53 regulated repressor of
Akt-signalling [Kawase et al., 2009], a signalling pathway intertwined with Notchsignalling and well known to regulate synaptic plasticity and neuronal morphology.
Cdkn3 is an inhibitor of Cdk2, a kinase activated by Notch1 [Ronchini et al., 2001].
S100a6 is a calcium binding protein potentially involved in the pathogenesis of
Alzheimer’s disease and found to be upregulated in APP transgenic animals [Boom
et al., 2004]. Last, Brsk1 is a kinase recently discovered to be involved in neuronal
polarity, axon outgrowth [Kishi et al., 2005; Barnes et al., 2007] and vesicle release
[Inoue et al., 2006].
The Ras/Mapk- and Notch1-signalling pathways are known to interact at various
levels, and can result in antagonism [Yoo et al., 2004; Hasson et al., 2005; Kawamura et al., 2005] or cooperation [Katz et al., 1995] depending on the system and
cell type. We found that in our NICD transgenic animals, more genes stimulating
Ras signalling were upregulated (5 genes: Rasgef1b, Rasgef1c, Riam, Rph3a, and
Mink1) than downregulated (2 genes: Grb10 and Ets2) indicating that in post-synaptic neurons Ras- and Notch1-signalling may be predominantly cooperative. An
especially interesting gene among these is Riam, also known as amyloid beta precursor protein-binding, family B, member 1 (Apbb1ip). As the name suggests, RIAM
interacts with the APP binding protein Fe65 [Ermekova et al., 1997] and may be
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involved in APP-signalling which has extensive cross-talk with the Notch1 pathway
[Fischer et al., 2005]. Moreover, RIAM is involved in integrin-mediated adhesion
[Lafuente et al., 2004; Lee et al., 2009] and actin-cytoskeleton dynamics [Lafuente
et al., 2004; Jenzora et al., 2005] and thus at an excellent position to regulate synaptic
plasticity and neurite outgrowth.
The genes encoding transcriptional regulators that were upregulated in NICD transgenic mice include the canonical Notch1 target Hes1, Atrophin-1, HDAC4 and the
obscure gene XP_545466, (“similar to ring finger protein 39”) of which no functional data exists. Hes1, Atrophin-1 and HDAC4 all have direct or indirect relations
to Notch1, neurite outgrowth, synaptic plasticity or neurodegeneration. Hes1 is the
best-known target of Notch1-signalling and has previously been found to regulate
neurite outgrowth. It may thus be an effector in the plasticity phenotype of NICD
transgenic animals [Dahlhaus et al., 2008]. Atrophin-1 is a transcriptional corepressor, which may interact with Notch1-signalling through two different signalling cascades. Outside of the nucleus, Atrophin-1 interacts with the ubiquitin E3 ligase AIP4
which is a regulator of Notch1 degradation. Moreover, the gene encoding Atrophin-1
itself is implicated in the neurodegenerative disease Dentatorubral-Pallidoluysian
atrophy, probably through transcriptional repression involving class I HDAC’s. Interestingly, class I HDAC‘s also inhibit Notch-induced molecular signalling [Kao
et al., 1998]. Whether Atrophin-1 indeed downregulates Notch1 through these two
mechanisms is not known. We do find however that another HDAC, HDAC4, is also
upregulated in NICD transgenic animals and that it has the capacity to inhibit Notch1
mediated gene transcription, thus providing a negative feedback signal.
We believe that this finding may explain why only a limited number of genes was
found to be regulated by NICD overexpression, and clarify our previous observation
that increasing levels of Notch1 expression during the development of our NICD
transgenic does not further increase expression levels of Hes1 [Dahlhaus et al.,
2008]. HDAC4 is a type II member of the HDAC family, members of which are
believed to regulate transcription by recruiting other nuclear suppressors to specific
genes. HDAC4 contains a binding site for CtBP [Zhang et al., 2001], which acts as a
co-repressor for Notch target genes and links HDAC to the transcriptional repressor
Hairless in Drosophila [Lai, 2002] and SHARP in mammals [Oswald et al., 2005].
Thus, NICD expression in pyramidal neurons of the neocortex upregulates HDAC4
and possibly other transcriptional repressors that play a potential role in mediating
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negative feedback and may represent a mechanism by which Notch1 mediated gene
expression is maintained at physiological levels.
Apart from restricting Notch1 activity, this regulation of HDAC4 expression may
also affect plasticity in the visual cortex of NICD transgenic animals. It has recently been shown that histone acetylation decreases with postnatal development and
restricts plasticity in the visual cortex [Putignano et al., 2007]. HDACs have also
been shown to modulate hippocampal LTP and memory [Levenson et al., 2004],
predominantly by the specific regulation of CREB-dependent transcriptional activation [Vecsey et al., 2007]. In addition, it was observed that reducing HDAC activity could counteract neuronal degeneration and recover learning and memory in a
mouse model of neurodegenerative disease [Fischer et al., 2007]. Upregulation of
HDAC4 may thus limit plasticity and increase neurodegeneration in diseases of the
CNS that are associated with increased levels of Notch1 expression.
Taken together, this study uncovers a negative feedback mechanism that restricts
Notch1-signalling in the neocortical pyramidal cells and identifies potential new target genes of Notch1 mediated transcription that may be involved in regulating neurite growth and cortical plasticity. This may prove to be a useful resource for future
studies aiming to uncover how Notch1-signals affect the developing and adult CNS.
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Abstract
During brain development, the neocortex shows periods of enhanced plasticity,
which enables the acquisition of knowledge and skills that we use and build on in
adult life. Key to persistent modifications of neuronal connectivity and plasticity of
the neocortex are molecular changes occurring at the synapse. Here we used iTRAQ
quantitation to measure levels of 467 synaptic proteins in a well-established model
of plasticity in the mouse visual cortex and the regulation of its critical period. We
found that inducing visual cortex plasticity by monocular deprivation during the critical period increased levels of kinases and proteins regulating the Actin-cytoskeleton
and endocytosis. Upon closure of the critical period with age, proteins associated
with transmitter vesicle release and the Tubulin- and Septin-cytoskeletons increased,
while Actin-regulators decreased in line with augmented synapse stability and -efficacy. Maintaining the visual cortex in a plastic state by dark rearing mice into adulthood only partially prevented these changes and increased levels of G-proteins and
protein kinase A subunits. This suggests that in contrast to general believe, dark rearing does not simply delay cortical development but may activate signalling pathways
that specifically maintain or increase the plasticity potential of the visual cortex.
Altogether, this study identified many novel candidate plasticity proteins and signalling pathways that mediate synaptic plasticity during critical developmental periods
or restrict it in adulthood. Several of the age- and visual input-dependent proteins
were associated with Wallerian axon degeneration. Genetically interfering with this
process strongly reduced visual plasticity.
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Introduction
Plasticity in the neocortex allows us to learn and adapt to our environment and occurs with active training and passive exposure. In particular during critical periods of development, neuronal connections of the neocortex are highly malleable.
Understanding the molecular mechanisms that regulate critical period plasticity is
highly relevant because dysregulation of neocortical plasticity during development
underlies many disorders of the brain, ranging from a lazy eye to schizophrenia.
Knowledge about the molecular events that regulate plasticity may eventually let
us control neocortical plasticity during development or reactivate it in adulthood for
clinical purposes.
The primary visual cortex (V1) is the most frequently used brain area for studying neocortical plasticity. Especially plasticity of ocular dominance is a convenient
experimental model. Prolonged occlusion of one eye (monocular deprivation, MD)
during the critical period results in a physiological [Gordon et al., 1996] and anatomical [Antonini et al., 1999] overrepresentation of inputs from the open eye at the cost
of inputs from the deprived eye. Dark rearing, whereby animals are raised in total
darkness from birth, results in a delayed critical period for plasticity of ocular dominance (OD) [Cynader, 1983]. Because these functional and anatomical changes are
well described and can be induced with relative ease, OD plasticity in V1 is highly
suitable for identifying cellular and molecular mechanisms involved in neocortical
plasticity and its critical period.
Studies in rodents have provided increasing knowledge on the genes and proteins
involved in OD plasticity, and the use of both forward- and reverse genetics [Nedivi,
1999; Heimel et al., 2008] has been instrumental in this. Also changes in gene expression observed by microarray studies [Tropea et al., 2006; Majdan et al., 2006] investigating plasticity-manipulating paradigms have generated valuable insights into
the molecular processes underlying visual cortex plasticity. In order to study the molecular events intrinsic to the synapse, however, direct approaches to quantitatively
address the synaptic proteome are necessary. This can be achieved by assessing fractions biochemically enriched for synaptic membranes. Such an approach has the
important advantage that localised events can be revealed that are otherwise hidden
in the complexity of molecular changes occurring in other subcellular compartments
or in non-neuronal cell types.
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Here we performed proteomic analyses using an isobaric tag for relative and absolute quantitation (iTRAQ) and tandem mass spectrometry. We used this approach
to identify proteins in the synaptic membrane fraction whose levels are altered by
visual experience or age. This method allowed for the labelling of peptides derived
from four different experimental paradigms and permitted parallel identification and
comparative quantification. We analysed the synaptic membrane proteome of the
binocular area of V1 from mice: i) during the critical period, ii) during the critical
period while OD plasticity was being induced, iii) in young adult mice after the
critical period and iv) in young adult mice in which the critical period was delayed
with dark rearing. Direct comparison of these groups enabled us to study the effects
of monocular deprivation and age on the synaptic membrane proteome fraction and
analyse how dark rearing affected the age-induced changes.
Materials & Methods
Animals
Throughout the study, male C57BL/6JOlaHsd mice from Harlan Netherlands were
used. Mice in group 1 (“P30”, binocular visual cortex isolated at P30), group 2
(“P30-MD”, binocular visual cortex isolated at P30 after 4 days of monocular deprivation) and group 3 (“P46”, binocular visual cortex isolated at P46) were housed
on a standard 12h light-dark cycle. Right eyelids of P30-MD mice were sutured
at P26 under isoflurane anesthesia (Abbott) as previously described [Heimel et al.,
2007]. The sutured eyelid of monocularly deprived mice used in optical imaging
experiments was reopened at the start of the imaging session at P30. Mice in group
4 (“P46-DR”, binocular visual cortex isolated at P46 after dark rearing) were housed
in the dark from before birth until decapitation. Since decapitation for this group was
performed in the dark, tissue collection for P30, P30-MD and P46 mice was done
just before the end of the dark period of the light-dark cycle, to avoid fast effects of
light exposure on protein expression. All experiments involving mice were approved
by the institutional animal care and use committee of the Royal Netherlands Academy of Arts and Sciences.
Tissue preparation and synaptic membrane isolation
In order to prepare protein extracts enriched for synaptic membranes, binocular visual cortex was dissected, snap-frozen in liquid nitrogen and stored at -80°C until
protein isolation. Bilateral binocular V1 was collected, except for P30-MD mice,
100

the synaptic proteome during visual plasticity

for which only the binocular visual cortex contralateral to the deprived eye was isolated. Pools of dissected visual cortex (n=8 hemicortices per treatment, corresponding to four mice in the groups P30, P46 and P46-DR, or to eight P30-MD mice,
randomised with regard to litter composition) were homogenised in ice-cold 0.32M
sucrose buffer with 5mM HEPES at pH 7.4 and protease inhibitor (Roche), and
centrifuged at 1000 x g for 10min at 4°C to remove debris. Supernatant was loaded
on top of a discontinuous sucrose gradient consisting of 1.2M and 0.85M sucrose.
After ultracentrifugation at 110000 x g for 2h at 4°C, the fraction at the interface of
0.85M and 1.2M sucrose, containing the synaptosomes, was collected, resuspended
and pelletted by ultracentrifugation at 70000 x g for 30min at 4°C. The pellet was
subsequently resuspended in a hypotonic HEPES solution and lysed. The resulting
synaptic membrane fraction was recovered by ultracentrifugation using the discontinuous sucrose gradient as described before. The interface fraction containing the
synaptic membranes was collected and pelleted by ultracentrifugation at 70000 x
g for 30min at 4°C after which the material was redissolved in 5mM HEPES. For
iTRAQ labelling, protein concentrations were determined by means of a Bradford
assay (Bio-Rad) after which for each sample, 150μg of protein was transferred to a
fresh tube and dried by SpeedVac.
iTRAQ labelling, two-dimensional liquid-chromatography and tandem mass spectrometry
Synaptic membranes were dissolved in detergent (0.85% RapiGest Waters Corporation, Milford MA), alkylated with methyl methanethiosulfonate, and digested with
trypsin as described [Li et al., 2007; Van den Oever et al., 2008]. Peptides were
tagged with the respective iTRAQ reagents (114 = P30; 115 = P30-MD; 116 = P46;
117 = P46-DR). To accommodate four separate pools of tissue of each of the four
experimental conditions, a total of four times 4-plex iTRAQ experiments were performed.
Dried iTRAQ samples were separated in the first dimension by a polysulfoethyl A
strong cation exchange (SCX) column (PolyLC), and the second dimension on an
analytical capillary C18 column (150mm x 100μm i.d. column). The eluate from the
C18 column was mixed with matrix (7mg α-cyano-hydroxycinnaminic acid in 1ml
50% acetonitril, 0.1% TFA, 10mM dicitrate ammonium), delivered at 1.5μl/min and
deposited onto an Applied Biosystems MALDI plate by means of a robot (Dionex)
once every 15s for a total of 384 spots.
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MALDI plate analysis was performed on a 4800 Proteomics Analyzer (Applied Biosystems). Peptide collision-induced dissociation was performed at 1kV with nitrogen collision gas. MS/MS spectra were collected from 5000 laser shots. Peptides
with a signal to noise ratio over 50 at the MS mode were selected for MS/MS, at a
maximum of 30 MS/MS per spot. The precursor mass window was set to a relative
resolution of 180. Peaklists were extracted using GPS software (AB Sciex, version
3.6).
MS/MS spectra search was performed against the mouse SwissProt (release 7 February 2007; ~15,000 sequences) and NCBInr (release October 2007; ~150,000 sequences) databases using Mascot (version 2.2, Matrix Science) and GPS Explorer
(version 3.6, Applied Biosystems) software. Searches were performed with cysteine
modification by methyl methanethiosulfonate as fixed modifications, oxidation of
methionine as variable modification, a precursor mass tolerance of 150 ppm, and a
fragment mass tolerance of 0.4 Da while allowing a single site of miscleavage. The
false positive rates of peptide identification estimated from decoy database searches
were ~0.05 for all searches (supplementary table 1, available upon request). For
subsequent analysis only those peptides were included that mapped unique to one
protein. Proteins were considered for quantification if at least one unique peptide had
a C.I. ≥ 95% and at least 2 peptides in three out of four experiments were identified.
iTRAQ areas (m/z 114-117) were extracted from raw spectra and corrected for isotopic overlap using GPS explorer. As a low iTRAQ signal is less reliable for quantitation, only peptides with iTRAQ signals above 2000 were included. To compensate
for potential variations in the starting amounts of the samples, individual peak areas
of each iTRAQ signature peak were log transformed to yield a normal distribution,
and normalised to the mean peak area for every sample. The average iTRAQ peak
area of all unique peptides annotated to a certain protein was used to determine protein abundance per treatment.
In order to obtain better insight in the concerted changes in protein levels and the underlying biological events, we also inspected proteins that were identified with less
stringent criteria (C.I. > 85%, 1 peptide in each set for quantification). We clearly
indicated such proteins in figures and tables. We derived no conclusions about individual proteins identified with these less stringent criteria unless we confirmed these
findings by Western blot analysis.
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To compare the abundance of proteins across four parallel iTRAQ-based experiments (sets A-D), within each experiment peptide quantity values were standardised
to scores around zero by subtracting the mean peak of all four samples. Data from all
experimental sets were then combined, and analysed by Student’s t-test (independent samples, two-tailed) for each of the four biologically relevant comparisons. As
t-test does not take into account the effect of multiple testing, we used the Statistical
Analysis of Microarrays (SAM) package [Tusher et al., 2001], a resampling-based
method, to estimate the false-positive rate. By creating randomised data distributions
SAM estimates the rate of false positive discoveries. The q-value calculated by SAM
for each protein reflects the number of empirically determined false positive at the
significance level of the respective protein. Therefore the FDR levels in our results
hold information about a single protein and should not be interpreted as a global
FDR level. Changes in expression levels were considered significant when the pvalue was below 0.05 and the respective FDR below 15%. Protein-level quantification data are listed in supplementary table 4 (available upon request). Peptide-level
identification and iTRAQ quantification data of the four iTRAQ experiments in this
study are listed in supplementary tables 7a-d (available upon request). To establish
whether functional categories of proteins were over- or underrepresented among the
proteins with increased- or decreased levels under different experimental conditions,
we categorised all 467 proteins by function (mitochondrial, or regulating the Actin
cytoskeleton or Neurofilament, Tubulin or Septin cytoskeletons, synaptic efficacy
or signal transduction, supplementary table 5, available upon request). Next we performed Chi-square tests followed by Benjamini-Hochberg correction for multiple
testing to investigate whether any of the functional categories were over- or –underrepresented under a specific experimental condition.
All mass spectra used in this study are publicly available at the PRIDE PRoteomics
IDEntifications database under Accession numbers: 16649-16656 (http://www.ebi.
ac.uk/pride/q.do?accession=1664916656) [Vizcaino et al., 2010].
Western blotting
Western blots were performed on the four synaptic membrane protein extracts that
were also used for the iTRAQ experiments plus two to four additional samples from
pools of four animals kept under the same experimental conditions. The required
amount of protein to be applied onto the gel was determined individually for each
antibody in a set of test runs. Depending on the antibody, between 1–5μg was used.
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Samples for Western blotting were prepared according to the manufacturer’s protocol (NuPage®, Invitrogen) and loaded onto a NuPAGE 4-12% continuous BisTris gel (Invitrogen). Before transfer to PVDF-paper, the gel was soaked in transfer
buffer containing 20% MetOH and 0.1% NuPAGE antioxidant for 15min. PVDFpaper was incubated in 100% methanol for 5min, in MQ water and subsequently in
transfer buffer. Subsequently, proteins were transferred to the PVDF-paper overnight
at 4°C. After transfer, the PVDF-paper was rinsed with water, air-dried and kept at
4°C overnight. It was then reactivated with 100% methanol, washed with MQ water
and subsequently with TBS. After blocking with 1% casein solution in TBS for 1h,
paper was incubated with either of the following primary antibodies in 0.3% casein solution in TBS with 0.1% Tween (TBST) for 2h at room temperature: mouseα-Sema4D (BD Transduction Labs, 610670 / 553005, 1:500), rb-α-SOS-1 (Santa
Cruz, 1:1000), m-α-Clathrin light chain (Sysy, 113011, 1:250), rb-α-NCAM (Millipore, AB5032, 1:1000), rb-α-Synapsin (Millipore, 1:4000), rb-α-Septin-8 (gift of B.
Zieger, 1:1000), rb-α-GAT-1 (Millipore, AB1570, 1:1000), rb-α-Ube4b (gift from M.
Coleman, Cambridge UK, 1:50), m-α-14-3-3 beta (Santa Cruz, sc-59417, 1:1000),
m-α-14-3-3 eta (Millipore, AB9736, 1:2000), rb-α-GABA(A)-R alpha1 (Millipore,
AB5609, 1:1000).
Paper was then washed with TBST and incubated for 1h at RT with an infrared
IRDye®800CW-labelled secondary antibody (goat-α-mouse-IR (926-32210) or
goat-α-rabbit-IR (926-32211), LI-COR Biosciences; 1:5000 in TBST with 0.01%
SDS to reduce background). From secondary antibody incubation onwards, papers
were protected from light. Papers were washed with TBST and then with TBS, after which they were scanned for secondary antibody fluorescence using the Odyssey® Infrared Imager (LI-COR Biosciences). Relative amounts of fluorescence were
quantified using the Odyssey 2.1 software package (LI-COR Biosciences). To test
whether the Western blot confirmed the results obtained with iTRAQ, we determined
the significance of the Western blotting data by Student’s t-test (one-tailed, independent samples).
In vivo intrinsic signal optical imaging
Intrinsic signal was imaged transcranially in control C57BL/6 mice or C57BL/6WldS-mutant mice as described before [Heimel et al., 2007]. In brief, mice were
anesthetised by an intraperitoneal injection of urethane (20% in saline, 2g/kg, Sigma
Aldrich). Heads were fixed, scalps resected and atropine sulphate (0.05mg/ml in
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saline, 0.1mg/kg, Pharmachemie) was injected subcutaneously in order to reduce
mucous excretions. A computer monitor covered the mice’ visual field from -15 to 75
degrees horizontally and from -45 to 45 degrees vertically. The screen was divided in
2x2 patches and drifting gratings were used to map the retinotopic representation of
V1. The representation of the upper nasal screen patch was used to calculate responses in subsequent tests. For OD measurements, computer-controlled shutters alternated visual stimulation of the eyes using drifting square wave gratings (0.05 cpd).
An Imaged Ocular Dominance Index was defined as the iODI = (contra response –
ipsi response)/(contra response + ipsi response). A response to the contralateral eye
only corresponds to an iODI of 1, an iODI of -1 indicates ipsilateral response only.
The following numbers of mice were used: WT undeprived, N=6, WldS undeprived,
N=9, WT deprived, N=5, WldS deprived, N=7. Student’s t-tests (two-tailed, independent samples) were used to compute statistical significance.
Results
Identification of proteins affected by monocular deprivation, age or dark rearing
using iTRAQ
In order to identify synaptic proteins involved in mediating OD plasticity in the visual cortex or regulating its critical period, we performed quantitative proteomics using iTRAQ on fractions containing synaptic membranes derived from the binocular
visual cortex from groups of mice kept under four different experimental conditions
(figure 1a). The first group (“P30”) contained mice during the peak of the critical period, at P30. The second group (“P30-MD”) contained mice from the same age that
were monocularly deprived from P26 for a period of 4 days. In this group we only
used the binocular cortex contralateral to the deprived eye. The third group (“P46”)
contained adolescent mice, in which the peak of the critical period had passed, at
P46. The fourth group (“P46-DR”) contained mice of the same age that were dark
reared, and in which the critical period should thus have been delayed. We used four
independent sets of mice per experimental condition in order to adequately replicate
our findings (sets A-D).
We identified a total of 467 proteins with a confidence of more than 95% that were
detected under all four conditions, in all four sets and quantified with two or more
peptides in at least three sets.
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We compared the synaptic membrane proteome of P30 with that of P30-MD, P46
and P46-DR, and P46 with P46-DR. Overall, we found that between the different
experimental conditions synaptic protein levels differed only to a moderate degree
(figure 1b). The total numbers of proteins that had significantly (p<0.05, t-test, and
false discovery rate (FDR<15%)) different levels between conditions ranged from
35 to 84 (out of the 467 proteins that were considered). Their average changes ranged
between 1.16 and 1.28–fold, depending on the experimental condition. Only a small
number of proteins had changed levels of more than 1.25-fold (figure 1b).

Figure 1. Experimental design and numbers of regulated proteins. A) Mice in the first group (“P30”)
were reared under a normal 12 hour light/12 dark regime for 30 days. Mice in the second group (“P30MD”) were reared similarly, but monocularly deprived from P26 for a period of 4 days. Mice in the
third group (“P46”) were normally reared for 46 days. Mice in the fourth group (“P46-DR”) were dark
reared until P46. The visual cortices from which the binocular zone was collected are indicated with
an asterisk (*). B) A total of 467 proteins were identified in all experiments. A modest percentage (7.520%) of these proteins were expressed at significantly different levels under the various experimental
conditions, and most proteins were regulated less than 1.25 fold. The visual cortex from dark-reared
mice at P46 and from normally reared mice at P30 differed most extensively. A colour version of this
figure is available in chapter 12.

To validate the results, we performed Western blots for 14 proteins and conditions
under which we detected significant changes using iTRAQ (figure 2). Of these 14,
we confirmed 11, showing expression level changes concordant with the iTRAQ
experiment. In all these 11 cases the level changes as observed by Western blot of
the samples that were also used for iTRAQ analyses occurred in the same direction
as the samples prepared independently (not shown). In most cases, changes in the
levels as assessed by Western blot were larger than observed by iTRAQ, which was
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also described previously [Van den Oever et al., 2008]. This is partially caused by the
fact that iTRAQ suffers to some extent from the compression of the quantitation ratios to a ratio of 1 when used with complex samples such as our synaptic membrane
preparation [Ow et al., 2009].
P46-DR/P30 Ube4b*
P46-DR/P46 N-CAM 180*

GAT-1*
GABA(A)-R alpha-1

P46/P30

N-CAM 180*
Synapsin-2*
Synapsin-1#
Septin-8#

P30-MD/P30 Clathrin Lcb*

Clathrin Lca*
Semaphorin-4D*
SOS-1*
14-3-3 eta
14-3-3 beta

iTRAQ
Western Blot
0.5

1.0

1.5

2.0

2.5

Fold Change

Figure 2. Quantitative assessments of Western blot analyses performed on proteins significantly regulated with iTRAQ proteomics. Despite the modest changes in protein expression under the different
experimental conditions, we confirmed changes in levels for most of the tested proteins (9/14) when
assessed with Western Blot analysis (P<0.05, one tailed Student’s t-test of independent samples). Two
more proteins showed a trend in the same direction (P<0.06). A colour version of this figure is available
in chapter 12.

Synaptic proteins regulated by MD
To analyse the effects of MD on synaptic proteins, we compared their relative expression levels in the binocular cortex of P30 and P30-MD mice. During MD, synapses may become stabilised or instead, replaced by new synapses. To obtain insight
into which changes in protein levels relate to which of these events, we made two
comparisons. Firstly, we compared the significant (p<0.05 t-test, FDR<15%) changes in protein levels induced by MD (figure 3a-c, indicated in grey) with those that
occurred with age (P46/P30 ratio, indicated by black bars) and are thus expected to
correlate with synapse maturation, which is usually associated with an increase in
synapse size, efficacy and stability. Secondly, we compared the changes induced by
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MD (P30 MD/P30 ratio) with those induced by DR (P46-DR/P46 ratio, indicated
by green bars), which are expected to correlate with reduced synapse maturity. We
found that among the MD regulated proteins, there was an anti-correlation between
the changes in levels of proteins caused by dark rearing and by age (corr=-0.50,
p<0.005) (figure 3d) indicating that the changes in levels of these proteins indeed
represent partially opposing biological events.

Figure 3. Proteins regulated by monocular deprivation. Proteins are categorised in groups A) associated with the cytoskeleton, B) involved in signal transduction, or C) regulating synaptic efficacy. Grey
bars indicate fold change in relative protein expression levels of individual proteins in monocularly
deprived binocular visual cortex compared to the same tissue from normally reared P30 mice. Green
lines indicate the relative changes in levels of the same protein with dark rearing (P46-DR/P46) and
black lines with age (P46/P30). D) Changes in protein expression induced by monocular deprivation
correlate strongly with those occurring with age. As expected, changes in protein expression caused
by age (P46/P30) anti-correlate with those induced by dark rearing (P46-DR/P46). * confidence between 85 and 95%. Proteins quantified with less than 2 peptides in more than one set are indicated in
italics and light grey bars. A colour version of this figure is available in chapter 12.

Interestingly, significant changes in protein levels induced by MD correlated strongly with changes occurring with age (corr=0.72, p<0.000001), while they showed no
significant correlation with changes induced by DR (corr=-0.12, p=0.473). This suggests that V1 of mice monocularly deprived for four days showed a relative increase
of mature synapses compared to that of visually undeprived mice.
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We categorised the regulated proteins in groups based on their cellular function,
allowing us to obtain a better understanding of the functional implications of the observed changes. Shown in figure 3a-c are changes in levels of proteins in those three
categories in which more than 5 proteins were found to be affected by MD: a) proteins associated with the cytoskeleton, b) proteins involved in signal transduction,
and c) proteins known to regulate synaptic efficacy. The latter include neurotransmitter receptors, proteins regulating their trafficking, and proteins involved in vesicle
release and recycling. Together, these groups of proteins represent approximately
two thirds of all proteins regulated by MD. All proteins regulated by MD, including
those that did not fit into one of these three categories are in supplementary table 2
(see chapter 11). The latter mostly represent proteins with unknown functions in the
central nervous system. For completeness, the relative levels, stand deviations, pvalues, FDRs and numbers of peptides used for quantitation of all proteins identified
with a confidence higher than 85% in all 4 sets and under all 4 experimental conditions are included in supplementary table 4 (available upon request).
Cytoskeleton-associated proteins. A relatively large number of proteins (p<0.05 Chisquare test with Benjamini-Hochberg correction compared to all identified proteins,
supplementary table 5, available upon request) of which synaptic expression was
increased after MD are involved in regulating the actin cytoskeleton (figure 3a).
A number of these also showed higher levels in DR (P46-DR compared to P46),
suggesting that these proteins are associated with more immature synapses. These
included, among others, the developmentally regulated brain protein Drebrin [Imamura et al., 1992] and Basp1, which has similar and partially overlapping functions
in neurite outgrowth (14) as the growth associated protein GAP-43. Other proteins,
including Profilin-2, Septin-3, Alpha-adducin and AIP1, also showed higher levels
with age (P30 to P46) suggesting that they are associated with more mature synapses.
Protein kinases and G-protein signalling. MD resulted in increased levels of various
kinases at synaptic membranes (figure 3b), including several that have been previously implicated in plasticity in V1, such as PKC-alpha and –gamma [Schrader et al.,
2004] and the regulatory subunit RII-beta of PKA (16). We also found an increase
of Rasal1, an inhibitor of Ras-signalling. In contrast, we observed a strongly (1.59x)
decreased level of StARD13, an inhibitor of Rho-signalling.
Proteins regulating synaptic efficacy. Only a small set of proteins involved in regulating synaptic strength (figure 3c) was altered with MD. Among these were Clathrin
light chains A and B, which were both up-regulated after MD. We confirmed this by
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Western blot analysis (figure 2). This suggests that endocytosis may be activated by
MD, which is further supported by our observation that the endocytosis associated
proteins Amphiphysin, AP-2 alpha-1 and AP-2 mu-1 were also significantly (t-test,
p<0.05) increased after MD, albeit with an FDR of over 15% (supplementary table
2, see chapter 11). The other proteins in this group showing altered levels after MD
did not consistently point towards well-defined biological events.
To gain better insight into the broader biological context of the observed changes we
also investigated the proteins that were quantified with less stringent criteria (C.I.
>85% with 1 or more peptides in all four sets). These proteins are marked in figure 3
by a light grey bar (if quantified by fewer peptides) and/or an asterisk (if the C.I. was
between 85 and 95%). Overall, these added proteins fit well in the overall molecular
portrait. Among the cytoskeletal proteins, two more actin-related proteins were identified whose levels were higher after MD (figure 3a). Among the signalling proteins
with increased levels after MD, ERK-2 was now detected, another well-known kinase involved in OD plasticity (17). Two additional signalling proteins were identified with strongly reduced expression levels after MD (figure 3b). One was SOS-1
(1.64x, confirmed by Western blot, figure 2), an important activator of Ras-signalling
which seems consistent with the increased levels of Rasal1, an inhibitor of Rassignalling. Interestingly, the second protein with strongly reduced expression was
Semaphorin-4D (1.41x, confirmed by Western blot, figure 2). This protein induces
axonal growth cone collapse and increases spine density upon interacting with its
receptor PlexinB1, which inhibits Ras-signalling and activates Rho-signalling (18,
19). We currently do not know whether there is a link between Semaphorin 4Dsignalling and the observed changes in the regulators of Rho-signalling (SOS-1),
and Ras-signalling (Rasal1 and StARD13). The additional proteins in the last group
involved in regulating synaptic efficacy did not provide a consistent picture.
Taken together, MD caused elevated levels of kinases and cytoskeleton-associated
proteins, (see figure 8a). A consistent increase or decrease in proteins determining
synaptic strength could not be detected. Strikingly, we noticed that significant changes in protein levels induced by MD correlated strongly with changes in the levels of
these proteins occurring with age. As 4 days of MD is associated predominantly with
synapse loss [Mataga et al., 2004] it is possible that synapses that are not eliminated
are of a more mature signature. This would result in a relative increase of spine ma110
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turity after deprivation, which may explain the observed correlation between MDand age-induced changes in protein levels.
Synaptic proteins regulated with age or dark rearing
In order to obtain insight into the molecular events involved in the regulation of the
critical period, we compared synaptic proteins of binocular visual cortices of P30
mice with P46 and P46-DR mice. To identify proteins that were possibly involved in
maintaining or activating plasticity in the dark-reared visual cortex, we categorised
the synaptic proteins in three groups. The first were proteins whose expression at
synaptic membranes altered with age (P30 vs. P46), but not upon dark rearing (P30
vs. P46-DR). These proteins represent the view that dark rearing prevents specific
changes in the visual cortex that normally occur with age and cause the closure of
the critical period. The second group contained proteins of which expression was
also regulated with age, while dark rearing did not prevent this. These proteins may
well affect OD plasticity, but are unlikely to be involved in preventing closure of the
critical period by dark rearing. The third group contained proteins of which levels
did not change with age, but differed in dark-reared mice from the situation in nondeprived P30 or P46 mice. These proteins are unlikely to be involved in critical period closure with age, but may represent signalling pathways that prevent closure in
the dark-reared mice. We found that at P46, 69 proteins were expressed at levels significantly different from the situation at P30 (figure 1b). After dark rearing, levels of
29 of these proteins were not different from the situation at P30, while levels of the
other 40 remained different from those at P30. However, dark rearing also induced
many changes in levels of proteins that did not change with age, together causing
the P46-DR and P30 groups to be the groups most different from each other (figure
1b). Changes in the expression of proteins involved in regulating the cytoskeleton,
synaptic efficacy, intracellular signalling or mitochondrial proteins are discussed below. These represented more than 60% of all differentially expressed proteins. Supplementary table 3 (see chapter 11) shows all proteins with altered levels.
Cytoskeleton-associated proteins. Similar to the situation in V1 after MD, consistent changes occurred in the level of expression of cytoskeletal proteins with age.
We found reduced levels of Actin cytoskeleton-regulating proteins with age (p<0.05
Chi/square test with Benjamini/Hochberg correction compared to all identified proteins), which was partially prevented by dark rearing (figure 4a). This included proteins typically expressed in neurons undergoing synaptogenesis, such as Drebrin
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[Imamura et al., 1992], GAP-43 [Frey et al., 2000] and delta-2 Catenin [Matter et al.,
2009]. Alpha-adducin was the only Actin-associated protein whose level increased
with age. The levels of Actin cytoskeleton-regulating proteins whose age-dependent
decrease was not reversed by dark rearing (figure 4b) were those of Cofilin and
beta-Catenin. Interestingly, dark rearing also increased the levels of Actin cytoskeleton-regulating proteins that did not decrease with age (figure 4c). Only one such
protein, MARCKS, showed the opposite behaviour and was actually decreased upon
dark rearing. In contrast, we detected increased levels of proteins associated with
the Tubulin and Neurofilament cytoskeletons with age (figure 4b). These changes
were not prevented by dark rearing. We noticed a similar trend for Septins, which
have recently been found to form filaments localised at the neck of dendritic spines
[Tada et al., 2007] and at the presynapse [Xue et al., 2004]. The overrepresentation
of Tubulin-, Neurofilament- and Septin-cytoskeleton associated proteins with age
was significant (p<0.0001, Chi-square test with Benjamini-Hochberg correction).
Proteins identified or quantified with less stringent criteria (C.I. between 85-95%,
indicated with and asterisk, and/or quantified with 1 peptide or more in each set,
indicated with grey bars) were two additional Tubulin-skeleton related proteins and
various actin-associated proteins that changed their levels in the same direction as
other members of these groups.
Protein kinases and G-protein signalling. We found that levels of a number of kinases and proteins involved in G-protein signalling were increased with age, which
in most cases was prevented by dark rearing (figure 4d-e). These included CaMKII alpha and PIP5K1-gamma. We were surprised, however, by the relatively large
number of proteins (p<0.01 Chi-square test with Benjamini-Hochberg correction
compared to all identified proteins) involved in PKA- and G-protein-signalling that
were not regulated with age but whose levels were significantly higher upon dark
rearing than in P30- or P46 non-deprived visual cortex (figure 4f). These proteins
included PKA C-alpha, the regulatory subunit RII-alpha, the PKA anchor protein
AKAP150 and the small GTPase H-Ras. Signalling proteins that were decreased
upon dark rearing included Ephexin-1, a Rho-type guanine nucleotide exchange factor involved in Eph signalling, as well as Calmodulin. Dark rearing also caused a
strong decrease (1.37x) in the integrin-associated protein SHPS-1.
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Figure 4. Proteins regulated by age or altered visual experience. Proteins are again categorised A-C)
associated with the cytoskeleton, D-F) involved in signal transduction, or G-I) regulating synaptic
efficacy. J-K) Proteins that do not belong to these categories but are differentially expressed more
than 1.25 fold are also shown. Colour intensity indicates the level of regulation. Lower expression is
indicated in blue, while higher expression is indicated in red. The upper panels (A, D, G) show proteins whose expression in visual cortex at P30 is significantly different from that at P46 (left column),
while expression in dark-reared visual cortex at P46 is not different from that of P46 or P30 visual
cortex from normally reared mice. Middle panels (B, E, H) represent proteins different with age, also
if dark reared. Lower panels (C, F, I) show those proteins that are not regulated with age, but whose
expression in visual cortex from P46 dark-reared mice differs from that in normally reared mice at
P30 or P46. The strongly differentially expressed proteins are categorised in a similar fashion, with
the left panel (J) showing the age and dark rearing regulated proteins and one age-only regulated protein, and the right panel (K) showing the proteins only affected by dark rearing. * confidence between
85 and 95%. Proteins quantified with less than 2 peptides in more than one set are indicated in italics
and light grey bars. The order of the proteins as shown is determined by hierarchical clustering using
average linkage (Multiexperiment viewer, TM4 software). A colour version of this figure is available
in chapter 12.
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This protein is involved in IGF-I signalling [Maile et al., 2008] which has recently
been found to affect OD plasticity [Tropea et al., 2006] and visual cortical development [Ciucci et al., 2007]. When using less stringent criteria for selecting the proteins with altered levels, PKA C-beta was also found to be increased, as were various
additional G-proteins.
Proteins regulating synaptic efficacy. The group of synaptic membrane associated
proteins that were up-regulated with age were dominated by a large set of presynaptic proteins well known to be involved in vesicle release and –recycling, including Synapsins-1 and -2 (confirmed by Western Blot, figure 2), Syntaxin-1B, NSF,
Munc-18, Synaptogyrin-1, Synaptotagmin-2, Clathrin Lca and AP-2 (figure 4g-h).
Dark rearing only partially prevented this (figure 4g), for example in the case of
Synapsin-1, Syntaxin-1B and Synaptogyrin-1. Interestingly, no PSD-associated proteins involved in AMPAR trafficking showed increased levels with age, except for
Adam22 (and interestingly one of its ligands, LGI1). With dark rearing, several postsynaptic proteins regulating synaptic strength showed altered levels, while they were
not changed with age (figure 4i). Levels of two proteins involved in reducing synaptic strength, mGluR2 [Renger et al., 2002] and Synaptojanin-1 [Gong et al., 2008],
and one that increases synaptic strength (4.1N) [Lin et al., 2009] were increased
upon dark rearing. Interestingly, Syntaxin-1A was not altered with age, but increased
with dark rearing, while Syntaxin-1B increased with age, which was reversed by
dark rearing. Overall, the changes in proteins regulating synaptic strength were consistent with an increase in proteins involved in vesicle release with age, while dark
rearing partially reversed this trend.
Dark rearing has been shown to delay the development of perisomatic GABAergic
innervation [Morales et al., 2002], which plays an essential role in initiating the critical period [Hensch et al., 1998]. We were therefore surprised to find an up-regulation
of the GABA(A) receptor alpha-1 with DR. The change in GABA(A) receptor alpha-1 could not be confirmed by Western blot, however, potentially because it was
too small to detect (figure 2). Moreover, we found a decrease in the level of the
GABA reuptake protein GAT-1 (confirmed by Western Blot, figure 2), which is expected to increase synaptic and extrasynaptic GABA levels.
When lowering the selection criteria for the regulated proteins, the overall picture
did not alter. GABA(A) receptor beta-1 showed similar changes with dark rearing
as the alpha-1 subunit. Interestingly, several proteins found to postsynaptically regulate glutamatergic synaptic transmission were now detected among the proteins
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altered with age. These included the strongly (1.25x) increased TARP gamma 3 - a
protein regulating AMPAR trafficking, the kainate receptor Grik5 and a regulator of
NMDA receptors, Cask and its interactor Caskin-1. The latter three proteins are also
present in the presynapse.
Mitochondrial proteins. Among the proteins whose levels were changed most consistently were mitochondrial proteins (figure 5 and supplementary table 6, the latter
is available upon request), which may be derived from membranes of synapse-resident mitochondria.

Figure 5. Levels of mitochondrial proteins decrease with age, and more so by dark rearing. Scatter
plot of relative changes in expression levels of mitochondrial proteins with age (x-axis, P46/P30) or
with age and dark rearing (P46-DR/P30, y-axis). Black squares indicate proteins that are significantly
affected with age or with dark rearing. All other identified mitochondrial proteins are represented by
grey diamonds.

As synaptosomal membrane fractions result in an enrichment of synaptic proteins
but are not pure, it is possible that mitochondria derived from other cellular compartments also contribute to the observed changes. With age, 9 proteins were significantly downregulated. Although in P46-DR mice, 5 proteins were not significantly
different from P30, expression of many other mitochondrial proteins decreased fur115
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ther resulting in a total of 19 proteins that were significantly decreased with dark
rearing. This trend towards downregulation of mitochondrial proteins with age and/
or dark rearing did not only reflect a specific subset but was visible in over 85% of
all mitochondrial proteins identified, although it was not always significant (figure
5). Moreover, the mitochondrial proteins were overrepresented among those reduced
with age (p<0.05 Chi-square test with Benjamini-Hochberg correction) or reduced
with DR but not with age (P<0.0001) compared to all identified proteins. This suggests that there was an actual reduction of mitochondrial content in synapses under
these conditions.
Strongly regulated proteins of special interest.
There were several strongly regulated (>1.25x) proteins that did not fit the categories
described above (figure 4j-k). Three of these were proteins associated with the extracellular matrix (ECM), which has been implicated in limiting plasticity after the
critical period [Pizzorusso et al., 2002]. With age we found up-regulation of Neurofascin-1, a critical component of the ECM around the axon initial segment [Ango et
al., 2004], and Hapln1 (Hyaluronan associated link protein1, also known as Cartilage linking protein 1) a crucial factor for the initial assembly of perineuronal nets
[Carulli et al., 2007]. The adhesion molecule N-CAM 180 showed strongly (1.28x)
decreased levels with age, which was partially prevented by DR (confirmed by Western Blot, figure 2). N-CAM 180 is a protein that is strongly polysialylated (PSA) and
interacts with the ECM. It was recently found to inhibit the development of inhibitory synapses and delay the onset of the critical period [Di Cristo et al., 2007].
When using the less stringent selection criteria, various other proteins with poorlydescribed functions in the brain were detected, such as XTRP2, FAM5A, Hsp70
12B, ANKFY1 and PKM2 Interestingly, we also identified two ubiquitin ligases
implicated in axon outgrowth and degeneration: Ube4b and Rpm-1 also known as
highwire and MYCBP2. In P46-DR mice we observed a strong decrease in levels
(1.26x vs P46 and 1.45x vs P30) of the E3 ubiquitin ligase Rpm-1. This protein has
been implicated in presynaptic growth and inhibition of axon outgrowth [Li et al.,
2008]. More recently, it was discovered that Rpm-1 down regulates the dual leucine
zipper kinase DLK-1, a kinase, which mediates axon degeneration in C. elegans and
Drosophila [Nakata et al., 2005]. In mice DLK-1 has been shown to induce Wallerian axon degeneration [Miller et al., 2009], the disintegration of an axon after its
separation from the cell body [Coleman et al., 1998]. In our analysis, DLK-1 itself
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was detected only in three out of four experiments. Interestingly, it showed the opposite trend from Rpm-1, with a slightly higher expression with MD (1.06x n.s.), age
(1.2x p=0.0036) and DR (1.26x p=0.0024).
Another protein in the ubiquitin pathway, Ube4b was also increased in level after MD
(1.17x, n.s.) with age (1.3x) and even more so upon DR (1.7x). This was confirmed
by Western blot (figure 2). Ube4b has been implicated in protection of neurons from
axonal degeneration [Kaneko-Oshikawa et al., 2005]. Moreover, a mutation in the
Ube4b gene locus has been identified in mice results resulting in strongly delayed
Wallerian degeneration of axons and their synapses [Coleman et al., 1998]. This
so-called WldS-mutation encompasses a gene triplication resulting in the production of a fusion protein consisting of the first 70AA of Ube4b and the Nicotinamide
Mononucleotide Adenylyl Transferase NMNAT-1, an NAD+ synthase. Plasticity in
V1 may therefore depend on those signalling molecules that also regulate Wallerian
axon degeneration.
Comparison of proteomics data to published microarray studies.
In order to see whether our proteomics approach identified similar proteins with MD
or DR as identified with a previously published microarray approach we compared
our results with those from Tropea et al. [Tropea et al., 2006] (supplementary table 8
(see chapter 11) and figure 6). In this study, MD was performed from p23 until p27,
and dark rearing from birth to p27. We found that there was 2.5-fold enrichment of
proteins whose message was also found to be significantly regulated with MD (13 of
51 proteins, compared to 3748 out of 36,902 genes, p=0.0003, Chi-square test), and
a 2.7-fold enrichment for DR (10 of 51 proteins, compared to 2680 out of 36,902,
genes p=0.0007, Chi-square test). At the same time, most proteins (75% for MD and
80% for DR) whose levels were changed did not show a concomitant change at the
mRNA level underlining the importance of analyzing synaptic proteins directly. The
proteins whose levels were changed at both the mRNA and the protein level showed
a correlation between these levels with the DR paradigm (0.59, one tailed p<0.05)
but not with the MD paradigm (0.05, one tailed p=0.44). When proteins quantified
with less stringent criteria were included in the analysis, the results did not change
much. The enrichment was then 3.5-fold for MD and 2.8-fold for DR, Moreover,
65% of proteins with changed levels in the MD group did not show a concomitant change at the mRNA level. This was 80% with DR. The correlation for altered
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mRNA and protein levels remained 0.59 (one tailed p<0.01) for DR and became
-0.06 (one tailed p=0.38) for MD.

Figure 6. Correlation between mRNA and synaptic protein expression of those proteins significantly
regulated at both levels during MD (A) or DR (B). With DR, if proteins are significantly regulated
at the mRNA and protein level, there is a strong correlation between these levels (closed circles,
corr=0.59). The correlation remains the same if less stringently quantified proteins are included (open
quadrants, corr=0.59). For MD the situation is different and significantly altered mRNA and proteins
do not correlated (0.05 for stringently quantified proteins, closed circles, or -0.06 for less stringently
quantified proteins).

Ocular dominance plasticity is reduced in WldS mice
Because of the observation that these proteins related to Wallerian axon degeneration
were strongly regulated with visual deprivation we tested whether in WldS mice,
OD plasticity would be altered. By making use of optical imaging of intrinsic signal,
we assessed OD in WldS and control mice that were either normally raised or monocularly deprived for 7 days, from P28 to P35. In line with previous findings that in
WldS mice development of the neocortex is unaffected we found that retinotopy and
OD (WT: iODI=0.48+0.03, N=6, WldS: iODI=0.46+0.04, N=9, p=0.8 t-test) were
normal in non-deprived mice (figure 7a). However, 7 days of MD indeed caused
a much weaker (though still significant) OD shift in WldS mice than in wildtype
C57BL/6 mice (figure 7b, WT: iODI=0.08+0.07, N=5 WldS: iODI=0.28+0.04, N=7,
p=0.02 t-test). This finding thus shows for the first time that the WldS protein does
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not only reduce axon degeneration under pathological conditions, but also inhibits
synaptic plasticity under physiological conditions.

Figure 7. Ocular dominance plasticity in WldS mice is strongly diminished. Monocular deprivation
for a period of 7 days during the critical period (P28-P35) in control mice changes the imaged ocular
dominance index (iODI) from over 0.48 to 0.08, p<0.0005. In WldS mice, plasticity is strongly diminished and the iODI changes from 0.46 in undeprived mice to 0.282 to deprived mice (p<0.05). Error
bars indicate SEM. *p<0.05; ***p<0.0005.
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Discussion
This study provides a comprehensive insight into the changes in levels of synaptic
membrane proteins that accompany OD plasticity in the visual cortex (for an overview see figure 8). We found that differences in protein levels after MD, with ageing
and upon dark rearing revealed distinct cellular processes that may underlie plasticity. Some of these have been previously observed to be associated with plasticity
in V1 through forward or reverse genetics approaches or gene expression studies,
whereas many others represent novel mechanisms regulating critical period plasticity.

Figure 8. Overview of changes in synaptic proteins. A) With monocular deprivation, the G-proteins
SOS-1 and StARD13 are strongly decreased, as is Semaphorin-4D. Actin-associated proteins, Clathrin light chains and various kinases show higher expression. Proteins indicated in the lower bar are
believed to act mainly at inhibitory synapses. B) With age, Actin-associated proteins diminish, as do
mitochondrial proteins and N-CAM 180. Proteins that increase levels with age include proteins associated with the Tubulin and Septin cytoskeletons, a select group of G-proteins and kinases, proteins
involved in vesicle release and proteins associated with the extracellular matrix, including Neurofascin and Hapln1. C) Dark rearing causes decrease of some age regulated kinases, but also the further
decrease of mitochondrial proteins and GAT-1. It increases levels of proteins associated with the Actin
cytoskeleton, subunits of Protein Kinase A and G-proteins, Ube4b, GABA(A) receptors and N-CAM
180. A colour version of this figure is available in chapter 12.

Monocular deprivation alters levels of intracellular signalling proteins, regulators
of the Actin-cytoskeleton and endocytosis related proteins
OD plasticity is associated with the growth and retraction of axons and the loss and
gain of dendritic spines. Upon MD during the critical period, we found that levels of proteins involved in regulating the Actin-cytoskeleton were increased, which
may well reflect these structural changes of synapses in OD plasticity (figure 8a).
MD also resulted in increased levels of PKC and the RII-beta subunit of PKA, two
kinases that have been implicated in plasticity in the visual cortex [Fischer et al.,
2004; Schrader et al., 2004]. Potentially new candidate proteins that regulate OD
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plasticity are the Rho- and Ras regulating G-Proteins SOS-1 and StARD13 that were
strongly decreased by MD. This was accompanied by a similarly strong decrease in
Semaphorin-4D. This protein has been found to affect GABAergic synapse formation [Paradis et al., 2007] but also shown to affect Rho- and Ras signalling through
its receptor Plexin1, which mediates spine stability [Lin et al., 2007] and axonal
growth cone collapse [Ito et al., 2006]. The lower levels of Semaphorin-4D may thus
stimulate axon growth and spine turnover during OD plasticity.
We also observed an increase in proteins involved in Clathrin-dependent endocytosis
upon MD. This is possibly related to its role in AMPA-receptor recycling which has
recently been found to be essential for OD plasticity [Yoon et al., 2009], but may
also reflect changes in vesicle release or an increase in membrane trafficking accompanying structural changes. In a previous study it was found that cell surface AMPA
receptors were reduced after one day of MD in rats [Heynen et al., 2003]. We therefore expected to observe changes in the synaptic proteome consistent with an overall
decrease of synaptic efficacy. However, we observed no changes in AMPA-receptor subunits after four days of MD. In fact, the observed changes in protein levels
were positively correlated with the changes in these proteins that occurred with age
(between P30 and P46). This suggests that after MD, dendritic spines in the visual
cortex become more mature, which is usually associated with an increase in their
size, efficacy and stability. These observations may be explained by increased spine
turnover during OD plasticity. The early decrease of AMPA receptors are thought to
precede the actual loss of spines [Heynen et al., 2003], which occurs after 3-4 days
of MD [Mataga et al., 2004]. Small spines with lower levels of AMPA receptors are
likely to be lost preferentially, effectively causing a relative increase of more mature
spines.
Age-related changes in proteins regulating vesicle release and the cytoskeleton
With age, we observed an increase in proteins involved in vesicle release such as
Synapsins-1 and -2, NSF, MUNC-18, Synaptogyrin-1 and Syntaxin-1B (figure 8b).
This suggests that synaptic efficacy increases in V1 during development by boosting the potential for neurotransmitter release, which is in line with a previous study
showing a Synapsin-dependent increase of synaptic vesicles and their recruitment
in the developing hippocampus [Bogen et al., 2009]. The increase of these synaptic
proteins was partially prevented by dark rearing (figure 8c), but the general trend
was not altered.
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Very consistent changes occurred in the levels of cytoskeleton-associated proteins.
While Actin cytoskeleton-regulating proteins decreased with age, proteins associated with the Tubulin-, Neurofilament- and Septin-cytoskeletons increased. Dark
rearing did not prevent the increase of these latter proteins. However, the lower level
of many of the Actin-associated proteins with age was prevented by dark rearing.
Moreover, several Actin-associated proteins whose expression levels did not change
with age were higher upon dark rearing. Dark rearing thus prevents specific aspects
of synapse maturation in V1, whereas other aspects continue also in the absence of
visual input. The increase in Actin-cytoskeleton-regulating proteins is in line with
the idea that dark rearing increases spine motility [Majewska et al., 2003] which
may underlie the increased levels of plasticity that can be induced during the critical period. Recent evidence suggests that microtubules play an important role in the
development and plasticity of dendritic spines [Jaworski et al., 2009]. Their function
in critical period plasticity remains to be determined. We also found an increased
expression of various Septins, which have been associated with mature synapses and
found to be expressed at spine necks [Tada et al., 2007] and at presynaptic sites [Xue
et al., 2004].
Dark rearing increases PKA subunits and G-proteins
We found that age and DR affected the expression of signalling proteins such as
kinases and G-proteins. Some of these proteins changed with age such as CaMK-II
alpha, PIP5K1-gamma and a few G-proteins whose function in synaptic plasticity
are unknown, and most of these changes were prevented by dark rearing. These
changes may well be caused by synaptic activity dependent recruitment of these
proteins to the synaptic membrane, as has been shown previously for CaMK-II alpha [Elgersma et al., 2002]. Most interestingly, however, a large set of G-proteins,
including the small GTPase H-Ras, and several PKA-subunits were not altered with
age, but showed increased levels in the dark-reared visual cortex. It has been shown
previously that in the absence of RII-alpha or upon inhibition of PKA, OD plasticity
is reduced, whereas cholera toxin (a Gs-protein stimulant), forskolin (a Gs-proteinindependent activator of adenylate cyclase) and dibutyryl cAMP (a cAMP analogue)
all stimulate OD plasticity in the adult visual cortex [Imamura et al., 1999]. Also the
expression of an active form of CREB, a target of PKA, increases adult plasticity
[Pham et al., 2004]. Thus, the upregulation of PKA and G-protein signalling proteins

122

the synaptic proteome during visual plasticity

may represent a mechanism by which dark rearing increases the potential for plasticity in the adult visual cortex.
Influence of age and dark rearing on proteins associated with inhibition and the
extracellular matrix
In recent years, the development of the extracellular matrix [Pizzorusso et al., 2002]
and GABAergic innervation [Hensch et al., 1998] have been implicated in the onset
and closure of the critical period. Among the proteins that were expressed at different
levels with age or dark rearing we found several proteins that are involved in these
events. Among the proteins whose expression levels changed most strongly with
age was Hapln1, a protein expressed by Parvalbumin-expressing interneurons and
believed to be essential for the formation of perineuronal nets [Carulli et al., 2007].
Its involvement in visual cortex plasticity has recently been identified [Carulli et
al., 2010]. A second ECM protein strongly increased with age was Neurofascin-1,
a protein that accumulates around the axon initial segment and is indispensible for
setting up inhibitory input onto this axon segment [Ango et al., 2004]. Dark rearing
did not decrease expression of these proteins suggesting that they may not be the primary regulators of visual input dependent ECM formation. We also noticed a strong
decrease of N-CAM 180 with age, which was partially reversed with DR. During
early postnatal life, N-CAM 180 is heavily polysialylated and interacts extensively
with the ECM. It has recently been shown that upon eye opening expression of PSAN-CAM quickly decreases, allowing the formation of perisomatic inhibitory inputs
onto pyramidal neurons, which in turn initiates the critical period [Di Cristo et al.,
2007]. The age-dependent decrease of N-CAM 180 and its reversal by dark rearing
may thus be part of this process. Counterintuitively, but in line with previous work
[Chen et al., 2001; Tropea et al., 2006] we detected an increase in GABA(A) receptor alpha 1 with dark rearing and a decrease in GAT-1, a protein responsible for
GABA reuptake. Together, these changes are expected to increase inhibitory input,
which seems to contradict studies showing that dark rearing delays the development
of inhibitory innervation [Morales et al., 2002]. A possible explanation may be that
dark rearing delays inhibitory synapse formation [Chattopadhyaya et al., 2004], but
that this is partially compensated for by an increased sensitivity of postsynaptic neurons to inhibitory input.

123

chapter

4

Signals regulating Wallerian degeneration are altered with age and dark rearing.
Finally, we found that proteins implicated in Wallerian axon degeneration were altered with age and dark rearing. The exact signalling pathways that regulate this
active form of axon degeneration are still under intense investigation. Several mechanisms have been implicated and include reduced mitochondrial activity [Yahata
et al., 2009], alterations in the ubiquitin/proteasome system [Zhai et al., 2003], increased microtubule acetylation through SIRT proteins [Suzuki et al., 2007], and the
increased expression of DLK-1 by reduced activity of the ubiquitin ligase Rpm-1
[Miller et al., 2009]. We found that with DR, expression of many mitochondrial
proteins was reduced. In contrast, we detected a strong increase of the ubiquitin
conjugation factor Ube4b under these conditions. A fusion protein consisting of the
N-terminal part of Ube4b and the NAD synthase NMNAT-1 is expressed in WldS
mutant mice in which Wallerian axon degeneration is strongly diminished [Coleman
et al., 1998]. These results show that signalling cascades implicated in Wallerian
degeneration are also active during the regulation of the critical period, and may thus
be involved in mediating experience-dependent plasticity in V1.
Altogether, this study provides unprecedented insight into the changes that occur in
the synaptic membrane proteome during OD plasticity and with the regulation of the
critical period. The results show that dark rearing does not simply halt cortical development, but alters various signalling cascades different from those that change with
age. Proteomic changes induced by MD are different from those induced by DR, and
correlate better with those occurring with age possibly due to pruning of immature
synapses during the first days of OD plasticity. Our study reveals many novel signalling pathways potentially involved in cortical plasticity. We anticipate that future
research on these signalling pathways will significantly advance our understanding
of the molecular mechanisms underlying synaptic cortical plasticity.
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The visual cortex as a model system to study cortical plasticity
Plasticity, the ability of the brain to reorganise its neuronal connections both functionally and structurally under the influence of sensory experience, is fundamental
to establishing proper connectivity during development, as well as to learning and
memory in later stages of life. The importance of this is emphasised by the effects
of suboptimal neuronal wiring in disorders such as schizophrenia and autism. The
most popular model system for studying cortical plasticity and the way in which
sensory experience shapes neuronal circuitry, is the visual cortex. The organisation
of the visual cortex is characterised by a clear correlation between structure and
function. Visual experience can easily be experimentally manipulated, and the effects of this manipulation can be measured anatomically, physiologically and molecularly. Depriving one eye of proper visual input during development results in
reduced visual acuity in that eye [Dews et al., 1970; Prusky et al., 2000; Prusky et
al., 2003; Iny et al., 2006] and a physiological shift of the responsiveness of neurons
in the visual cortex from the deprived eye towards the undeprived eye [Wiesel et al.,
1963; Gordon et al., 1996]. This ocular dominance (OD) shift induced by monocular
deprivation (MD) has a structural component as well; thalamocortical projections
conveying input from the deprived eye retract, while there is growth of axons serving the non-deprived eye [Antonini et al., 1999]. Plasticity of the visual cortex is
high during a critical period in development, reflecting the increased plasticity we
experience during childhood and adolescence, when learning is so much easier than
during adulthood. With the end of the critical period, neural plasticity decreases and
consequently the recovery from the effects of visual defects on visual acuity (amblyopia) or binocularity is strongly reduced, or absent. The critical period is delayed
by dark rearing, which keeps the visual cortex in a plastic state.
A molecular approach towards understanding cortical plasticity
In the last fifteen years, the need for a better understanding of the molecular mechanisms underlying visual cortical plasticity has become widely appreciated. With it
has come a shift in interest from higher animals such as the cat towards rodents as
preferred animal models. The original popularity of higher animals is logically due
to the fact that they are more visual animals. Cats, as predators, depend on proper
vision to provide them with food. Mice on the other hand are nocturnal animals
that do not rely on hunting. Their eyes are positioned more laterally than they are in
predators, a feature that provides these prey animals with a wider vision. In spite of
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this, interest in especially the mouse visual cortex has increased over the past decade,
largely due to the introduction of transgenic and knockout mouse technology. This
allows the investigation of the role of specific genes and proteins in the development
of the visual cortex, as well as its functioning and plasticity.
Among the molecular approaches adopted in studying cortical plasticity, the use of
reverse genetics has been especially popular, but forward genetics approaches have
also been employed. In addition, expression studies have begun to be more widely
adopted, in which broad scale changes in gene or protein expression are measured
following manipulation of visual experience.
Forward genetics constitutes a genetic approach in which, starting with a specific
phenotype, one tries to identify the responsible gene. Traditionally this involves the
study of spontaneously occurring mutations and corresponding phenotypes in a pedigree. Later, mutagenesis approaches have been introduced, for example by mutagenic chemical treatment or irradiation of germline cells or using gene recombination
approaches to expedite forwards genetics approaches. The gene locus responsible
for the phenotype is uncovered through subsequent backcrossing of animals with
a mutant phenotype, or by modern DNA cloning and sequencing approaches. In a
recent forward genetics approach [Heimel et al., 2008] adopted to study plasticity
of the mouse visual cortex, a large number of recombinant inbred strains were used,
derived from crosses between C57BL/6J and DBA/2J. Both these strains have been
sequenced and the resulting recombinant strains have been mapped, allowing the
identification of genetic loci correlating with certain quantitative traits. In this study,
optical imaging of intrinsic signals was used to quantify different parameters of visual responses in the visual cortex, as well as the effects of monocular deprivation.
The study has provided insight into the heritability of different quantitative traits that
are related to vision and/or plasticity, and identified a genes locus correlating with
the loss of deprived eye response, carrying 13 genes, among which is Stch, a gene
of which expression is downregulated after monocular deprivation and dark rearing
[Tropea et al., 2006]. The authors also demonstrated that deprived eye response reduction and non-deprived eye response strengthening, together constituting the OD
shift following MD, were found not to correlate and therefore to be different genetic
traits. This is in line with recent studies showing that the reduction in deprived eye
responses commences before the gain in the undeprived eye response [Frenkel et al.,
2004; Mrsic-Flogel et al., 2007].
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The rationale of reverse genetics is to understand gene function by studying the
phenotypic effects of inactivating an endogenous gene or introducing a mutant gene
with dominant negative or constitutively active properties. The gene or protein of interest can be chosen based on its effects in related plasticity paradigms, for example
when its known effects in vitro suggest a role in structural plasticity, or the regulation
of its expression during plasticity.
Examples of proteins and mechanisms for which a function in cortical plasticity has
been described using reverse genetics include 1) LTP and LTD, 2) the GABAergic
inhibitory system 3) the extracellular matrix, 4) neurotrophins and their receptors
and 5) other regulators of structural plasticity such as morphogens and myelin-related proteins.
For a long time, attempts have been made to find a relationship between in vitro
models for plasticity, long-term potentiation (LTP) and long-term depression (LTD),
and OD plasticity. LTP is the long-lasting increase in synaptic efficacy following
synchronous stimulation or activity of pre- and postsynaptic neurons, or high frequency stimulation. LTD in turn is the decreased synaptic efficacy that follows
asynchronous pre- and postsynaptic activity, or weak synaptic stimulation. Since
they reflect experience-dependent modification of synaptic strength, they have been
popular in vitro models for plasticity and learning. In contrast to what was initially
assumed, it has become clear that the relationship between OD plasticity and both
LTP and LTD is not simple and straightforward [Daw et al., 2004]. When LTP and
LTD are both abolished, OD plasticity is as well, but neither LTP nor LTD in itself
seems to independently correlate directly with OD plasticity. A strong case for the involvement of AMPA receptor endocytosis in deprivation-induced LTD has however
been made [Yoon et al., 2009].
Secondly, these molecular approaches have also provided valuable insights into the
role of the GABAergic inhibitory system in visual cortex plasticity [Fagiolini et
al., 2000; Iwai et al., 2003; Chattopadhyaya et al., 2004] and the link with BDNF
[Huang et al., 1999; Hanover et al., 1999]. The intracortical inhibitory system and
its maturation are important for both the opening and closing of the sensitive period
and as such, intracortical inhibition is a fundamental limiting factor for adult cortical plasticity. Reducing this inhibition using a pharmacological or environmental
approach makes it possible to enhance plasticity in the adult visual cortex, in this
way restoring OD plasticity and recovery from amblyopia. GABAergic antagonists
restore the induction of long-term potentiation between the white matter and cortical
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layer III, a type of LTP that is lost by the end of the critical period [Kirkwood et al.,
1994]. Dark rearing, which delays the maturation of the GABAergic system, also
results in a postponed critical period. Transgenic mice overexpressing BDNF display
an accelerated maturation of the inhibitory system that is unaffected by dark rearing. In these animals, the critical period starts and ends earlier, even in the absence
of sensory input [Huang et al., 1999; Gianfranceschi et al., 2003]. Thus, a developmental increase in the effectiveness of intracortical inhibition, which should reduce
excitation, could restrict activity-dependent synaptic modification to a brief critical
period. A crucial role seems to be played by a specific subset of interneurons, the
parvalbumin-positive basket cells that provide perisomatic inhibition onto pyramidal neurons via synapses containing the alpha1 subunit of GABA(A) receptors [Di
Cristo et al., 2007].
A third player in the regulation of visual cortex plasticity is the extracellular matrix
(ECM), which provides an inhibitory environment for axonal sprouting, and also
inhibits experience-dependent plasticity. Perhaps more importantly, CSPGs form
perineuronal nets (PNNs) around the somata of cortical neurons, and preferentially
around the somata of parvalbumin-positive GABAergic inhibitory neurons [Hartig
et al., 1999]. It is these PNNs that appear to be particularly important in the regulation of visual cortex plasticity and the timing of the critical period. The organisation
of PNNs coincides with the end of the critical period, and formation of these nets is
delayed by dark rearing [Pizzorusso et al., 2002], a manipulation known to postpone
the critical period. In adult rats, degradation of CSPGs by means of chondroitinaseABC treatment reinstates plasticity and results in an OD shift following monocular
deprivation [Pizzorusso et al., 2002; Pizzorusso et al., 2006]. Degradation of the
ECM may partly mediate the effects of MD, and it has been suggested that monocular deprivation may result in the release of proteolytic enzymes, which then break
down the ECM, facilitating increased spine motility and plasticity [Mataga et al.,
2004; Oray et al., 2004]. Monocular deprivation induces increased proteolysis by the
protease tissue plasminogen activator tPA during the critical period, but not in adult
mice. When the effect of tPA is prevented, OD plasticity is reduced [Muller et al.,
1998; Mataga et al., 2004]. A recent reverse genetics study demonstrated the importance of cartilage link protein (Ctrl1, or Hapln1), a protein specifically involved in
establishing PNNs. Knockout mice lacking this protein maintain juvenile levels of
OD plasticity, and also their visual acuity remains sensitive to visual experience and
manipulation thereof [Carulli et al., 2010].
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A fourth and classic group of factors involved in cortical plasticity are the growth
factors and their receptors, such as the neurotrophin brain-derived neurotrophic factor (BDNF; [Huang et al., 1999; Hanover et al., 1999; Gianfranceschi et al., 2003]),
its receptor TrkB [Heimel et al., 2010] and insulin-like growth factor (IGF1; Obata
1999, Tropea 2006). IGF1 is a stimulator of neurite outgrowth and neuronal regeneration [Sjoberg et al., 1989]. Expression of IGF1 signalling components is increased
by plasticity stimulating paradigms [Obata et al., 1999; Tropea et al., 2006], and exogenous application of IGF1 prevents the OD shift that normally follows monocular
deprivation [Tropea et al., 2006].
A fifth category of proteins is formed by myelin and the myelin-related receptors
such as Nogo [McGee et al., 2005], and PirB [Syken et al., 2006; Atwal et al., 2008].
Myelin is a major obstacle for axon outgrowth and regeneration in the adult CNS,
for example after injury. A number of proteins associated with it seem to serve to
consolidate neural circuitry, and as such exert an inhibitory influence on plasticity. An example of these inhibitors of neurite outgrowth is oligodendrocyte-myelin
glycoprotein (OMgp), which binds Nogo receptor (NgR; [Wang et al., 2002]. The
importance of interactions between NgR and its ligands was exemplified by the inducibility of an OD shift into adulthood in transgenic mice lacking NgR [McGee et
al., 2005].
Notch signalling and synaptic plasticity
In this thesis, we studied the effects on cortical plasticity of signalling through another molecular cascade that has been shown to regulate neuronal morphology [Berezovska et al., 1999; Sestan et al., 1999; Franklin et al., 1999; Redmond et al., 2000]
as well as hippocampal synaptic plasticity [Wang et al., 2004], the Notch1 pathway.
Increased cell-cell contact between neurons results in ligand binding of the transmembrane receptor Notch1, thereby inducing Notch1 signalling. This in turn results
in increased neurite branching, but reduced neurite growth, suggesting that Notch1
may provide negative feedback controlling neuronal morphology and synaptic connectivity [Sestan et al., 1999].
Altogether, we addressed the question if these known effects and characteristics of
Notch signalling might also play a role in plasticity in vivo. In chapter two we demonstrated that transgenic expression of a constitutively active intracellular domain
of Notch1 (NICD) during the visual critical period resulted in a cell-autonomous
reduction of dendritic spine and filopodia densities, meaning that Notch1 signalling
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does not only reduce neurite growth during development, but also restricts synaptic
connectivity later in life. We subsequently showed that as a functional consequence,
postsynaptic activation of Notch1 signalling in layer 2/3 pyramidal neurons in V1
reduced the level of LTP that can be induced in the connections between layer 4 and
layer 2/3.
These anatomical and physiological changes observed in NICD transgenic animals resulted in an increased susceptibility of the transgenic mouse to the effects
of MD on high spatial frequency responses. When assessing OD plasticity using
stimuli of low spatial frequency, the OD shift resulting from monocular deprivation
seemed unaffected by NICD transgenic expression. However, following monocular
deprivation, responsiveness to stimuli of higher spatial frequencies appeared more
reduced in transgenic animals than in controls. Presumably, when tested at higher
spatial frequencies, a difference in OD shift magnitude would be observed. During
the critical period, visual acuity increases strongly [Heimel et al., 2007]. Possibly,
the reduced capacity for synaptic strengthening brought about by Notch1 signalling
counteracts this maturation, and results in an increased dependence on visual input
and activity. Altogether, we demonstrated the involvement of neuronal Notch1 signalling in activity-dependent cortical plasticity and provide support for the idea that
Notch1 activity provides a restrictive signal for neuronal connectivity. Our findings
also showed that small changes in OD plasticity might have clearer effects on the
development of visual acuity. Visual acuity then, assessed using higher frequency
stimuli, may be a more sensitive readout for the effects of signalling cascades and
visual experience on cortical plasticity. It is of relevance to note that a loss of acuity
is the major problem for people with amblyopia. Together, this underlines the need
for studying the mechanisms underlying visual acuity and its plasticity.
We subsequently adopted a microarray and qPCR approach to characterise the molecular signalling downstream of Notch1 in cortical pyramidal neurons, in order to
identify potential mediators of the effects of Notch1 signalling on cortical plasticity.
Our study showed that neuronal Notch1 signalling predominantly affects the expression of genes involved in transcription and in activity of the Ras/MAPK signalling
pathway, a pathway that has been well described in the scope of plasticity in vitro
and in vivo. An especially interesting find was the strong regulation of expression of
RIAM by Notch. RIAM is involved in dynamics of the actin cytoskeleton [Lafuente
et al., 2004; Jenzora et al., 2005], axon outgrowth [Quinn et al., 2006], integrinmediated adhesion [Lafuente et al., 2004; Lee et al., 2009] and it also interacts with
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Fe65, a protein binding APP and mediating its intracellular trafficking [Ermekova
et al., 1997]. Altogether this places RIAM in an excellent place to regulate synaptic plasticity and neurite outgrowth, and more research should reveal the effects of
RIAM on plasticity in vivo, and how it contributes to the role and effects of Notch
signalling. In addition we identified a negative feedback mechanism through which
the histone deacetylase HDAC4 restricts Notch1-mediated transcription.
Notch1 signalling, APP signalling and Alzheimer’s Disease
An important consideration is the close relationship between Notch, APP and the
gamma-secretase activity residing in the enzyme Presenilin. Presenilin is responsible for cleavage of both transmembrane proteins Notch [de Strooper et al., 1999;
Song et al., 1999] and APP [de Strooper et al., 1998], and knockout of Presenilin-1
results in a lethal phenotype similar to the Notch1 knockout phenotype [Shen et al.,
1997]. Presenilin may cleave APP at different locations, giving rise to amyloid β of
various lengths. Amyloid β with lengths of 40 and 42 amino acids is associated with
Alzheimer’s disease, with Aβ 42 the more likely of the two to form the characteristic plaques in the brain. Presenilin mutations result in an increased ratio of Aβ 42
produced compared to Aβ 40 and are a major cause of familial Alzheimer’s Disease
[Borchelt et al., 1996; Duff et al., 1996]. It is however interesting to speculate to
what degree some of the Alzheimer phenotypic effects may be attributed to effects
of the Presenilin mutations on Notch signalling [Struhl et al., 1999; Ye et al., 1999],
given the role for Notch in structural and physiological plasticity, as well as in learning and memory.
Naturally, Presenilin has been a likely therapeutic target when attempting to reduce
the production of β amyloid plaques, for example by means of gamma-secretase
inhibitors. This however also means potential interference with proper Notch signalling. Gamma secretase inhibitors tested so far have been shown to reduce Notch
proteolysis and to have toxic effects as a result. The toxic effects described reflect the
important role of Notch in cellular differentiation and mostly focus on the intestine
and immune system, but neuronal effects should not be excluded either.
Current focus in clinical trials is on new compounds that are to reduce Aβ generation whilst sparing Notch signalling. So far, very limited beneficial effects have been
observed, possibly because of the low dose/effect and/or the limited time span over
which the studies were conducted. The most promising approach appears to be one
of compounds that result in allosteric modulation of gamma-secretase activity, such
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as certain NSAIDs and Glivec [Netzer et al., 2003; Wolfe, 2008; Augelli-Szafran et
al., 2010; He et al., 2010].
Use of expression studies in understanding cortical plasticity
So far we have discussed reverse and forward genetics approaches for identifying
molecular mechanisms involved in OD plasticity. Another approach to obtain insight
into the genes and proteins underlying cortical plasticity adopted in the last decade
is to study the broad-scale changes in gene expression occurring during development, or those resulting from plasticity-manipulating experimental paradigms such
as monocular deprivation. Investigating the regulation of expression of genes and
proteins [Ossipow et al., 2004; Tropea et al., 2006; Majdan et al., 2006; Lyckman
et al., 2008] constitutes an unbiased method of gene and protein discovery that has
resulted in many new candidate genes for closer examination. In addition, by analysing the way in which functional groups of genes or proteins are affected in similar or
coordinated ways by experimental paradigms allows us to obtain a better insight into
the gene and protein networks, as well as signalling cascades potentially underlying
visual cortex plasticity.
Ossipow and colleagues [Ossipow et al., 2004] implicated kinase signalling in the
regulation of rodent visual cortex plasticity, a finding corroborated in subsequent
studies. Majdan and Shatz showed that expression of certain genes, such as BDNF,
Fos and others that are involved in MAPK signalling, is regulated by visual experience irrespective of the age of the animal, a finding made before [Di Cristo et al.,
2001]. Inhibition of MAPK (or ERK) blocks LTP and was also shown to prevent the
OD shift following monocular deprivation [Di Cristo et al., 2001]. For other genes
this regulation by visual experience is restricted to the critical period [Majdan et al.,
2006], and especially these may include interesting candidate plasticity regulators.
Gene expression screening following monocular deprivation highlighted the role for
growth factors. An interesting find here constitutes the involvement of insulin-like
growth factor (IGF1) pathway signalling [Tropea et al., 2006; Majdan et al., 2006].
Following MD, cortical expression of the IGF1-binding protein IGFBP5 was increased contralateral to the deprived eye. This increased expression was shown to be
critical for the OD shift. Exogenous application of IGF1, resulting in an increased
amount of IGF1 that is not bound to IGFBP5, prevented the effects of MD on OD
plasticity [Tropea et al., 2006]. This suggests that reduced levels of IGF are important for effective OD plasticity.
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Dark rearing was shown to result in increased expression of genes involved in synaptic transmission and electrical activity, including those for transmitter receptors,
a finding that seems consistent with a ‘homeostatic’ response of cortical neurons to
reduced visual activity. It also induced a downregulation of parvalbumin expression,
pointing towards parvalbumin expressing inhibitory interneurons as underlying the
delayed cortical maturation resulting from dark rearing [Tropea et al., 2006].
Despite the valuable data that gene expression screens such as microarrays have
provided on visual plasticity, the interpretation of these data faces a number of limitations. Importantly, changes in gene expression need not necessarily translate to
changes in protein levels in general, and more specifically to changes in synaptic
protein composition. Generally, the tissue isolated includes a variety of cellular
compartments, cell types, and cortical layers. mRNA may be subject to differential
susceptibility to degradation and differential effectiveness of translation. Also, the
proteins themselves are subject to degradation and trafficking.
Therefore, over the past years proteomic studies have started addressing the expression levels of proteins rather than RNA. Fluorescent two-dimensional gel electrophoresis combined with immunohistochemistry has pointed towards a role for the
collapsin response mediator proteins (CRMP) family in sensitive period plasticity
[Van den Bergh et al., 2003; Cnops et al., 2004; Van den Bergh et al., 2006; Cnops
et al., 2006; Cnops et al., 2007; Cnops et al., 2008]. Expression of members of this
family of proteins, which have been shown to regulate neuronal structure parameters
such as axon outgrowth [Inagaki et al., 2001; Chae et al., 2009], is changed over
development and by modified visual input.
Proteomic analysis of visual cortex plasticity
In the work described in chapter four of this thesis, we looked at broad scale changes
in protein expression at the synaptic membrane induced by plasticity-modulating
paradigms. An iTRAQ (isobaric tag for relative and absolute quantitation) based
proteomics approach was adopted, consisting of initial labelling of the peptides with
an isobaric tag, followed by two dimensional liquid chromatography and tandem
mass-spectrometry. The isobaric tags fragment during mass spectrometry, giving rise
to reporters of different mass for four experimental groups. In this way, initial labelling with an isobaric tag (iTRAQ) results in increased sensitivity of detection during
mass spectrometry. We analysed the synaptic membrane proteome of the mouse binocular visual cortex: a) during the critical period (P30), b) during the critical period
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while OD plasticity had been induced (P30-MD), c) in young adult mice after the
critical period (P46) and d) in young adult mice in which the critical period had been
delayed by means of dark rearing (P46-DR). This allowed us to simultaneously compare synaptic proteins levels for four experimental groups and study the effects of
visual experience and age on synaptic protein expression, and to analyse the effects
of dark rearing on age-induced changes.
The power of our approach lies partly in the power of the analysis, and with it the
identification of combined sets of proteins in the same molecular pathways, of which
expression is regulated in the same direction and to similar degrees. This allows
a much better understanding of the molecular processes and pathways underlying
cortical plasticity than separate data on gene expression levels for a few genes. Importantly, the enrichment of proteins associated with the synaptic membrane means
that our results are less contaminated with glial proteins, facilitating the analysis and
identification of relevant biological processes.
In our study, we confirm the involvement of a number of known signalling pathways
and mechanisms in the events underlying visual plasticity and critical period timing.
Among these are regulators of the actin cytoskeleton [Oray et al., 2004], clathrindependent endocytosis [Yoon et al., 2009], as well as Protein Kinase A (PKA) [Imamura et al., 1999] and PKC [Sacktor, 2011] signalling. We also identified new candidate regulators of ocular dominance plasticity identified in our screen, for example
modulators of Ras and Rho mediated signalling.
When comparing expression of proteins in mice during the critical period (P30) with
mice in which the critical period has closed (P46), we observed increased expression of proteins involved in transmitter release, regulation of the tubulin and septin
cytoskeleton and proteins associated with the extracellular matrix. Expression of
proteins regulating the actin cytoskeleton was reduced, altogether reflecting the increased synaptic stability observed in post critical period cortex.
Dark rearing prevented some of the changes affected by age, such as the reduced
expression of actin-associated proteins. It also induced increased expression of PKA
subunits and regulators as well as a number of G-proteins, including the GTPase
H-ras. H-ras is a modulator of presynaptic plasticity [Kushner et al., 2005] and was
recently shown to increase cortical plasticity, including OD plasticity [Kaneko et al.,
2010], and activation of PKA restores OD plasticity in the adult cat cortex [Imamura
et al., 1999]. It thus seems that dark rearing in itself induces activation of signalling
pathways involved in maintaining a plastic visual cortex.
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Dark rearing resulted in increased expression of GABAA receptor subunits, and
reduced expression of the GABA reuptake transporter GAT-1. Possibly, dark rearing delays inhibitory maturation and as such increases tonic inhibition as a type of
homeostatic feedback, while decreasing phasic, synaptic inhibition.
Wallerian degeneration and cortical plasticity
An exciting new find in our proteomics study is the possible involvement in cortical
plasticity of molecular signalling associated with Wallerian degeneration (WD). WD
is an active process of axonal degeneration and fragmentation that normally occurs
following nerve injury. It takes place distal to the injury, and is characterised by
axonal cytoskeleton disintegration and the axon falling apart over its length, rather
than by axon retraction [Waller, 1850]. In chapter four of this thesis we show that
in the visual cortex, synaptic expression of several proteins linked to this process of
Wallerian axon degeneration is altered with age and with dark rearing, indicating
that signalling cascades involved in Wallerian degeneration may be involved in mediating experience dependent plasticity in V1.
In the late nineties of the previous century, a mutant mouse was described displaying delayed Wallerian degeneration [Coleman et al., 1998]. This WldS (for slow
Wallerian degeneration) mouse strain expresses a fusion protein consisting of the
N-terminal part of the ubiquitination assembly factor Ube4b and the full sequence
of NAD+ synthase nicotinamide mononucleotide adenyltransferase-1 (NMNAT-1;
Mack 2001). The mechanisms by which the fusion protein brings about this effect
are still a matter of debate, but both components of the fusion protein, NMNAT
[Araki et al., 2004; Wang et al., 2005] and Ube4b [Wishart et al., 2007] appear to be
functional in providing axonal protection. A possibility is for the NMNAT portion to
provide support to mitochondrial function in counteracting the degeneration, and the
Ube4b portion to affect axonal targeting to allow NMNAT to bring about its effect
[Babetto et al., 2010].
Interestingly, our proteomics analysis showed that expression levels of both Ube4b
and mitochondrial proteins are changed in opposite directions between our experimental groups. We also demonstrated that WldS mice exhibit a reduced OD shift
upon MD, showing for the first time a function for the WldS mutation in a physiological setting. Since structural plasticity such as the reorganisation of axonal projections is one of the hallmarks of cortical plasticity in general and OD plasticity in
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specific, the involvement of Wallerian degeneration in cortical plasticity is an enticing possibility.
Whether or not Wallerian degeneration per se is involved in synaptic plasticity remains to be determined. A possibility is that proteins playing a role in the signalling
pathways underlying WD are involved in cortical plasticity, but not the process of
WD as such. In WldS mice then, it may not be the reduction in Wallerian degeneration itself that is responsible for reduced OD plasticity, but that instead the WldS
fusion protein affects OD plasticity in other ways.
The WldS protein may interfere with regulation of mitochondria [Yahata et al.,
2009], which we showed to be significantly influenced by visual experience and
which may be an important effector of synaptic plasticity [Mattson, 2007]. Interestingly, NMNAT3, a mitochondrial NMNAT subtype, also provides protection against
Wallerian degeneration [Yahata et al., 2009]. Also, a proteomics analysis of the striatum of WldS mice showed modified expression of a high number of proteins associated with mitochondrial stability [Wishart et al., 2007]. Another possibility is the
involvement of Sirtuin proteins. Araki and colleagues have previously shown that
SIRT1 is the downstream effector of increased nuclear Nmnat activity that leads to
axonal protection from degeneration [Araki et al., 2004]. Sirtuins are NAD+ dependent protein deacetylases and their substrates include axonal microtubules, mitochondrial proteins and histones. Suzuki and colleagues demonstrated that microtubules in
WldS mice are hyperacetylated and hence more stable, rendering the axons more resistant to Wallerian degeneration [Suzuki et al., 2007]. In these animals, sirtuin levels were reduced, and sirtuin overexpression abolished the axonal resistance to degeneration [Suzuki et al., 2007]. However, besides increasing microtubule and axon
stability and in this way increasing resistance to WD, sirtuins have also been shown
to directly affect synaptic plasticity [Gao et al., 2010]. SIRT1 activation results in
increased plasticity, whereas reduced SIRT1 activity results in reduced expression of
CREB and BDNF, as well as impaired synaptic plasticity [Gao et al., 2010]. In this
way, sirtuins may modulate OD plasticity without Wallerian degeneration taking part
in the process.
It will be important to determine the precise way in which different molecular cascades are involved, to determine whether or not Wallerian degeneration as such plays
a role in cortical plasticity. The numerous mouse mutants available by now should
provide a handle in doing so.
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Absence of Notch1 and its ligands among proteins regulated by age and visual input
Interestingly, Notch1 and its ligands Jagged and Delta were not identified among the
proteins regulated by plasticity modulating paradigms in our proteomics study. In
fact, Notch1, Jagged and Delta could not be identified at all in the analysis. This may
very well be a consequence of the low expression levels of these proteins, in line
with previous studies demonstrating low postnatal expression levels of Notch pathway components in neurons [Sestan et al., 1999; Stump et al., 2002]. Since Notch
functions as a transcription factor, indeed only limited amounts of the protein are required to bring about its effects and (synaptic) expression levels may therefore have
been below our detection threshold.
Outlook
Understanding the relationships between functional plasticity, structural plasticity
and the molecular changes accompanying these processes is of great importance if
we are to ultimately use this knowledge in therapeutically addressing amblyopia and
other more severe plasticity-based brain disorders in adults. The work described in
this thesis has provided a contribution to this understanding.
With regard to the proteomics results described in this thesis, it will be important to
functionally validate a role in cortical plasticity or critical period regulation for the
molecular pathways that were identified. Does for example Wallerian degeneration
indeed take place during OD plasticity and other occurrences of cortical plasticity?
In addition, it will be important to determine in which cell types the specific molecular mechanisms identified are primarily active with regard to visual plasticity. The
effects of dark rearing on the inhibitory system will have to be described in more
detail. Although a critical role for the GABAergic system has been well established,
it is important to determine for example how tonic and phasic inhibition are affected
by manipulations of visual experience.
An important goal currently pursued is the reinstatement of juvenile-like plasticity in
the adult cortex by means of pharmacological and genetic manipulations. This then
should provide new handles for therapeutic treatment of amblyopia and other synaptic disorders. Important factors restricting adult cortical plasticity are the extracellular matrix and myelin-related factors, and the balance between excitation and inhibition (see also [Morishita et al., 2008; McCoy et al., 2009; Bavelier et al., 2010]),
the importance of which was confirmed in our proteomics analysis. It is therefore
not surprising that successful paradigms for reinstating plasticity in adult rodents
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have targeted exactly these factors [Fagiolini et al., 1994; Pizzorusso et al., 2002;
McGee et al., 2005; Maya Vetencourt et al., 2008]. When attempting treatments in
adult patients, these factors and an approach towards relieving them should at least
be considered. However, so far none of these have directly resulted in therapies for
amblyopia or other disorders.
Results of non-invasive manipulations in rodents may provide an approach that can
be more easily translated into treatment in humans. Environmental enrichment [Sale
et al., 2007] and visual deprivation [He et al., 2006; He et al., 2007] are both noninvasive (behavioural) approaches that may reset the excitation inhibition balance
and render the adult cortex more plastic. Treatment with fluoxetine has also been
shown to reset the excitation inhibition balance and restore OD plasticity and the
recovery of amblyopia in adults [Maya Vetencourt et al., 2008].
The current view on cortical plasticity is one of a critical period in development,
during which knowledge and abilities may be acquired, which are then consolidated
in a cortex that becomes less plastic. In recent years, the division between a plastic
young visual cortex and an aplastic, rigid adult cortex has become less black and
white, especially in mice [Sawtell et al., 2003; Hofer et al., 2006]. What then are
the differences between mice and higher mammals? Are the cortices of rodents and
higher mammals really that different? And if so, do these differences between them
provide an explanation for the difference between an adult cortex that still displays
plasticity, in mice, and one (in higher mammals) that does not seem to do so? Or
can the same degree of plasticity also be induced in the adult cortex of higher mammals? Clearly, as adult human beings we are still able to acquire new knowledge and
abilities. We may not be the fast-learners we used to be but that does not mean our
cortices have lost all plasticity. Recent studies in humans suggest that robust plasticity may be reinstated in adults, and positively affect amblyopia, for example by
repetitive transcranial magnetic stimulation [Thompson et al., 2008] or perceptual
learning [Zhou et al., 2006; Huang et al., 2008; Levi et al., 2009]. More research into
these approaches should reveal the degree of adult plasticity that can be evoked, the
optimal ways of reinstating adult plasticity, as well as the degree to which these approaches can be used to induce modes of plasticity different from the ones that have
been studied so far.
An important additional challenge will be to address potential side effects and safety
issues that come with therapeutic approaches to reinstate adult plasticity, and thus
to find a safe application in humans of results obtained in rodents. Since reinstating
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adult plasticity will affect the established neuronal network within which our abilities and imprinted memories are embedded [Gundelfinger et al., 2010], but also lead
to pathology in itself [Pascual-Leone et al., 2005], new studies will have to demonstrate how the therapeutic reinstatement of plasticity can be controlled both spatially
and temporally.
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summary

Proper visual experience during postnatal development is of critical importance for
the maturation of the visual system and its functioning later in life. It determines the
way in which neurons in the visual cortex respond to visual stimuli, which is exemplified by the consequences of monocular deprivation, the occlusion of input through
one of the two eyes.
Monocular deprivation changes the responsivity of neurons in the visual cortex to
input from the deprived eye and also reduces visual acuity through this eye. These
functional changes are accompanied by structural rearrangements such as dendritic
spine turnover and reorganisation of neurites; therefore proteins involved in the regulation of neuronal morphology are likely to play a role in visual plasticity.
One such protein that is known to regulate the morphology of neuronal dendrites
and also influences learning is the transmembrane receptor Notch1. In chapter 2
we describe our study into the role of Notch1 signalling in plasticity of the mouse
visual cortex, in which we make use of transgenic mice that conditionally express
active Notch1 postnatally in cortical pyramidal neurons. We demonstrate that neuronal Notch1 signalling cell-autonomously reduces dendritic spine- and filopodia
densities and reduces long-term potentiation in the visual cortex. Upon monocular
deprivation, these effects of Notch1 activity predominantly affect responses to visual
stimuli with higher spatial frequencies. This results in an enhanced effect of monocular deprivation on visual acuity.
After having established the effects of Notch expression in pyramidal neurons on
cortical plasticity, we aim to characterise the molecular signalling downstream of
Notch in cortical pyramidal neurons in order to identify potential mediators of these
effects. Since Notch functions as a transcriptional regulator, we performed microarray experiments on the cerebral cortex of mice transgenically overexpressing constitutively active Notch1 in all cortical pyramidal neurons. In chapter 3 we compare
gene expression in these animals with littermate control mice and in this way screen
for target genes downstream of Notch signalling. In these animals neuronal Notch1
signalling predominantly affects the expression of genes involved in transcription
and in signalling through the Ras/MAPK pathway. In addition we identify a negative feedback mechanism that involves the histone deacetylase HDAC4, restricting
Notch1-mediated transcription.
Visual plasticity is enhanced during the critical period, enabling the acquisition of
knowledge and skills that we depend on in later life. Essential to the persistent changes in neuronal connectivity and plasticity are the underlying molecular changes tak163
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ing place at the level of the synapse. In order to provide an insight into the molecular
pathways involved in visual plasticity, genetic screens were adopted during the past
decade. Studies using differential display or microarray techniques analysed expression patterns of thousands of genes under experimental conditions of high and low
plasticity. Studies in which proteins rather than genes are the subject of investigation
are scarce and the same holds true for studies focussing on the neuronal compartment
featuring the actual neuronal connection and thus the subject of synaptic plasticity:
the synapse. In chapter 4, we describe our study into the expression of synaptic proteins under different plasticity-modulating experimental conditions. We compare the
synaptic expression of proteins in animals at the peak of the sensitive period (P30),
in animals of that age that were monocularly deprived for 4 days from P26 onwards
(P30-MD), in animals in which the sensitive period had ended (P46) and in animals
of that age that were reared in the dark (P46-DR). We characterise synaptic expression of proteins in these four groups by means of an iTRAQ proteomics approach
based on sequential liquid chromatography and tandem mass spectrometry. We show
that induction of visual cortex plasticity by means of monocular deprivation during
the critical period results in increased levels of kinases and proteins regulating the
actin-cytoskeleton and endocytosis. Closure of the critical period with age coincides
with increased levels of proteins associated with transmitter vesicle release and the
tubulin- and septin-cytoskeletons, and decreased levels of proteins regulating the
actin-cytoskeleton, in agreement with increased stability and efficacy of synapses.
Dark rearing, a process that keeps the visual cortex plastic, prevents only some of
these changes. It also results in increased levels of G-proteins and protein kinase A
subunits. We conclude that dark rearing does not simply result in delayed cortical
maturation but may also activate specific signalling pathways that provide increased
visual cortex plasticity. Interestingly, we also identify many proteins of which synaptic expression is regulated by age and visual input, and that are associated with
Wallerian axon degeneration. We subsequently demonstrate that in mutant mice in
which Wallerian degeneration is delayed, visual plasticity is indeed reduced.
Finally, chapter 5 provides a discussion of the findings in this thesis, and discusses
them within the framework of current knowledge.
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Voor de ontwikkeling en het goed functioneren van het visuele systeem na de geboorte is normale visuele ervaring essentieel. Deze visuele ervaring tijdens de
ontwikkeling bepaalt hoe zenuwcellen (ook wel neuronen genoemd) in de visuele
schors op latere leeftijd reageren op visuele stimuli. Dit wordt duidelijk wanneer we
zien wat er gebeurt wanneer één van beide ogen dicht wordt gemaakt en zodoende
visuele input via één van beide ogen is geblokkeerd (dit wordt ook wel monoculaire
deprivatie genoemd).
Monoculaire deprivatie verandert de mate waarin neuronen in de visuele schors reageren op informatie die binnenkomt vanuit het gedepriveerde oog. Ook zorgt het
ervoor dat de visus in dat oog verminderd wordt. Deze functionele veranderingen
gaan gepaard met structurele veranderingen. Zo resulteert het in reorganisatie van
neurieten, de uitlopers van zenuwcellen, Daarnaast verandert het ook de turnover
van dendritische spines, kleine uitstulpsels op neurieten waar zich vaak synapsen op
bevinden. Het is daarom aannemelijk dat eiwitten die betrokken zijn bij het reguleren van de morfologie van neuronen ook een rol spelen in visuele plasticiteit.
Een voorbeeld van een eiwit waarvan bekend is dat het de morfologie van neuronale
dendrieten en het leervermogen sterk kan beïnvloeden is de receptor Notch1, die
zich bevindt in het neuronale celmembraan. In hoofdstuk 2 beschrijven we onze
studie naar de rol van Notch1 signalering in plasticiteit in de visuele schors van de
muis. In deze studie maken we gebruik van transgene muizen die na de geboorte
actief Notch1 tot expressie brengen in corticale pyramidaalneuronen. We tonen aan
dat neuronale Notch1 signalering de dichtheid van dendritische spines en filopodia
op cel-autonome wijze vermindert. Tevens vermindert het de mate waarin langetermijn potentiatie (LTP) kan worden opgewekt in de visuele schors. Deze effecten van Notch1 activiteit hebben gevolgen voor de mate waarin de visuele schors
na monoculaire deprivatie reageert op met name visuele stimuli met hoge spatiële
frequenties. Dit zorgt ervoor dat het effect van monoculaire deprivatie op de visus
versterkt wordt.
Na het vaststellen van de effecten van Notch activiteit in pyramidaalneuronen op
corticale plasticiteit, willen we de moleculaire processen in kaart brengen die zich
stroomafwaarts van Notch activatie afspelen in corticale pyramidaalneuronen. Zo
kunnen we mogelijke mediatoren van deze effecten identificeren. Omdat Notch
functioneert als een regulator van gentranscriptie hebben we microarray experimenten uitgevoerd op de cerebrale schors van transgene muizen die actief Notch1 tot
expressie brengen in alle corticale pyramidaalneuronen. In hoofdstuk 3 vergelijken
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we de genexpressie in deze dieren met die in controlemuizen uit hetzelfde nest, en
screenen op deze manier voor target genen stroomafwaarts van Notch signalering. In
deze dieren beïnvloedt neuronale Notch1 signalering met name de expressie van genen die betrokken zijn bij transcriptie evenals signaaltransductie door de Ras/MAPK
pathway. Daarnaast identificeren we een negatief feedback mechanisme waarin het
histon deacetylase HDAC4 een rol speelt, Dit feedback mechanisme heeft een remmende werking op Notch1-gemediëerde transcriptie.
Visuele plasticiteit is verhoogd tijdens de kritische periode, wat ons in staat stelt
om kennis en vaardigheden op te doen waar we de rest van ons leven de vruchten
van plukken. De moleculaire veranderingen die plaatsvinden op het niveau van de
synaps, de plek waar zenuwcellen contact met elkaar maken, zijn essentieel voor
de blijvende veranderingen in neuronale connectiviteit en plasticiteit. Om inzicht
te verkrijgen in de moleculaire mechanismen die ten grondslag liggen aan visuele
plasticiteit, zijn het afgelopen decenium genetische screens uitgevoerd. Hierin zijn
expressiepatronen van duizenden genen geanalyseerd onder experimentele omstandigheden gekenmerkt door hoge of juist lage plasticiteit. Studies waarin naar eiwitten is gekeken in plaats van naar genen zijn zeldzaam, en hetzelfde kan gezegd
worden over studies die zich hebben geconcentreerd op de synaps, de plaats waar
de moleculaire handtekening van synaptische plasticiteit verwacht mag worden. In
hoofdstuk 4 beschrijven we ons onderzoek naar de expressie van synaptische eiwitten onder verschillende plasticiteit-modulerende experimentele omstandigheden.
We vergelijken de synaptische expressie van eiwitten in dieren tijdens de piek van
de kritische periode (P30), in dieren van dezelfde leeftijd die vier dagen lang monoculair gedepriveerd waren vanaf P26 (P30-MD), in dieren waarin de kritische periode was geëindigd (P46) en in dieren van diezelfde leeftijd die in het donker waren
geboren en opgegroeid (P46-DR). In deze vier groepen karakteriseren we de synaptische expressie van eiwitten door middel van een iTRAQ proteomics benadering
gebaseerd op sequentiële vloeistofchromatografie en tandem massaspectrometrie.
We laten zien dat inductie van plasticiteit in de visuele schors door middel van monoculaire deprivatie tijdens de kritische periode resulteert in verhoogde expressieniveaus van kinases en eiwitten die een regulerende rol spelen bij het actine-cytoskelet
en bij endocytose. Het einde van de kritische periode gaat gepaard met verhoogde
expressie van eiwitten die betrokken zijn bij de afgifte van neurotransmitterblaasjes
en de tubuline- en septinecytoskeletten, en met verlaagde niveaus van eiwitten die
het actine cytoskelet reguleren. Dit is in overeenstemming met een verhoogde stabi170
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liteit en efficiëntie van de synapsen, kenmerkend voor een meer volwassen visuele
schors waarin de kritische periode geëindigd is. Een aantal van deze veranderingen
kan worden voorkomen door de muizen in het donker op te laten groeien, dit is een
proces waarvan bekend is dat het de visuele schors plastisch houdt. Opgroeien in
het donker leidt tevens tot verhoogde niveaus van G-eiwitten en protein kinase A
subunits. We kunnen hieruit opmaken dat opgroeien in het donker niet simpelweg resulteert in vertraagde corticale maturatie maar dat het ook specifieke signaalcascades
kan activeren die verhoogde plasticiteit van de visuele schors tot gevolg hebben. Een
interessante bevinding is de identificatie van vele eiwitten waarvan de synaptische
expressie afhankelijk is van leeftijd en visuele input en die een rol spelen bij Walleriaanse axon degeneratie. We laten zien dat in mutante muizen waarin Walleriaanse
degeneratie vertraagd is, visuele plasticiteit sterk is verminderd.
Tot slot worden in hoofdstuk 5 de resultaten van het onderzoek uit dit proefschrift
bediscussieerd, en geplaatst binnen de huidige kennis.
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Een promotieproject is zelden een individuele aangelegenheid. Als je maar lang genoeg mee bezig bent, dan zijn er vanzelf genoeg mensen die er direct dan wel zijdelings bij betrokken zijn of zich betrokken tonen, en zonder wie het dankwoord niet
volledig zou zijn. Omdat je deze bladzijde leest is er een goede kans dat jij daar ook
bijhoort. Daarom: dankjewel!
Toch wil ik enkele mensen in het bijzonder bedanken voor hun samenwerking, bijdrage, steun of interesse gedurende de afgelopen jaren.
Allereerst Christiaan. Het heeft iets langer geduurd dan we van tevoren gedacht zullen hebben maar nu is het dan zover. Bedankt dat je me de kans hebt gegeven om
in dit onderzoek te duiken en deel uit te maken van de fascinerende wereld van de
wetenschap. Bedankt ook voor het blijven stimuleren en ideeën spuien ook nadat
ik al uit het lab weg was, en voor de gerichte en opbouwende feedback tijdens het
schrijfwerk.
Matthijs, bedankt dat je mijn promotor wilde zijn, en voor je interesse en opbouwend
commentaar, ook al spraken we elkaar niet dagelijks.
Graag bedank ik ook de leden van de promotiecommissie (Christian Lohmann,
Tommaso Pizzorusso, Guus Smit, Joost Verhaagen) voor hun bereidheid zitting te
nemen in de commissie, en het commentaar op het proefschrift.
Sridhara, a big thank you for starting as a fantastic roomy, for being an ideal partner
in activities of the widest range and in reflections on just about anything, and quickly
ending up as someone I feel privileged to call my friend. I am happy to know you
were part of things from the start ☺ Visiting India and attending your wedding was a
special experience I would not want to have missed. Next time we will have to spend
some time on the cover drive.
Alexander, bedankt voor je niet ophoudende behulpzaamheid en je bereidheid om je
vaardigheden en kennis te delen met ons lesser mortals. Het was fijn om te weten dat
zelfs de meest onbenullige vragen konden rekenen op een serieus antwoord. Bedankt
voor de sfeer die je in het lab bracht, en natuurlijk ook bedankt dat je mijn paranimf
wilde zijn, dat waardeer ik bijzonder!
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Hadi, my roommate for quite a while, and joint ‘senior PhD student’. It was comforting to know on more than one occasion we could email 24/7 and get a response
pronto, our screens appearing frighteningly similar throughout the nights. Thanks for
always being willing to help out and for providing chocolate ad supra libitum.
Iedereen in het Levelt lab (Boukje, Damian, Danielle, Jochem, Josephine, JP, Lidy,
Marieke, Martijn, Matt, Robin, Sarra, Sitha, Susanne, Svetlana) bedankt voor alle
kundige hulp en discussies in het lab, alle uitjes en trips naar hutjes op de hei en
omdat ons lab toch een beetje ons wereldje was.
De muismensen (Gertjan, Marian, Gavin, Rainier en Lotte) zonder wie het werk beschreven in dit proefschrift niet uitgevoerd had kunnen worden. Bedankt!
Willem, bedankt voor je bereidheid om mij in te wijden in the nobele art of qPCR. Ik
heb de vele gezellige uurtjes in jouw lab erg gewaardeerd, net als al je hulp, kennis
en interesse.
Graag bedank ik ook alle co-auteurs en anderen die hebben bijgedragen aan het
project en met wie het erg prettig samenwerken was op het NIN (Bob, Joop, Ruben,
Willem), de VU (Guus, Hans, Huib, Jaap, Ka Wan, Maarten, Pim, Roel) en het RMI
(Frank, Joop, Marian).
Ger, bedankt voor het mij inwijden in de wetenschap, je begeleiding bij mijn eerste
stage en voor je aanhoudende enthousiasme.
Marcia, Heidi en Ernita voor alle aanmoedigingen, interesse, behulpzaamheid en
voor het altijd beschikbaar zijn voor een praatje.
De Kandel club (Albena, Arne, Bart, Jamilja, Odette, Sridhara) voor een vliegende
start in het OIO bestaan en vele leuke discussies en uitjes.
Marjelle, waar schaar ik je onder? VU? NIN? DOCS? Genzyme? Dankjewel voor
je uitgebreide adviezen toen ik solliciteerde bij Genzyme, het uitwisselen van onze
proefschrift verwikkelingen van allerlei aard en verhalen op de werkvloer.
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De RMI clan (Andrea, Cindy, Floor, Judith, Jurgen, Karlijn) en alle (andere) coAIOs (Albena, Bob, Dominique, Elly, Jan, Janneke, Jay, Kate, Keimpe, Maria, Tam,
Tim en iedereen die ik onbedoeld niet noem). Bedankt voor alle gezelligheid binnen
en buiten het lab, en het kunnen delen van alle ervaringen.
Heel graag wil ik ook mijn collega’s bij Genzyme (Adrian, Alexa, Art, Ashwani, Astrid, Bianca, Christien, Erica, Ivar, John, Marielle, Mascha, Sharon, Tamara en alle
anderen) en Novartis (Anneke, Daniëlle, Kiki, Marlies, Michel, Natascha, Pieter,
Sander, Sonja) bedanken voor de aanhoudende interesse en aanmoedigingen. Het is
fijn om uniek te zijn, maar ook goed om te weten dat velen in dezelfde situatie zitten
of hebben gezeten. Het was erg prettig om ervaringen te kunnen delen.
Heel erg bedankt aan de Molinos-clan (Helen, Michelle, Peter-Jan en Tino, met z’n
vijven samen zijn we een warm bad!) en mijn Westfriese en Gelderse klankborden
(Erik, Oscar, Pascal, Roel en Tom).
And thank you to everyone else who kept informing on a positive note over the past
years if ‘this would be the year’.
Pap, Mam, Pap en Mam, Femke, Silvia en Roelof, dankjewel voor jullie steun, zowel
op de momenten waarop het goed ging als de momenten waarop de twijfel wat groter
was. Al was misschien niet altijd duidelijk wat ik nu al die tijd aan het doen was, jullie hielden er vertrouwen in dat het af zou komen. Pap, bedankt dat je je ook aan de
kaft-tot-kaft slijtageslag van mijn proefschrift hebt gewaagd en er zo nog een aantal
schoonheidsfoutjes uit hebt weten te halen.
Lieve Judith, eindelijk is het dan klaar. Dankjewel voor jouw eindeloze geduld, begrip, vertrouwen, aanmoedigingen en vele zetjes in de rug, steun, hulp en liefde.
Gelukkig wist je wat het allemaal inhield, en niet alleen uit de flyer. Dankjewel ook
voor je enorme hulp bij het lay-outen van het boekje. Alleen al om jou ben ik ontzettend blij dat ik dit onderzoek ben begonnen, en evenzo dat het nu afgerond is. Ga je
mee iets leuks doen?
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Martijn Dahlhaus werd geboren op 26 juli 1978 in Hoorn (NH). In 1996 behaalde
hij het VWO diploma aan de Regionale Scholengemeenschap in Enkhuizen en in
hetzelfde jaar begon hij aan de studie Medische Biologie aan de Vrije Universiteit te
Amsterdam. Onderdeel van de specialisatiefase in de richting neurobiologie waren
twee onderzoeksstages. De eerste deed hij bij de vakgroep Neuronen en Netwerken van het Nederlands Instituut voor Hersenonderzoek te Amsterdam, onder begeleiding van Dr. G. Ramakers. Onderwerp was de interactie tussen het neurotrofine
Brain-Derived Neurotrophic Factor en de ontwikkeling van inhibitoire GABAerge
netwerken. De tweede onderzoeksstage deed hij aan het Rudolf Magnus Instituut te
Utrecht. Onder begeleiding van Dr. R. Stam onderzocht hij in de afdeling Neuroscience & Pharmacology stress-sensitisatie van signaaldoorgifte in afferente zenuwbanen uit de viscera, in het bijzonder het duodenum. Het doctoraal diploma Medische
Biologie behaalde hij cum laude op 16 mei 2002.
Van juni 2002 tot November 2008 werkte Martijn als Onderzoeker in Opleiding in
de afdeling Moleculaire Visuele Plasticiteit van het Interuniversitair Oogheelkundig
Instituut (inmiddels Nederlands Instituut voor Neurowetenschappen) in Amsterdam.
Onder leiding van Dr. C. Levelt deed hij onderzoek naar de moleculaire achtergrond
van plasticiteit van de visuele cortex in muizen. De resultaten van het onderzoek
worden beschreven in dit proefschrift. Als mooiste resultaat van zijn OIO periode
beschouwt hij het ontmoeten van Judith, met wie hij in 2010 trouwde.
Van september 2009 tot februari 2011 was Martijn werkzaam bij Genzyme Europe
B.V. in Almere, gedurende het eerste half jaar als Biomedical / Regulatory Affairs
Trainee en vervolgens als Pharmacovigilance Associate. Sinds maart 2011 werkt
hij als Drug Safety Associate in de afdeling Drug Safety / Medical Information van
Novartis Pharma B.V. in Arnhem.
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Chapter 4 Supplementary Table 2. Altered protein levels upon monocular deprivation. Proteins that
are significantly (p<0.05, t-test) different between P30 and P30-MD (Table 2) are shown. All proteins
that are quantified with less stringent criteria are marked in grey and are not considered significantly
affected in our analysis. Of these proteins, those with an FDR>=15% are under the black line. Proteins
quantified with less than 2 peptides in more than one set are indicated in italics.
Monocular Deprivation:
Ratio P30-MD/P30
Full name

ID

Fold
change

p value
(T-test)

FDR
(%)

Nuclear valosin-containing protein-like
(Nuclear VCP-like protein) (NVLp)

NVL_MOUSE

0,72

4,6E-04

0,0

14-3-3 protein eta

1433F_MOUSE

1,22

1,3E-03

0,0

Clathrin light chain A (Lca)

CLCA_MOUSE

1,11

1,9E-03

5,5

Brain-specific angiogenesis inhibitor 1
precursor

BAI1_MOUSE

0,92

2,3E-03

14,8

Inactive dipeptidyl peptidase 10 (Dipeptidyl
peptidase X)

DPP10_MOUSE

0,88

2,9E-03

5,5

Electrogenic sodium bicarbonate cotransporter 1 (Sodium bicarbonate cotransporter)

S4A4_MOUSE

0,87

3,3E-03

5,5

Neuronal-specific septin-3

SEPT3_MOUSE

1,15

5,0E-03

5,5

Syntaxin-12

STX12_MOUSE

0,90

5,0E-03

13,3

Band 4.1-like protein 1 (Neuronal protein
4.1) (4.1N)

E41L1_MOUSE

1,13

5,2E-03

5,5

40S ribosomal protein S9

RS9_MOUSE

0,84

5,8E-03

5,5

Vesicle-associated membrane protein-associ- VAPA_MOUSE
ated protein A (VAMP-A)

1,16

6,9E-03

5,5

Mitochondrial glutamate carrier 2 (Solute
carrier family 25 member 18)

GHC2_MOUSE

0,91

7,7E-03

14,8

Drebrin (Developmentally-regulated brain
protein)

DREB_MOUSE

1,08

9,2E-03

14,3

Pyruvate kinase isozyme M2 (EC 2.7.1.40)

KPYM_MOUSE

1,32

9,7E-03

5,5

Deleted in bladder cancer protein 1 homolog DBC1_MOUSE
precursor

0,82

1,1E-02

5,5

Endoplasmin precursor (Heat shock protein
90 kDa beta member 1)

ENPL_MOUSE

0,88

1,3E-02

13,3

Voltage-dependent calcium channel
gamma-3 subunit

CCG3_MOUSE

1,25

1,3E-02

5,5

F-actin capping protein subunit beta (CapZ
beta)

CAPZB_MOUSE

1,14

1,3E-02

11,5

14-3-3 protein zeta/delta

1433Z_MOUSE

1,17

1,4E-02

5,5
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Monocular Deprivation:
Ratio P30-MD/P30
Full name

ID

Fold
change

p value
(T-test)

FDR
(%)

Actin related protein 2/3 complex, subunit
5-like

21312654

1,16

1,6E-02

11,5

Clathrin light chain B (Lcb)

CLCB_MOUSE

1,16

1,9E-02

11,5

Actin, alpha cardiac muscle 1 (Alpha-cardiac actin)

ACTC_MOUSE

1,31

1,9E-02

5,5

L-lactate dehydrogenase A chain (LDH-A)
(LDH muscle subunit) (LDH-M)

LDHA_MOUSE

1,10

1,9E-02

14,3

NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 6 (EC 1.6.5.3)

NDUA6_MOUSE 1,41

2,0E-02

5,5

Ras-related protein Rab-7

RAB7_MOUSE

0,87

2,0E-02

14,8

mKIAA0856 protein

50510671

1,14

2,0E-02

11,5

14-3-3 protein beta/alpha (Protein kinase C
inhibitor protein 1) (KCIP-1)

1433B_MOUSE

1,21

2,1E-02

5,5

Alpha-adducin (Erythrocyte adducin subunit ADDA_MOUSE
alpha)

1,17

2,2E-02

11,5

Platelet glycoprotein V precursor (GPV)
(CD42D antigen)

GPV_MOUSE

1,11

2,2E-02

14,3

Uncharacterized protein C2orf32 homolog

CB032_MOUSE

1,20

2,3E-02

11,5

14-3-3 protein gamma

1433G_MOUSE

1,15

2,4E-02

11,5

Doublecortin-like and CAM kinase-like 1
DCAMKL1

DCAK1_MOUSE

1,23

2,4E-02

5,5

RasGAP-activating-like protein 1

RASL1_MOUSE

1,20

2,6E-02

11,5

14-3-3 protein epsilon

1433E_MOUSE

1,14

2,6E-02

12,2

74210076|dbj|BAE21321.1|unnamed protein 74210076
product [Mus musculus]

0,82

2,6E-02

13,3

Vacuolar ATP synthase subunit F (V-ATPase
F subunit)

VATF_MOUSE

1,18

2,7E-02

11,5

Sideroflexin-5

SFXN5_MOUSE

0,82

2,7E-02

13,3

Protein kinase C alpha type (EC 2.7.11.13)
(PKC-alpha) (PKC-A)

KPCA_MOUSE

1,12

2,8E-02

14,3

Coronin-1A (Coronin-like protein A)
(Clipin-A)

COR1A_MOUSE

1,13

2,9E-02

14,3

Brain acid soluble protein 1 (BASP1 protein) BASP_MOUSE

1,20

2,9E-02

11,5

hypothetical protein LOC224904

0,79

3,0E-02

13,3

0,77

3,2E-02

13,3

23346595

Ras-related protein Rab-22A (Rab-22) (Rab- RB22A_MOUSE
14)

189

chapter

11

Monocular Deprivation:
Ratio P30-MD/P30
Full name

ID

Fold
change

p value
(T-test)

FDR
(%)

STA13_MOUSE

0,63

3,2E-02

12,2

Uncharacterized protein KIAA0773 homolog K0773_MOUSE

1,20

3,2E-02

11,5

WD repeat protein 1 (Actin-interacting
protein 1) (AIP1)

WDR1_MOUSE

1,30

3,3E-02

5,5

Profilin-2 (Profilin II)

PROF2_MOUSE

StAR-related lipid transfer protein 13
(StARD13)

1,21

3,3E-02

11,5

Protein kinase C gamma type (PKC-gamma) KPCG_MOUSE

1,14

3,4E-02

14,3

Ezrin-radixin-moesin-binding phosphoprotein 50 (EBP50) (NHERF-1)

NHERF_MOUSE

1,13

3,4E-02

14,3

Visinin-like protein 1 (VILIP) (Neural
visinin-like protein 1) (NVL-1) (NVP-1)

VISL1_MOUSE

1,11

3,4E-02

14,3

Semaphorin-4D precursor (Semaphorin J)

SEM4D_MOUSE

0,71

3,8E-02

13,3

Son of sevenless homolog 1 (SOS-1)

SOS1_MOUSE

0,61

4,2E-02

13,3

ATP synthase epsilon chain, mitochondrial

ATP5E_MOUSE

0,79

4,4E-02

14,8

Mitogen-activated protein kinase 1 (Extracellular signal-regulated kinase 2)

MK01_MOUSE

1,26

4,4E-02

11,5

cAMP-dependent protein kinase type II-beta
regulatory subunit

KAP3_MOUSE

1,15

4,6E-02

14,3

Forkhead box protein P3 (Scurfin)

FOXP3_MOUSE

0,75

4,8E-02

14,8

AP-2 complex subunit alpha-1 (AdapterAP2A1_MOUSE
related protein complex 2 alpha-1 subunit)
(Alpha-adaptin A) (Adaptor protein complex
AP-2 alpha-1 subunit) (Clathrin assembly
protein complex 2 alpha-A large chain)
(100 kDa coated vesicle protein A) (Plasma
membrane adaptor HA2/AP2 adaptin alpha
A subunit)

1,06

5,6E-03

19,3

Serine/threonine-protein kinase MARK2 (EC MARK2_MOUSE 0,93
2.7.11.1) (MAP/microtubule affinity-regulating kinase 2) (ELKL motif kinase) (EMK1)

7,4E-03

24,5

Protein MICAL-3

MICA3_MOUSE

0,90

1,7E-02

17,3

Beta-soluble NSF attachment protein
(SNAP-beta) (N-ethylmaleimide-sensitive
factor attachment protein, beta) (Brain
protein I47)

SNAB_MOUSE

1,05

1,9E-02

30,0

Neuronal pentraxin receptor

NPTXR_MOUSE

0,92

1,9E-02

22,8
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Monocular Deprivation:
Ratio P30-MD/P30
Full name

ID

Fold
change

p value
(T-test)

FDR
(%)

Disks large-associated protein 3 (DAP-3)
(SAP90/PSD-95-associated protein 3) (SAPAP3) (PSD-95/SAP90-binding protein 3)

DLGP3_MOUSE

1,07

2,0E-02

20,6

Amphiphysin

AMPH_MOUSE

1,08

2,3E-02

19,3

Glycerophosphodiester phosphodiesterase
domain-containing protein 3 (EC 3.1.-.-)

GDPD3_MOUSE

0,93

2,4E-02

26,9

Neuronal growth regulator 1 precursor
NEGR1_MOUSE
(Kilon protein) (Kindred of IgLON) (Neurotractin)

0,92

2,7E-02

24,5

Ras-related protein Rab-3A

RAB3A_MOUSE

1,07

2,7E-02

21,0

Uncharacterized protein C9orf126 homolog

CI126_MOUSE

0,95

2,8E-02

33,8

Cytochrome c, somatic

CYC_MOUSE

0,87

3,2E-02

17,3

Aspartate aminotransferase, mitochondrial
precursor (EC 2.6.1.1) (Transaminase A)
(Glutamate oxaloacetate transaminase 2)

AATM_MOUSE

0,88

3,2E-02

17,3

Voltage-dependent P/Q-type calcium channel CAC1A_MOUSE
subunit alpha-1A (Voltage-gated calcium
channel subunit alpha Cav2.1) (Calcium
channel, L type, alpha-1 polypeptide isoform
4) (Brain calcium channel I) (BI)

1,08

3,5E-02

20,6

IQ motif and Sec7 domain-containing
protein 2

IQEC2_MOUSE

1,10

3,5E-02

19,3

Synaptotagmin-1 (Synaptotagmin I) (SytI)
(p65)

SYT1_MOUSE

0,93

3,8E-02

30,0

AP-2 complex subunit mu-1 (Adaptin mu-1) AP2M1_MOUSE
(AP-2 mu-2 chain) (Clathrin coat assembly
protein AP50) (Clathrin coat-associated protein AP50) (Plasma membrane adaptor AP-2
50 kDa protein) (Clathrin assembly protein
complex 2 medium chain)

1,06

4,0E-02

30,0

Guanine nucleotide-binding protein G(k)
subunit alpha (G(i) alpha-3)

GNAI3_MOUSE

1,12

4,0E-02

17,3

Integral membrane protein 2C (Transmembrane protein BRI3) [Contains: CT-BRI3]

ITM2C_MOUSE

1,10

4,1E-02

19,3

Brain-enriched guanylate kinase-associated
protein

BEGIN_MOUSE

1,11

4,2E-02

17,3
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Monocular Deprivation:
Ratio P30-MD/P30
Full name

Fold
change

p value
(T-test)

FDR
(%)

Vacuolar ATP synthase catalytic subunit A,
VATA1_MOUSE
ubiquitous isoform (EC 3.6.3.14) (V-ATPase
subunit A 1) (Vacuolar proton pump alpha
subunit 1) (V-ATPase 69 kDa subunit 1)

1,07

4,2E-02

26,9

Vesicular inhibitory amino acid transporter
(GABA and glycine transporter) (Vesicular
GABA transporter) (mVIAAT) (mVGAT)
(Solute carrier family 32 member 1)

0,92

4,2E-02

26,9

1,06

4,4E-02

30,0

Glutamate [NMDA] receptor subunit epsilon NMDE1_MOUSE 0,95
1 precursor (N-methyl D-aspartate receptor
subtype 2A) (NR2A) (NMDAR2A)

4,4E-02

39,2

Disheveled-associated activator of morphogenesis 1

DAAM1_MOUSE 0,91

4,6E-02

26,9

CaM kinase-like vesicle-associated protein

CAMKV_MOUSE 0,91

4,7E-02

26,9

ID

VIAAT_MOUSE

Myosin-10 (Myosin heavy chain 10) (MyMYH10_MOUSE
osin heavy chain, nonmuscle IIb) (Nonmuscle myosin heavy chain IIb) (NMMHC
II-b) (NMMHC-IIB) (Cellular myosin heavy
chain, type B) (Nonmuscle myosin heavy
chain-B) (NMMHC-B)
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Chapter 4 Supplementary Table 3. Altered protein levels with age or dark rearing. Proteins that are
significantly (p<0.05, t-test) different between P30 and P46 (Table 3A), P46 and P46-DR (Table 3B)
and P30 and P46-DR (Table 3C) are shown. All proteins that are quantified with less stringent criteria
are marked in grey and are not considered significantly affected in our analysis. Of these proteins,
those with an FDR>=15% are under the black line. Proteins quantified with less than 2 peptides in
more than one set are indicated in italics.
ID

Fold
change

p value FDR
(T-test) (%)

Ras-related C3 botulinum toxin substrate 3
(p21-Rac3)

RAC3_MOUSE

0,78

1,8E-04 0,0

Electron transfer flavoprotein-ubiquinone
oxidoreductase, mitochondrial precursor (EC
1.5.5.1) (ETF-QO) (ETF-ubiquinone oxidoreductase) (ETF dehydrogenase) (Electron-transferring-flavoprotein dehydrogenase)

ETFD_MOUSE

0,85

2,8E-04 0,0

Septin-7 (CDC10 protein homolog)

SEPT7_MOUSE

Full name
A - age Ratio P46/P30

1,12

5,0E-04 2,7

Tubulin alpha-4 chain (Alpha-tubulin 4) (Alpha- TBA4_MOUSE
tubulin isotype M-alpha-4)

1,44

6,0E-04 0,0

Cytochrome c, somatic

CYC_MOUSE

0,87

6,9E-04 0,0

Catenin delta-2 (Neural plakophilin-related
ARM-repeat protein) (NPRAP) (Neurojungin)

CTND2_MOUSE

0,93

7,3E-04 6,6

D-beta-hydroxybutyrate dehydrogenase,
mitochondrial precursor (EC 1.1.1.30) (BDH)
(3-hydroxybutyrate dehydrogenase)

BDH_MOUSE

0,73

9,2E-04 0,0

Immunoglobulin superfamily member 8 precur- IGSF8_MOUSE
sor (CD81 partner 3) (Glu-Trp-Ile EWI motifcontaining protein 2) (EWI-2) (Keratinocytesassociated transmembrane protein 4) (KCT-4)
(Prostaglandin regulatory-like protein) (CD316
antigen)

1,26

9,9E-04 0,0

Leucine-rich repeat-containing protein 7 (Protein LAP1) (Densin-180)

LRRC7_MOUSE

0,90

1,3E-03 5,3

Drebrin (Developmentally-regulated brain
protein)

DREB_MOUSE

0,91

2,1E-03 6,6

Dihydropyrimidinase-related protein 5 (DRP5) (Collapsin response mediator protein 5)
(CRMP-5)

DPYL5_MOUSE

0,87

2,1E-03 0,0

Nucleoporin-like protein RIP (HIV-1 Rev-binding protein homolog)

NUPL_MOUSE

1,07

2,3E-03 9,4
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Full name

ID

Fold
change

p value FDR
(T-test) (%)

Neural cell adhesion molecule 1, 180 kDa isoform precursor (N-CAM 180) (NCAM-180)

NCA11_MOUSE

0,78

2,5E-03 0,0

Septin-5 (Peanut-like protein 1) (Cell division
control-related protein 1) (CDCrel-1)

SEPT5_MOUSE

1,12

2,5E-03 4,9

AP-2 complex subunit alpha-1 (Adapter-related AP2A1_MOUSE
protein complex 2 alpha-1 subunit) (Alphaadaptin A) (Adaptor protein complex AP-2
alpha-1 subunit) (Clathrin assembly protein
complex 2 alpha-A large chain) (100 kDa coated
vesicle protein A) (Plasma membrane adaptor
HA2/AP2 adaptin alpha A subunit)

1,08

2,6E-03 8,1

Sodium- and chloride-dependent transporter
XTRP2 (Solute carrier family 6 member 18)

S6A18_MOUSE

0,64

2,6E-03 0,0

Pyruvate kinase isozyme M2 (EC 2.7.1.40)

KPYM_MOUSE

1,46

2,9E-03 0,0

Glutamate receptor, ionotropic kainate 5 precur- GRIK5_MOUSE
sor (Glutamate receptor KA-2) (KA2) (Glutamate receptor gamma-2) (GluR gamma-2)

0,86

2,9E-03 0,0

Ankyrin repeat and FYVE domain-containing
protein 1 (Ankyrin repeats hooked to a zinc
finger motif)

ANFY1_MOUSE

0,72

3,0E-03 0,0

Tubulin polymerization-promoting protein
(TPPP)

P25A_MOUSE

1,21

3,2E-03 0,0

Synapsin-2 (Synapsin II)

SYN2_MOUSE

1,18

3,8E-03 2,7

Clathrin light chain A (Lca)

CLCA_MOUSE

1,10

4,4E-03 6,6

Neuronal-specific septin-3

SEPT3_MOUSE

1,16

4,6E-03 2,7

Neurofascin precursor

NFASC_MOUSE

1,27

5,0E-03 0,0

Deleted in bladder cancer protein 1 homolog
precursor

DBC1_MOUSE

0,80

5,3E-03 0,0

Voltage-dependent calcium channel gamma-3
subunit

CCG3_MOUSE

1,18

5,8E-03 2,7

Succinyl-CoA:3-ketoacid-coenzyme A transferase 1, mitochondrial precursor (EC 2.8.3.5)
(Somatic-type succinyl CoA:3-oxoacid CoAtransferase) (Scot-S)

SCOT_MOUSE

0,78

6,1E-03 0,0

Brain-specific angiogenesis inhibitor 1 precursor BAI1_MOUSE

0,92

6,8E-03 8,1

Actin-like protein 3 (Actin-related protein 3)

ARP3_MOUSE

0,93

7,6E-03 10,3

Alpha-adducin (Erythrocyte adducin subunit
alpha)

ADDA_MOUSE

1,19

8,3E-03 2,7
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Full name

ID

Fold
change

p value FDR
(T-test) (%)

ADAM 22 precursor (A disintegrin and metalloproteinase domain 22)

ADA22_MOUSE

1,12

9,4E-03 6,0

60 kDa heat shock protein, mitochondrial precursor (Hsp60) (60 kDa chaperonin) (CPN60)
(Heat shock protein 60) (HSP-60) (Mitochondrial matrix protein P1) (HSP-65)

CH60_MOUSE

0,89

9,8E-03 6,6

Putative L-aspartate dehydrogenase (EC
1.4.1.21)

ASPD_MOUSE

1,13

1,0E-02 6,0

Annexin A7 (Annexin VII) (Synexin)

ANXA7_MOUSE

1,18

1,0E-02 2,7

Leucine-rich glioma-inactivated protein 1
precursor

LGI1_MOUSE

1,13

1,0E-02 6,0

Synapsin-1 (Synapsin I)

SYN1_MOUSE

1,19

1,2E-02 2,7

Acetyl-CoA acetyltransferase, mitochondrial
precursor (EC 2.3.1.9) (Acetoacetyl-CoA thiolase)

THIL_MOUSE

0,89

1,2E-02 6,6

Neuromodulin (Axonal membrane protein GAP- NEUM_MOUSE
43) (Growth-associated protein 43) (Calmodulin-binding protein P-57)

0,79

1,2E-02 0,0

Inactive dipeptidyl peptidase 10 (Dipeptidyl
peptidase X)

DPP10_MOUSE

1,07

1,3E-02 13,8

Zinc finger homeobox protein 1b (Smad-interacting protein 1)

SIP1_MOUSE

1,15

1,4E-02 6,0

Septin-9 (SL3-3 integration site 1 protein)

SEPT9_MOUSE

1,08

1,5E-02 10,9

Phosphatidylinositol-4-phosphate 5-kinase type- PI51C_MOUSE
1 gamma (EC 2.7.1.68) (Phosphatidylinositol4-phosphate 5-kinase type I gamma) (PtdIns(4)
P-5-kinase gamma) (PtdInsPKIgamma) (PIP5KIgamma)

1,11

1,7E-02 8,1

Dedicator of cytokinesis protein 10

DOC10_MOUSE

1,13

1,7E-02 6,6

60S ribosomal protein L4 (L1)

RL4_MOUSE

0,87

1,7E-02 6,6

Sideroflexin-5

SFXN5_MOUSE

0,84

1,7E-02 5,3

Endoplasmin precursor (Heat shock protein 90
kDa beta member 1)

ENPL_MOUSE

0,87

1,8E-02 6,6

Hyaluronan and proteoglycan link protein 1
HPLN1_MOUSE
precursor (Proteoglycan link protein) (Cartilage
link protein) (LP)

1,16

1,9E-02 6,0

Neuronal pentraxin-1 precursor (NP1) (Neuronal pentraxin I) (NP-I)

1,08

1,9E-02 10,9

NPTX1_MOUSE
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Full name

ID

Fold
change

p value FDR
(T-test) (%)

TBC1 domain family member 14

TBC14_MOUSE

1,15

2,0E-02 6,0

Peptidyl-prolyl cis-trans isomerase B precursor
(EC 5.2.1.8) (PPIase) (Rotamase) (Cyclophilin
B) (S-cyclophilin) (SCYLP) (CYP-S1)

PPIB_MOUSE

0,88

2,0E-02 8,1

Vesicle-fusing ATPase (EC 3.6.4.6) (Vesicular-fusion protein NSF) (N-ethylmaleimide
sensitive fusion protein) (NEM-sensitive fusion
protein) (Suppressor of K(+) transport growth
defect 2) (Protein SKD2)

NSF_MOUSE

1,07

2,1E-02 13,8

Cofilin-1 (Cofilin, non-muscle isoform)

COF1_MOUSE

0,90

2,2E-02 9,6

Ras-related protein Rab-18

RAB18_MOUSE

0,92

2,2E-02 10,8

NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 6 (EC 1.6.5.3)

NDUA6_MOUSE

1,28

2,2E-02 2,7

NADH dehydrogenase [ubiquinone] 1 beta sub- NDUB3_MOUSE
complex subunit 3 (EC 1.6.5.3) (EC 1.6.99.3)
(NADH-ubiquinone oxidoreductase B12 subunit) (Complex I-B12) (CI-B12)

0,84

2,6E-02 6,6

2',3'-cyclic-nucleotide 3'-phosphodiesterase (EC CN37_MOUSE
3.1.4.37) (CNP) (CNPase)

1,13

2,6E-02 8,1

Syntaxin-binding protein 1 (Unc-18 homolog)
(Unc-18A) (Unc-18-1)

STXB1_MOUSE

1,15

2,6E-02 6,6

Myosin-VIIa

MYO7A_MOUSE 0,92

2,8E-02 10,8

Catenin beta-1 (Beta-catenin)

CTNB1_MOUSE

0,92

3,0E-02 10,8

Ubiquitin conjugation factor E4 B (Ubiquitin
fusion degradation protein 2) (Ufd2a)

UBE4B_MOUSE

1,31

3,0E-02 4,9

Tubulin beta-4 chain

TBB4_MOUSE

1,12

3,1E-02 9,4

Calcium/calmodulin-dependent protein kinase
type II alpha chain (EC 2.7.11.17) (CaM-kinase
II alpha chain) (CaM kinase II alpha subunit)
(CaMK-II subunit alpha)

KCC2A_MOUSE

1,11

3,2E-02 9,4

Ras-related protein Rab-1B

RAB1B_MOUSE

0,87

3,3E-02 9,6

Guanine nucleotide-binding protein G(k) subunit alpha (G(i) alpha-3)

GNAI3_MOUSE

1,14

3,3E-02 8,1

Synaptotagmin-2 (Synaptotagmin II) (SytII)

SYT2_MOUSE

1,17

3,4E-02 6,6

6.8 kDa mitochondrial proteolipid

68MP_MOUSE

0,84

3,5E-02 6,6

Guanine nucleotide-binding protein G(o) subunit alpha 1

GNAO1_MOUSE

1,15

3,5E-02 8,1
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Full name

ID

Fold
change

p value FDR
(T-test) (%)

Peripheral plasma membrane protein CASK
(EC 2.7.11.1) (Calcium/calmodulin-dependent
serine protein kinase)

CSKP_MOUSE

0,84

3,5E-02 6,6

Alpha-internexin (Alpha-Inx) (66 kDa neurofilament protein) (Neurofilament-66) (NF-66)

AINX_MOUSE

1,17

3,6E-02 6,6

Guanine nucleotide-binding protein G(i),
GNAI2_MOUSE
alpha-2 subunit (Adenylate cyclase-inhibiting G
alpha protein)

1,17

3,7E-02 6,6

Gamma-enolase (EC 4.2.1.11) (2-phosphoD-glycerate hydro-lyase) (Neural enolase)
(Neuron-specific enolase) (NSE) (Enolase 2)

ENOG_MOUSE

1,12

3,7E-02 9,4

Syntaxin-1B2 (Syntaxin 1B)

STX1C_MOUSE

1,18

3,7E-02 6,6

Acid ceramidase precursor (EC 3.5.1.23) (Acyl- ASAH1_MOUSE
sphingosine deacylase) (N-acylsphingosine amidohydrolase) (AC) [Contains: Acid ceramidase
subunit alpha; Acid ceramidase subunit beta]

1,19

3,8E-02 6,6

Caskin-1 (CASK-interacting protein 1)

CSKI1_MOUSE

0,91

3,8E-02 10,8

Disheveled-associated activator of
morphogenesis 1

DAAM1_MOUSE 0,88

3,8E-02 9,6

Synaptogyrin-1

SNG1_MOUSE

1,11

3,8E-02 9,4

40S ribosomal protein S9

RS9_MOUSE

0,89

4,0E-02 10,3

Ezrin-radixin-moesin-binding phosphoprotein
50 (EBP50) (NHERF-1)

NHERF_MOUSE

1,11

4,1E-02 10,9

NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 9, mitochondrial precursor
(EC 1.6.5.3) (EC 1.6.99.3) (NADH-ubiquinone
oxidoreductase 39 kDa subunit) (Complex I39kD) (CI-39kD)

NDUA9_MOUSE

0,87

4,1E-02 9,6

Ras-related protein R-Ras2

RRAS2_MOUSE

0,90

4,2E-02 10,8

Nuclear valosin-containing protein-like (Nuclear VCP-like protein) (NVLp)

NVL_MOUSE

0,88

4,3E-02 10,3

RasGAP-activating-like protein 1

RASL1_MOUSE

1,15

4,5E-02 9,4

Syntaxin-binding protein 4 (Syntaxin 4-interact- STXB4_MOUSE
ing protein) (STX4-interacting protein) (Synip)

0,90

4,5E-02 10,8

Septin-8

1,13

4,7E-02 9,4

SEPT8_MOUSE
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Fold
change

p value FDR
(T-test) (%)

Vacuolar ATP synthase subunit S1 precursor
VAS1_MOUSE
(EC 3.6.3.14) (V-ATPase S1 subunit) (V-ATPase
S1 accessory protein) (V-ATPase Ac45 subunit)
(C7-1 protein)

1,10

4,9E-02 13,8

Ras-related protein Rab-22A (Rab-22) (Rab-14) RB22A_MOUSE

0,85

4,9E-02 9,6

Rap guanine nucleotide exchange factor 4
RPGF4_MOUSE
(cAMP-regulated guanine nucleotide exchange
factor II) (cAMP-GEFII) (Exchange factor
directly activated by cAMP 2) (Epac 2) (cAMPdependent Rap1 guanine-nucleotide exchange
factor)

1,05

9,8E-03 15,9

Uncharacterized protein C9orf126 homolog

CI126_MOUSE

0,97

9,9E-03 30,4

L-lactate dehydrogenase A chain (LDH-A)
(LDH muscle subunit) (LDH-M)

LDHA_MOUSE

1,06

1,0E-02 15,9

CaM kinase-like vesicle-associated protein

CAMKV_MOUSE 0,94

1,9E-02 15,9

Mitochondrial glutamate carrier 2 (Solute carrier family 25 member 18)

GHC2_MOUSE

0,94

3,7E-02 16,0

Glutamate [NMDA] receptor subunit epsilon
1 precursor (N-methyl D-aspartate receptor
subtype 2A) (NR2A) (NMDAR2A)

NMDE1_MOUSE

0,95

4,0E-02 20,4

Hemoglobin subunit beta-1 (Hemoglobin beta-1 HBB1_MOUSE
chain) (Beta-1-globin) (Hemoglobin beta-major
chain)

1,08

4,2E-02 15,9

Catenin delta-1 (p120 catenin) (p120(ctn))
(Cadherin-associated Src substrate) (CAS)
(p120(cas))

CTND1_MOUSE

0,96

4,4E-02 25,2

Noelin precursor (Neuronal olfactomedinrelated ER localized protein) (Olfactomedin-1)
(Pancortin)

NOE1_MOUSE

0,95

4,6E-02 17,8

XP_899334.1|PREDICTED: SH3 and multiple ankyrin repeat domains 1 isoform 3 [Mus
musculus]

82905881

1,05

4,6E-02 26,6

Ras-related protein Rab-7

RAB7_MOUSE

0,95

4,6E-02 17,8

Full name
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Fold
change

p value FDR
(T-test) (%)

Uncharacterized protein C9orf126 homolog

CI126_MOUSE

1,11

4,1E-04 3,1

NADH dehydrogenase [ubiquinone] iron-sulfur
protein 7, mitochondrial precursor (EC 1.6.5.3)
(EC 1.6.99.3) (NADH-ubiquinone oxidoreductase 20 kDa subunit) (Complex I-20kD)
(CI-20kD)

NDUS7_MOUSE

0,74

1,3E-03 0,0

Drebrin (Developmentally-regulated brain
protein)

DREB_MOUSE

1,13

1,6E-03 3,1

Syntaxin-12

STX12_MOUSE

1,15

2,2E-03 3,1

Protein disulfide-isomerase A3 precursor (EC
5.3.4.1) (Disulfide isomerase ER-60) (ERp60)
(58 kDa microsomal protein) (p58) (ERp57)

PDIA3_MOUSE

1,14

2,7E-03 3,1

Neural cell adhesion molecule 1, 180 kDa isoform precursor (N-CAM 180) (NCAM-180)

NCA11_MOUSE

1,11

3,1E-03 3,1

Regulator of G-protein signalling 7 (RGS7)

RGS7_MOUSE

1,06

3,6E-03 14,7

Nitric-oxide synthase, endothelial (EC
1.14.13.39) (EC-NOS) (NOS type III) (NOSIII)
(Endothelial NOS) (eNOS) (Constitutive NOS)
(cNOS)

NOS3_MOUSE

0,81

3,6E-03 0,0

cGMP-dependent 3',5'-cyclic phosphodiesterase PDE2A_MOUSE
(EC 3.1.4.17) (Cyclic GMP-stimulated phosphodiesterase) (CGS-PDE) (cGSPDE)

1,13

4,5E-03 3,1

Coronin-1A (Coronin-like protein A) (ClipinA)

COR1A_MOUSE

1,09

5,5E-03 9,4

Guanine nucleotide-binding protein G(o) subunit alpha 2

GNAO2_MOUSE

1,13

6,3E-03 3,1

Cytochrome c oxidase polypeptide VIII-liver,
mitochondrial precursor (EC 1.9.3.1) (Cytochrome c oxidase subunit 8-2)

COX82_MOUSE

1,15

6,6E-03 3,1

Ras-related protein Rab-3C

RAB3C_MOUSE

0,78

8,0E-03 0,0

Brain-enriched guanylate kinase-associated
protein

BEGIN_MOUSE

1,13

8,1E-03 4,9

Hemoglobin subunit beta-1 (Hemoglobin beta-1 HBB1_MOUSE
chain) (Beta-1-globin) (Hemoglobin beta-major
chain)

1,39

8,7E-03 3,1

Rabphilin-3A (Exophilin-1)

0,83

8,8E-03 0,0

Full name
B - Dark Rearing:

Ratio P46-DR/P46

RP3A_MOUSE
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Fold
change

p value FDR
(T-test) (%)

Glutamate receptor, ionotropic kainate 5 precur- GRIK5_MOUSE
sor (Glutamate receptor KA-2) (KA2) (Glutamate receptor gamma-2) (GluR gamma-2)

1,15

9,0E-03 3,1

Ephexin-1 (Eph-interacting exchange protein)
(Neuronal guanine nucleotide exchange factor)

NGEF_MOUSE

0,80

9,4E-03 0,0

Hemoglobin subunit alpha (Hemoglobin alpha
chain) (Alpha-globin)

HBA_MOUSE

1,39

1,1E-02 3,1

Sodium- and chloride-dependent GABA transporter 1

SC6A1_MOUSE

0,79

1,1E-02 0,0

Poliovirus receptor-related protein 1 precursor
(Herpes virus entry mediator C) (HveC) (Nectin-1) (CD111 antigen)

PVRL1_MOUSE

1,11

1,1E-02 6,7

Septin-9 (SL3-3 integration site 1 protein)

SEPT9_MOUSE

1,14

1,1E-02 4,9

Sodium-driven chloride bicarbonate exchanger
(Solute carrier family 4 member 10)

S4A10_MOUSE

0,79

1,2E-02 0,0

Vacuolar proton translocating ATPase 116 kDa VPP4_MOUSE
subunit a isoform 4 (V-ATPase 116 kDa isoform
a4) (Vacuolar proton translocating ATPase 116
kDa subunit a kidney isoform)

0,76

1,2E-02 0,0

Brain acid soluble protein 1 (BASP1 protein)

BASP_MOUSE

1,11

1,3E-02 9,4

Probable E3 ubiquitin-protein ligase MYCBP2
(EC 6.3.2.-) (Myc-binding protein 2) (Protein
associated with Myc) (Pam/highwire/rpm-1
protein)

MYCB2_MOUSE

0,83

1,4E-02 3,1

NADH dehydrogenase [ubiquinone] 1 beta sub- NDUB4_MOUSE
complex subunit 4 (EC 1.6.5.3) (EC 1.6.99.3)
(NADH-ubiquinone oxidoreductase B15 subunit) (Complex I-B15) (CI-B15)

0,89

1,4E-02 12,8

XP_925523.1|PREDICTED: similar to immunity-related GTPase family, cinema 1 isoform 3
[Mus musculus]

82904132

1,15

1,6E-02 4,9

Heat shock 70 kDa protein 12B

HS12B_MOUSE

1,41

1,6E-02 3,1

Reticulon-1 (Neuroendocrine-specific protein)

RTN1_MOUSE

1,16

1,6E-02 4,9

26335891|dbj|BAC31646.1|unnamed protein
product [Mus musculus]

26335891

1,10

1,6E-02 12,8
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Vacuolar ATP synthase subunit G 2 (EC
3.6.3.14) (V-ATPase G subunit 2) (Vacuolar
proton pump G subunit 2) (V-ATPase 13 kDa
subunit 2)

VATG2_MOUSE

1,09

1,6E-02 14,7

cAMP-dependent protein kinase type II-alpha
regulatory subunit

KAP2_MOUSE

1,09

1,8E-02 14,7

Ubiquitin conjugation factor E4 B (Ubiquitin
fusion degradation protein 2) (Ufd2a)

UBE4B_MOUSE

1,29

1,8E-02 3,1

Immunoglobulin superfamily member 8 precur- IGSF8_MOUSE
sor (CD81 partner 3) (Glu-Trp-Ile EWI motifcontaining protein 2) (EWI-2) (Keratinocytesassociated transmembrane protein 4) (KCT-4)
(Prostaglandin regulatory-like protein) (CD316
antigen)

1,11

2,0E-02 12,8

NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 6 (EC 1.6.5.3)

0,56

2,1E-02 0,0

Tyrosine-protein phosphatase non-receptor
SHPS1_MOUSE
type substrate 1 precursor (SHP substrate 1)
(SHPS-1) (Inhibitory receptor SHPS-1) (Signalregulatory protein alpha-1) (Sirp-alpha-1)
(mSIRP-alpha1) (MyD-1 antigen) (Brain Ig-like
molecule with tyrosine-based activation motifs)
(Bit) (p84) (CD172a antigen)

0,73

2,1E-02 0,0

Glycogen phosphorylase, brain form (EC
2.4.1.1)

1,18

2,3E-02 4,9

XP_138063.3|PREDICTED: similar to A-kinase 82942638
anchoring protein AKAP150 isoform 1 [Mus
musculus]

1,14

2,4E-02 9,4

cAMP-dependent protein kinase, alpha-catalytic KAPCA_MOUSE
subunit (EC 2.7.11.11) (PKA C-alpha)

1,14

2,5E-02 9,4

Calmodulin (CaM)

CALM_MOUSE

0,80

2,5E-02 7,1

Disheveled-associated activator of morphogenesis 1

DAAM1_MOUSE 1,17

2,6E-02 6,7

NDUA6_MOUSE

PYGB_MOUSE

F-actin capping protein subunit beta (CapZ beta) CAPZB_MOUSE

1,14

2,7E-02 9,4

Elongation factor 1-alpha 1 (EF-1-alpha-1)
(Elongation factor 1 A-1) (eEF1A-1) (Elongation factor Tu) (EF-Tu)

1,11

2,7E-02 12,8

EF1A1_MOUSE
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Hyaluronan and proteoglycan link protein 1
HPLN1_MOUSE
precursor (Proteoglycan link protein) (Cartilage
link protein) (LP)

1,10

2,7E-02 14,7

Inositol 1,4,5-trisphosphate receptor type 1
ITPR1_MOUSE
(Type 1 inositol 1,4,5-trisphosphate receptor)
(Type 1 InsP3 receptor) (IP3 receptor isoform 1)
(InsP3R1) (Inositol 1,4,5-trisphosphate-binding
protein P400) (Purkinje cell protein 1) (Protein
PCD-6)

1,12

3,1E-02 12,8

Prohibitin-2 (B-cell receptor-associated protein
BAP37) (Repressor of estrogen receptor activity)

PHB2_MOUSE

1,24

3,2E-02 4,9

cAMP-dependent protein kinase, beta-catalytic
subunit (EC 2.7.11.11) (PKA C-beta)

KAPCB_MOUSE

1,13

3,3E-02 12,8

Gamma-aminobutyric-acid receptor subunit
beta-1 precursor (GABA(A) receptor subunit
beta-1)

GBRB1_MOUSE

1,13

3,9E-02 14,7

Band 4.1-like protein 1 (Neuronal protein 4.1)
(4.1N)

E41L1_MOUSE

1,13

3,9E-02 14,7

Peroxiredoxin-5, mitochondrial precursor (EC
PRDX5_MOUSE
1.11.1.15) (Prx-V) (Peroxisomal antioxidant enzyme) (PLP) (Thioredoxin reductase) (Thioredoxin peroxidase PMP20) (Antioxidant enzyme
B166) (AOEB166) (Liver tissue 2D-page spot
2D-0014IV)

0,80

4,0E-02 12,8

GTP-binding protein Di-Ras2 (Distinct subgroup of the Ras family member 2)

DIRA2_MOUSE

1,24

4,3E-02 9,4

Pyruvate kinase isozyme M2 (EC 2.7.1.40)

KPYM_MOUSE

0,75

4,5E-02 12,8

Contactin-associated protein 1 precursor (Caspr) CNTP1_MOUSE
(Caspr1) (Neurexin 4) (Neurexin IV) (Paranodin) (NCP1) (MHDNIV)

1,05

4,6E-03 23,3

Dynamin-like 120 kDa protein, mitochondrial
precursor (Optic atrophy protein 1 homolog)
(Large GTP-binding protein) (LargeG) [Contains: Dynamin-like 120 kDa protein, form S1]

0,94

7,5E-03 36,7
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Vesicle-fusing ATPase (EC 3.6.4.6) (Vesicular-fusion protein NSF) (N-ethylmaleimide
sensitive fusion protein) (NEM-sensitive fusion
protein) (Suppressor of K(+) transport growth
defect 2) (Protein SKD2)

NSF_MOUSE

1,07

1,4E-02 16,6

Neuronal cell adhesion molecule precursor (Nr- NRCAM_MOUSE 0,91
CAM) (NgCAM-related cell adhesion molecule)
(Ng-CAM-related) (mBravo)

1,8E-02 26,7

Flotillin-1

FLOT1_MOUSE

1,08

2,0E-02 16,6

S-phase kinase-associated protein 1A (Cyclin A/CDK2-associated protein p19) (p19A)
(p19skp1)

SKP1_MOUSE

0,89

2,4E-02 20,0

Dedicator of cytokinesis protein 7

DOCK7_MOUSE

1,08

2,6E-02 16,6

Gamma-aminobutyric-acid receptor subunit
alpha-1 precursor (GABA(A) receptor subunit
alpha-1)

GBRA1_MOUSE

1,07

2,8E-02 20,0

ERC protein 2 (CAZ-associated structural protein 1) (CAST1)

ERC2_MOUSE

0,90

2,9E-02 26,7

Ras-related protein Rab-5A

RAB5A_MOUSE

1,09

2,9E-02 16,6

Catenin delta-2 (Neural plakophilin-related
ARM-repeat protein) (NPRAP) (Neurojungin)

CTND2_MOUSE

1,04

3,0E-02 32,0

NP_851419.1|leucine rich repeat and Ig domain 30841016
containing 1 [Mus musculus]

0,90

3,1E-02 26,7

Clathrin coat assembly protein AP180 (Clathrin coat-associated protein AP180) (91 kDa
synaptosomal-associated protein) (Phosphoprotein F1-20)

AP180_MOUSE

1,06

3,3E-02 26,7

Inactive dipeptidyl peptidase 10 (Dipeptidyl
peptidase X)

DPP10_MOUSE

0,92

3,5E-02 36,7

Dihydropyrimidinase-related protein 5 (DRP5) (Collapsin response mediator protein 5)
(CRMP-5)

DPYL5_MOUSE

1,07

3,7E-02 23,3

NP_998781.1|plasma membrane calcium ATPase 4 [Mus musculus]

54261793

1,10

3,9E-02 16,6

Leucine-rich repeat transmembrane neuronal
protein 4 precursor

LRRT4_MOUSE

0,91

4,0E-02 36,7

Dynactin-1 (150 kDa dynein-associated
DYNA_MOUSE
polypeptide) (DP-150) (DAP-150) (p150-glued)

1,07

4,1E-02 23,3
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Leucine-rich repeat-containing protein 23
(Leucine-rich protein B7)

LRC23_MOUSE

0,86

4,1E-02 20,0

Disks large-associated protein 2 (DAP-2)
(SAP90/PSD-95-associated protein 2) (SAPAP2) (PSD-95/SAP90-binding protein 2)

DLGP2_MOUSE

0,93

4,3E-02 44,4

Myosin-VIIa

MYO7A_MOUSE 1,09

4,4E-02 20,0

Protein piccolo (Aczonin) (Multidomain presyn- PCLO_MOUSE
aptic cytomatrix protein) (Brain-derived HLMN
protein)

1,04

4,4E-02 32,0

Thy-1 membrane glycoprotein precursor (Thy-1 THY1_MOUSE
antigen) (CD90 antigen) (CDw90 antigen)

1,08

4,5E-02 20,0

Transforming protein RhoA precursor

RHOA_MOUSE

1,09

4,6E-02 20,0

WD repeat protein 1 (Actin-interacting protein
1) (AIP1)

WDR1_MOUSE

0,81

4,6E-02 17,2

Guanine nucleotide-binding protein alpha-11
subunit

GNA11_MOUSE

1,09

4,6E-02 20,0
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P25A_MOUSE

1,30

1,3E-04 0,0

Immunoglobulin superfamily member 8 precur- IGSF8_MOUSE
sor (CD81 partner 3) (Glu-Trp-Ile EWI motifcontaining protein 2) (EWI-2) (Keratinocytesassociated transmembrane protein 4) (KCT-4)
(Prostaglandin regulatory-like protein) (CD316
antigen)

1,40

3,8E-04 0,0

Ankyrin repeat and FYVE domain-containing
protein 1 (Ankyrin repeats hooked to a zinc
finger motif)

ANFY1_MOUSE

0,70

5,1E-04 0,0

Septin-9 (SL3-3 integration site 1 protein)

SEPT9_MOUSE

1,23

5,2E-04 0,0

AP-2 complex subunit alpha-1 (Adapter-related AP2A1_MOUSE
protein complex 2 alpha-1 subunit) (Alphaadaptin A) (Adaptor protein complex AP-2
alpha-1 subunit) (Clathrin assembly protein
complex 2 alpha-A large chain) (100 kDa coated
vesicle protein A) (Plasma membrane adaptor
HA2/AP2 adaptin alpha A subunit)

1,10

5,7E-04 7,5

Septin-7 (CDC10 protein homolog)

SEPT7_MOUSE

1,15

6,0E-04 2,1

Ras-related C3 botulinum toxin substrate 3
(p21-Rac3)

RAC3_MOUSE

0,79

7,5E-04 0,0

Vesicle-fusing ATPase (EC 3.6.4.6) (Vesicular-fusion protein NSF) (N-ethylmaleimide
sensitive fusion protein) (NEM-sensitive fusion
protein) (Suppressor of K(+) transport growth
defect 2) (Protein SKD2)

NSF_MOUSE

1,15

7,6E-04 2,1

Clathrin light chain A (Lca)

CLCA_MOUSE

1,09

8,9E-04 8,1

Neuronal-specific septin-3

SEPT3_MOUSE

1,23

9,8E-04 0,0

Deleted in bladder cancer protein 1 homolog
precursor

DBC1_MOUSE

0,79

1,0E-03 0,0

Cytochrome c oxidase polypeptide VIII-liver,
mitochondrial precursor (EC 1.9.3.1) (Cytochrome c oxidase subunit 8-2)

COX82_MOUSE

1,20

1,3E-03 0,0

Neurofascin precursor

NFASC_MOUSE

1,44

1,3E-03 0,0

Leucine-rich glioma-inactivated protein 1
precursor

LGI1_MOUSE

1,17

2,0E-03 2,1

Full name
C- Dark Rearing and Age: Ratio P46-DR/P30
Tubulin polymerization-promoting protein
(TPPP)
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Hyaluronan and proteoglycan link protein 1
HPLN1_MOUSE
precursor (Proteoglycan link protein) (Cartilage
link protein) (LP)

1,28

2,0E-03 0,0

Ubiquitin conjugation factor E4 B (Ubiquitin
fusion degradation protein 2) (Ufd2a)

UBE4B_MOUSE

1,69

2,3E-03 0,0

Synaptotagmin-2 (Synaptotagmin II) (SytII)

SYT2_MOUSE

1,24

2,7E-03 0,0

Brain-enriched guanylate kinase-associated
protein

BEGIN_MOUSE

1,18

2,8E-03 2,1

Hemoglobin subunit beta-1 (Hemoglobin beta-1 HBB1_MOUSE
chain) (Beta-1-globin) (Hemoglobin beta-major
chain)

1,51

3,0E-03 0,0

Tubulin alpha-4 chain (Alpha-tubulin 4) (Alpha- TBA4_MOUSE
tubulin isotype M-alpha-4)

1,39

3,0E-03 0,0

Kinesin-like protein KIF2A

KIF2A_MOUSE

1,11

3,6E-03 8,1

Septin-5 (Peanut-like protein 1) (Cell division
control-related protein 1) (CDCrel-1)

SEPT5_MOUSE

1,15

3,6E-03 3,2

Acetyl-CoA acetyltransferase, mitochondrial
precursor (EC 2.3.1.9) (Acetoacetyl-CoA thiolase)

THIL_MOUSE

0,86

3,6E-03 3,9

Uncharacterized protein C9orf126 homolog

CI126_MOUSE

1,08

3,7E-03 13,9

cGMP-dependent 3',5'-cyclic phosphodiesterase PDE2A_MOUSE
(EC 3.1.4.17) (Cyclic GMP-stimulated phosphodiesterase) (CGS-PDE) (cGSPDE)

1,08

4,0E-03 11,4

Electron transfer flavoprotein-ubiquinone
oxidoreductase, mitochondrial precursor (EC
1.5.5.1) (ETF-QO) (ETF-ubiquinone oxidoreductase) (ETF dehydrogenase) (Electron-transferring-flavoprotein dehydrogenase)

ETFD_MOUSE

0,85

4,2E-03 3,9

Ganglioside-induced differentiation-associated
protein 1 (GDAP1)

GDAP1_MOUSE

0,85

4,4E-03 3,9

Sodium- and chloride-dependent transporter
XTRP2 (Solute carrier family 6 member 18)

S6A18_MOUSE

0,60

4,7E-03 0,0

Hemoglobin subunit alpha (Hemoglobin alpha
chain) (Alpha-globin)

HBA_MOUSE

1,50

5,3E-03 0,0

Reticulon-1 (Neuroendocrine-specific protein)

RTN1_MOUSE

1,16

6,1E-03 3,2

Ras-related protein Rab-7

RAB7_MOUSE

0,90

6,3E-03 8,1

Guanine nucleotide-binding protein G(o) subunit alpha 2

GNAO2_MOUSE

1,17

6,6E-03 2,1
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Guanine nucleotide-binding protein G(o) subunit alpha 1

GNAO1_MOUSE

1,22

6,9E-03 2,1

F-actin capping protein subunit beta (CapZ beta) CAPZB_MOUSE

1,16

7,0E-03 3,2

Protein disulfide-isomerase A3 precursor (EC
5.3.4.1) (Disulfide isomerase ER-60) (ERp60)
(58 kDa microsomal protein) (p58) (ERp57)

PDIA3_MOUSE

1,10

7,3E-03 9,3

Brain acid soluble protein 1 (BASP1 protein)

BASP_MOUSE

1,18

7,6E-03 2,1

NADH dehydrogenase [ubiquinone] iron-sulfur
protein 7, mitochondrial precursor (EC 1.6.5.3)
(EC 1.6.99.3) (NADH-ubiquinone oxidoreductase 20 kDa subunit) (Complex I-20kD)
(CI-20kD)

NDUS7_MOUSE

0,77

7,7E-03 2,9

Sideroflexin-5

SFXN5_MOUSE

0,81

8,1E-03 2,9

NADH dehydrogenase [ubiquinone] 1 beta sub- NDUBA_MOUSE 0,84
complex subunit 10 (EC 1.6.5.3) (EC 1.6.99.3)
(NADH-ubiquinone oxidoreductase PDSW
subunit) (Complex I-PDSW) (CI-PDSW)

9,2E-03 3,9

Dynamin-like 120 kDa protein, mitochondrial
precursor (Optic atrophy protein 1 homolog)
(Large GTP-binding protein) (LargeG) [Contains: Dynamin-like 120 kDa protein, form S1]

OPA1_MOUSE

0,87

9,9E-03 6,0

Alpha-internexin (Alpha-Inx) (66 kDa neurofilament protein) (Neurofilament-66) (NF-66)

AINX_MOUSE

1,16

1,0E-02 3,2

Dedicator of cytokinesis protein 10

DOC10_MOUSE

1,18

1,0E-02 2,1

Catenin beta-1 (Beta-catenin)

CTNB1_MOUSE

0,88

1,0E-02 6,0

D-beta-hydroxybutyrate dehydrogenase,
mitochondrial precursor (EC 1.1.1.30) (BDH)
(3-hydroxybutyrate dehydrogenase)

BDH_MOUSE

0,77

1,2E-02 2,9

Succinyl-CoA:3-ketoacid-coenzyme A transferase 1, mitochondrial precursor (EC 2.8.3.5)
(Somatic-type succinyl CoA:3-oxoacid CoAtransferase) (Scot-S)

SCOT_MOUSE

0,80

1,2E-02 3,4

Leucine-rich repeat transmembrane neuronal
protein 4 precursor

LRRT4_MOUSE

0,90

1,2E-02 9,3

Putative L-aspartate dehydrogenase (EC
1.4.1.21)

ASPD_MOUSE

1,19

1,3E-02 2,1

Heat shock 70 kDa protein 12A

HS12A_MOUSE

1,13

1,3E-02 7,5
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Synaptojanin-1 (EC 3.1.3.36) (Synaptic inositol- SYNJ1_MOUSE
1,4,5-trisphosphate 5-phosphatase 1)

1,12

1,3E-02 8,1

Syntaxin-12

STX12_MOUSE

1,10

1,3E-02 11,4

Synapsin-2 (Synapsin II)

SYN2_MOUSE

1,23

1,4E-02 2,1

XP_925523.1|PREDICTED: similar to immunity-related GTPase family, cinema 1 isoform 3
[Mus musculus]

82904132

1,14

1,4E-02 6,4

Guanine nucleotide-binding protein G(i),
GNAI2_MOUSE
alpha-2 subunit (Adenylate cyclase-inhibiting G
alpha protein)

1,23

1,4E-02 2,1

Syntaxin-1A (Neuron-specific antigen HPC-1)

STX1A_MOUSE

1,15

1,5E-02 6,4

Probable E3 ubiquitin-protein ligase MYCBP2
(EC 6.3.2.-) (Myc-binding protein 2) (Protein
associated with Myc) (Pam/highwire/rpm-1
protein)

MYCB2_MOUSE

0,76

1,6E-02 2,9

NADH dehydrogenase [ubiquinone] 1 beta sub- NDUB4_MOUSE
complex subunit 4 (EC 1.6.5.3) (EC 1.6.99.3)
(NADH-ubiquinone oxidoreductase B15 subunit) (Complex I-B15) (CI-B15)

0,82

1,7E-02 3,9

AAT01507.1|plasma membrane Ca++ transport- 46578155
ing ATPase 4 splice variant a [Mus musculus]

1,12

1,7E-02 9,3

Guanine nucleotide-binding protein G(I)/G(S)/
G(T) subunit beta 1 (Transducin beta chain 1)

1,23

1,7E-02 2,1

NADH dehydrogenase [ubiquinone] 1 alpha
NDUAA_MOUSE 0,85
subcomplex subunit 10, mitochondrial precursor
(EC 1.6.5.3) (EC 1.6.99.3) (NADH-ubiquinone
oxidoreductase 42 kDa subunit) (Complex I42kD) (CI-42kD)

1,7E-02 5,8

Ras-related protein Rab-3C

RAB3C_MOUSE

0,74

1,8E-02 2,9

Vacuolar ATP synthase subunit G 2 (EC
3.6.3.14) (V-ATPase G subunit 2) (Vacuolar
proton pump G subunit 2) (V-ATPase 13 kDa
subunit 2)

VATG2_MOUSE

1,11

1,8E-02 9,3

BAE21321.1|unnamed protein product [Mus
musculus]

74210076

0,83

1,9E-02 3,9

Glycogen phosphorylase, brain form (EC
2.4.1.1)

PYGB_MOUSE

1,20

2,0E-02 3,2

Flotillin-1

FLOT1_MOUSE

1,13

2,0E-02 8,1

Full name
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14-3-3 protein beta/alpha (Protein kinase C
inhibitor protein 1) (KCIP-1)

1433B_MOUSE

1,12

2,0E-02 9,3

Ras-related protein Rap-2b precursor

RAP2B_MOUSE

1,17

2,1E-02 5,1

Cofilin-1 (Cofilin, non-muscle isoform)

COF1_MOUSE

0,90

2,2E-02 11,4

NP_998781.1|plasma membrane calcium ATPase 4 [Mus musculus]

54261793

1,19

2,2E-02 3,2

Coactosin-like protein

COTL1_MOUSE

1,24

2,3E-02 2,1

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 8 (EC 1.6.5.3) (EC
1.6.99.3) (NADH-ubiquinone oxidoreductase
19 kDa subunit) (Complex I-19kD) (CI-19kD)
(Complex I-PGIV) (CI-PGIV)

NDUA8_MOUSE

0,81

2,3E-02 3,9

6.8 kDa mitochondrial proteolipid

68MP_MOUSE

0,84

2,3E-02 5,8

Guanine nucleotide-binding protein G(z) subunit alpha (G(x) alpha chain) (Gz-alpha)

GNAZ_MOUSE

1,16

2,3E-02 6,4

Gamma-aminobutyric-acid receptor subunit
alpha-1 precursor (GABA(A) receptor subunit
alpha-1)

GBRA1_MOUSE

1,12

2,4E-02 9,3

Thy-1 membrane glycoprotein precursor (Thy-1 THY1_MOUSE
antigen) (CD90 antigen) (CDw90 antigen)

1,21

2,4E-02 3,2

cAMP-dependent protein kinase, alpha-catalytic KAPCA_MOUSE
subunit (EC 2.7.11.11) (PKA C-alpha)

1,13

2,5E-02 8,1

40S ribosomal protein S9

RS9_MOUSE

0,86

2,6E-02 6,0

Gamma-enolase (EC 4.2.1.11) (2-phosphoD-glycerate hydro-lyase) (Neural enolase)
(Neuron-specific enolase) (NSE) (Enolase 2)

ENOG_MOUSE

1,11

2,7E-02 11,0

GTPase HRas precursor (Transforming protein
p21) (p21ras) (H-Ras-1) (c-H-ras)

RASH_MOUSE

1,14

2,8E-02 8,1

Centrosomal protein of 135 kDa (Cep135 protein) (Centrosomal protein 4)

CP135_MOUSE

1,17

2,9E-02 6,4

NADH dehydrogenase [ubiquinone] 1 beta sub- NDUB6_MOUSE
complex subunit 6 (EC 1.6.5.3) (EC 1.6.99.3)
(NADH-ubiquinone oxidoreductase B17 subunit) (Complex I-B17) (CI-B17)

0,80

2,9E-02 3,9

Neuronal pentraxin receptor

0,90

2,9E-02 12,9

NPTXR_MOUSE
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ADAM 23 precursor (A disintegrin and metalloproteinase domain 23) (Metalloproteinaselike, disintegrin-like, and cysteine-rich protein
3) (MDC-3)

ADA23_MOUSE

1,16

2,9E-02 7,5

Protein kinase C alpha type (EC 2.7.11.13)
(PKC-alpha) (PKC-A)

KPCA_MOUSE

1,15

3,0E-02 7,5

ATP synthase gamma chain, mitochondrial
precursor (EC 3.6.3.14)

ATPG_MOUSE

0,84

3,0E-02 6,0

Neural cell adhesion molecule 1, 180 kDa isoform precursor (N-CAM 180) (NCAM-180)

NCA11_MOUSE

0,86

3,0E-02 8,1

Stress-70 protein, mitochondrial precursor
(75 kDa glucose-regulated protein) (GRP 75)
(Peptide-binding protein 74) (PBP74) (P66
MOT) (Mortalin)

GRP75_MOUSE

0,84

3,0E-02 6,0

Actin-related protein 2/3 complex subunit 4
(ARP2/3 complex 20 kDa subunit) (p20-ARC)

ARPC4_MOUSE

1,12

3,1E-02 9,3

Copine-6 (Copine VI) (Neuronal-copine) (Ncopine)

CPNE6_MOUSE

1,13

3,2E-02 9,3

Heat shock 70 kDa protein 4 (Heat shock 70-re- HSP74_MOUSE
lated protein APG-2)

1,10

3,3E-02 12,9

Cytochrome c oxidase polypeptide VIc (EC
1.9.3.1)

COX6C_MOUSE

0,82

3,3E-02 5,8

Nuclear valosin-containing protein-like (Nuclear VCP-like protein) (NVLp)

NVL_MOUSE

0,90

3,3E-02 12,9

Syntaxin-binding protein 1 (Unc-18 homolog)
(Unc-18A) (Unc-18-1)

STXB1_MOUSE

1,13

3,4E-02 9,3

14-3-3 protein zeta/delta

1433Z_MOUSE

1,13

3,5E-02 9,3

Tubulin beta-4 chain

TBB4_MOUSE

1,13

3,5E-02 9,3

39S ribosomal protein L45, mitochondrial precursor (L45mt) (MRP-L45)

RM45_MOUSE

0,78

3,5E-02 3,9

Cytochrome c oxidase subunit 5A, mitochondri- COX5A_MOUSE
al precursor (EC 1.9.3.1) (Cytochrome c oxidase
polypeptide Va)

0,86

3,6E-02 8,1

CAA75930.1|neuronal-STOP protein [Mus
musculus]

1,16

3,7E-02 7,5

1,15

3,7E-02 8,1

3171934

2',3'-cyclic-nucleotide 3'-phosphodiesterase (EC CN37_MOUSE
3.1.4.37) (CNP) (CNPase)
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Full name

ID

Fold
change

p value FDR
(T-test) (%)

Mitochondrial import receptor subunit TOM22
homolog (Translocase of outer membrane 22
kDa subunit homolog)

TOM22_MOUSE

0,83

3,7E-02 6,0

Sideroflexin-3

SFXN3_MOUSE

0,86

3,8E-02 8,1

TBC1 domain family member 14

TBC14_MOUSE

1,13

3,8E-02 9,3

Hemoglobin subunit beta-2 (Hemoglobin beta-2 HBB2_MOUSE
chain) (Beta-2-globin) (Hemoglobin beta-minor
chain)

0,75

3,9E-02 3,9

XP_914720.1|PREDICTED: similar to Metabo- 82930987
tropic glutamate receptor 2 precursor (mGluR2)
[Mus musculus]

1,18

3,9E-02 6,4

Guanine nucleotide-binding protein G(I)/G(S)/
G(O) gamma-2 subunit precursor (G gamma-I)

GBG2_MOUSE

1,10

4,0E-02 13,0

Transketolase (EC 2.2.1.1) (TK) (P68)

TKT_MOUSE

1,13

4,0E-02 9,3

Tubulin beta-2C chain

TBB2C_MOUSE

1,30

4,1E-02 2,1

ATPase family AAA domain-containing protein ATAD3_MOUSE
3 (AAA-ATPase TOB3)

0,86

4,1E-02 8,1

Golgi apparatus protein 1 precursor (Golgi
GSLG1_MOUSE
sialoglycoprotein MG-160) (E-selectin ligand 1)
(ESL-1) (Selel)

0,89

4,1E-02 11,4

Cytochrome c oxidase subunit 4 isoform 1, mi- COX41_MOUSE
tochondrial precursor (EC 1.9.3.1) (Cytochrome
c oxidase subunit IV isoform 1) (COX IV-1)
(Cytochrome c oxidase polypeptide IV)

0,80

4,2E-02 5,8

NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 9, mitochondrial precursor
(EC 1.6.5.3) (EC 1.6.99.3) (NADH-ubiquinone
oxidoreductase 39 kDa subunit) (Complex I39kD) (CI-39kD)

NDUA9_MOUSE

0,86

4,2E-02 8,1

ATP synthase epsilon chain, mitochondrial

ATP5E_MOUSE

0,83

4,3E-02 6,0

Ephexin-1 (Eph-interacting exchange protein)
(Neuronal guanine nucleotide exchange factor)

NGEF_MOUSE

0,83

4,5E-02 6,0

Myristoylated alanine-rich C-kinase substrate
(MARCKS)

MARCS_MOUSE 0,87

4,6E-02 11,0

Succinate dehydrogenase [ubiquinone] ironsulfur protein, mitochondrial precursor (EC
1.3.5.1) (Ip) (Iron-sulfur subunit of complex II)

DHSB_MOUSE

0,84

4,8E-02 8,1

Rabphilin-3A (Exophilin-1)

RP3A_MOUSE

0,88

4,9E-02 11,4
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Full name

ID

Fold
change

p value FDR
(T-test) (%)

Dihydropyrimidinase-related protein 5 (DRP5) (Collapsin response mediator protein 5)
(CRMP-5)

DPYL5_MOUSE

0,93

5,0E-03 15,5

Regulator of G-protein signalling 7 (RGS7)

RGS7_MOUSE

1,08

1,5E-02 15,5

Ubiquitin

UBIQ_MOUSE

0,93

1,7E-02 18,9

Catenin delta-2 (Neural plakophilin-related
ARM-repeat protein) (NPRAP) (Neurojungin)

CTND2_MOUSE

0,96

2,3E-02 44,0

AP-2 complex subunit mu-1 (Adaptin mu-1)
AP2M1_MOUSE
(AP-2 mu-2 chain) (Clathrin coat assembly
protein AP50) (Clathrin coat-associated protein
AP50) (Plasma membrane adaptor AP-2 50 kDa
protein) (Clathrin assembly protein complex 2
medium chain)

1,06

2,4E-02 25,4

Neuronal cell adhesion molecule precursor (Nr- NRCAM_MOUSE 0,94
CAM) (NgCAM-related cell adhesion molecule)
(Ng-CAM-related) (mBravo)

2,4E-02 28,2

Myosin-10 (Myosin heavy chain 10) (Myosin
heavy chain, nonmuscle IIb) (Nonmuscle
myosin heavy chain IIb) (NMMHC II-b)
(NMMHC-IIB) (Cellular myosin heavy chain,
type B) (Nonmuscle myosin heavy chain-B)
(NMMHC-B)

MYH10_MOUSE

1,06

2,5E-02 23,1

Zinc finger homeobox protein 1b (Smad-interacting protein 1)

SIP1_MOUSE

1,06

3,2E-02 23,1

Brain-specific angiogenesis inhibitor 1 precursor BAI1_MOUSE

0,92

3,5E-02 18,9

14-3-3 protein eta

1433F_MOUSE

1,08

3,6E-02 16,5

Coronin-1A (Coronin-like protein A) (ClipinA)

COR1A_MOUSE

1,08

3,9E-02 16,5

Clathrin coat assembly protein AP180 (Clathrin coat-associated protein AP180) (91 kDa
synaptosomal-associated protein) (Phosphoprotein F1-20)

AP180_MOUSE

1,06

4,2E-02 25,4

Dynamin-1 (EC 3.6.5.5)

DYN1_MOUSE

1,08

4,6E-02 18,9
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Chapter 4 Supplementary Table 8. Proteins found to be significantly regulated at the synaptic protein
level and at the mRNA level upon MD (8A) or DR (8B). Proteins quantified with less stringent criteria (less then 2 peptides in more than 1 set, in italics, FDR>15% lower part of lists) are marked in
grey. Relative expression levels are shown, at the left for the synaptic protein level, at the right for the
mRNA level. P-values (t-test) are listed.
Proteomics
Full name

Protein
ID

Microarray
Fold
p value
change (t-test)

Fold
p value
Gene ID Change (t-test)

A - Monocular Deprivation: P30-MD/P30
14-3-3 protein eta

1433F

1,22

1,3E-03

Ywhah

0,76

9,9E-03

14-3-3 protein gamma

1433G

1,15

2,4E-02

Ywhag

0,82

4,8E-03

14-3-3 protein zeta/delta

1433Z

1,17

1,4E-02

Ywhaz

0,70

2,3E-03

Alpha-adducin (Erythrocyte adducin subunit alpha)

ADDA

1,17

2,2E-02

Add1

0,63

4,1E-03

Band 4.1-like protein 1 (Neuronal E41L1
protein 4.1) (4.1N)

1,13

5,2E-03

Epb4

0,73

8,9E-03

Brain-specific angiogenesis
inhibitor 1 precursor

BAI1

0,92

2,3E-03

Bai1

0,67

3,2E-03

cAMP-dependent protein kinase
type II-beta regulatory subunit

KAP3

1,15

4,6E-02

Prkar2b

1,15

6,8E-03

Drebrin (Developmentally-regulated brain protein)

DREB

1,08

9,2E-03

Dbn1

0,74

7,3E-03

Electrogenic sodium bicarbonate
cotransporter 1 (Sodium bicarbonate cotransporter)

S4A4

0,87

3,3E-03

Slc4a4

0,81

5,8E-03

Mitochondrial glutamate carrier 2 (Solute carrier family 25
member 18)

GHC2

0,91

7,7E-03

Slc25a18 0,73

3,5E-04

Mitogen-activated protein kinase MK01
1 (Extracellular signal-regulated
kinase 2)

1,26

4,4E-02

Mapk1

0,83

2,6E-03

Protein kinase C alpha type (EC
2.7.11.13) (PKC-alpha) (PKC-A)

KPCA

1,12

2,8E-02

Prkca

0,72

3,5E-03

Pyruvate kinase isozyme M2 (EC KPYM
2.7.1.40)

1,32

9,7E-03

Pkm2

0,72

9,3E-03

Ras-related protein Rab-22A
(Rab-22) (Rab-14)

RB22A

0,77

3,2E-02

Rab22a

1,20

9,4E-03

Vesicle-associated membrane
protein-associated protein A
(VAMP-A)

VAPA

1,16

6,9E-03

Vapa

1,29

8,7E-03
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Proteomics

Microarray

Protein
ID

Fold
p value
change (t-test)

Fold
p value
Gene ID Change (t-test)

CCG3

1,25

1,3E-02

Cacng3

0,66

9,6E-04

WD repeat protein 1 (Actin-inter- WDR1
acting protein 1) (AIP1)

1,30

3,3E-02

Wdr1

0,75

3,5E-03

AP-2 complex subunit alpha-1
AP2A1
(Adapter-related protein complex
2 alpha-1 subunit) (Alpha-adaptin
A) (Adaptor protein complex
AP-2 alpha-1 subunit) (Clathrin
assembly protein complex 2
alpha-A large chain) (100 kDa
coated vesicle protein A) (Plasma
membrane adaptor HA2/AP2
adaptin alpha A subunit)

1,06

5,6E-03

Ap2a1

0,65

2,8E-03

Aspartate aminotransferase, mito- AATM
chondrial precursor (EC 2.6.1.1)
(Transaminase A) (Glutamate
oxaloacetate transaminase 2)

0,88

3,2E-02

Got2

0,63

1,6E-03

Disheveled-associated activator of DAAM1
morphogenesis 1

0,91

4,6E-02

Daam1

1,24

6,1E-03

Disks large-associated protein 3
DLGP3
(DAP-3) (SAP90/PSD-95-associated protein 3) (SAPAP3) (PSD95/SAP90-binding protein 3)

1,07

2,0E-02

Dlgap3

0,74

1,1E-03

Guanine nucleotide-binding
protein G(k) subunit alpha (G(i)
alpha-3)

GNAI3

1,12

4,0E-02

Gnai3

1,64

1,9E-03

Myosin-10 (Myosin heavy chain
10) (Myosin heavy chain, nonmuscle IIb) (Nonmuscle myosin
heavy chain IIb) (NMMHC II-b)
(NMMHC-IIB) (Cellular myosin
heavy chain, type B) (Nonmuscle
myosin heavy chain-B) (NMMHC-B)

MYH10

1,06

4,4E-02

Myh10

1,16

9,7E-04

Full name
Voltage-dependent calcium channel gamma-3 subunit

FDR>15%
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Microarray

Full name

Protein
ID

Fold
p value
change (t-test)

Fold
p value
Gene ID Change (t-test)

Neuronal pentraxin receptor

NPTXR

0,92

1,9E-02

Nptxr

0,78

3,8E-03

Ras-related protein Rab-3A

RAB3A

1,07

2,7E-02

Rab3a

0,65

2,1E-03

Serine/threonine-protein kinase
MARK2 (EC 2.7.11.1) (MAP/
microtubule affinity-regulating
kinase 2) (ELKL motif kinase)
(EMK1)

MARK2

0,93

7,4E-03

Mark2

0,70

1,2E-03

0,93

3,8E-02

Syt1

0,74

6,2E-03

Synaptotagmin-1 (Synaptotagmin SYT1
I) (SytI) (p65)
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Proteomics

Microarray

Protein
ID

Fold
p value
change (t-test)

Fold
p value
Gene ID Change (t-test)

cAMP-dependent protein kinase,
alpha-catalytic subunit (EC
2.7.11.11) (PKA C-alpha)

KAPCA

1,14

2,5E-02

Prkaca

2,01

4,6E-03

cAMP-dependent protein kinase,
beta-catalytic subunit (EC
2.7.11.11) (PKA C-beta)

KAPCB

1,13

3,3E-02

Prkaka

2,01

4,6E-03

cGMP-dependent 3',5'-cyclic
phosphodiesterase (EC 3.1.4.17)
(Cyclic GMP-stimulated
phosphodiesterase) (CGS-PDE)
(cGSPDE)

PDE2A

1,13

4,5E-03

Pde2a

2,31

2,3E-03

Elongation factor 1-alpha 1 (EF1-alpha-1) (Elongation factor 1
A-1) (eEF1A-1) (Elongation factor Tu) (EF-Tu)

EF1A1

1,11

2,7E-02

Eef1a1

1,45

1,9E-03

Ephexin-1 (Eph-interacting
NGEF
exchange protein) (Neuronal guanine nucleotide exchange factor)

0,80

9,4E-03

Ngef

0,76

6,5E-03

F-actin capping protein subunit
beta (CapZ beta)

CAPZB

1,14

2,7E-02

Capzb

1,71

6,4E-03

Glycogen phosphorylase, brain
form (EC 2.4.1.1)

PYGB

1,18

2,3E-02

Pygb

1,23

2,7E-03

Inositol 1,4,5-trisphosphate
receptor type 1 (Type 1 inositol
1,4,5-trisphosphate receptor)
(Type 1 InsP3 receptor) (IP3
receptor isoform 1) (InsP3R1)
(Inositol 1,4,5-trisphosphatebinding protein P400) (Purkinje
cell protein 1) (Protein PCD-6)

ITPR1

1,12

3,1E-02

Itpr1

2,10

5,6E-05

0,74

1,3E-03

Ndufs7

0,71

1,9E-03

Full name
B - Dark Rearing: P46-DR/46

NADH dehydrogenase [ubiquiNDUS7
none] iron-sulfur protein 7, mitochondrial precursor (EC 1.6.5.3)
(EC 1.6.99.3) (NADH-ubiquinone
oxidoreductase 20 kDa subunit)
(Complex I-20kD) (CI-20kD)

216

supplementary tables

Proteomics

Microarray

Protein
ID

Fold
p value
change (t-test)

Fold
p value
Gene ID Change (t-test)

NCA11

1,11

3,1E-03

Ncam1

1,38

2,2E-03

Poliovirus receptor-related protein PVRL1
1 precursor (Herpes virus entry
mediator C) (HveC) (Nectin-1)
(CD111 antigen)

1,11

1,1E-02

Pvrl1

0,69

2,3E-03

Pyruvate kinase isozyme M2 (EC KPYM
2.7.1.40)

0,75

4,5E-02

Pkm2

1,37

5,1E-03

XP_138063.3|PREDICTED:
82942638 1,14
similar to A-kinase anchoring
protein AKAP150 isoform 1 [Mus
musculus]

2,4E-02

Akap1

2,76

2,4E-04

Full name
Neural cell adhesion molecule 1,
180 kDa isoform precursor (NCAM 180) (NCAM-180)

FDR>15%
Dynactin-1 (150 kDa dyneinDYNA
associated polypeptide) (DP-150)
(DAP-150) (p150-glued)

1,07

4,1E-02

Dctn1

1,61

5,4E-03

Gamma-aminobutyric-acid
receptor subunit alpha-1 precursor (GABA(A) receptor subunit
alpha-1)

1,07

2,8E-02

Gabra1

2,19

3,1E-03

0,89

2,4E-02

Skp1a

0,57

1,0E-03

GBRA1

S-phase kinase-associated protein SKP1
1A (Cyclin A/CDK2-associated
protein p19) (p19A) (p19skp1)
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Chapter 1 Figure 1 (see opposite side). Three ways to change neuronal connectivity. a) Synaptic
strengthening or weakening. Existing synapses are maintained but their efficacy is altered. b) Local
synapse turnover. Existing synapses are lost and new synapses formed between neurons that contact
each other. This results in the rewiring of neuronal connections. c) Neurite outgrowth to form a new
synaptic connection. More extensive rewiring can be achieved by neurite outgrowth, allowing synapse formation between neurons that did not previously contact each other.

Chapter 1 Figure 2 (see opposite side). Schematic overview of the mouse visual system. The left and
right visual hemifields and their representation throughout the visual system are colour-coded in red
and green, respectively. The temporal parts of the retinas of both eyes see the small binocular part
of the visual field directly in front of the mouse. Projections from the most temporal region of each
retina (coded in light red and light green) innervate the ipsilateral lateral geniculate nucleus (LGN) in
the thalamus. Axons of the majority of retinal ganglion cells (over 90%, reflecting the lateral position
of the eyes) cross over at the optic chiasm to the contralateral hemisphere. In V1, binocular responses
can be found in the lateral portion of this area, making up about one third of V1. The numbers in the
visual cortex refer to the corresponding numbers in the visual field, illustrating the retinotopic organisation of the visual system. The ‘3’ in the middle of the visual field is covered by both hemispheres,
as in the mouse the primary visual cortex contains a small ipsilateral visual field representation (figure
based on [Hubener, 2003], reprinted with kind permission from the author).
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Chapter 1 Figure 4. Canonical Notch pathway signalling. Binding of the ligand Delta ligand on one
cell to Notch on another cell results in two proteolytic cleavages of Notch. S2 cleavage by ADAM10
generates a substrate for subsequent S3 cleavage by the γ-secretase complex containing presenilin.
This last step results in release of the Notch intracellular domain (NICD), which enters the nucleus
and interacts with the DNA-binding protein CBF1. Upon binding of Notch to CBF1, co-repressors are
released and co-activators are recruited, resulting in transcription of target genes.
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Chapter 2 Figure 3. Notch1 activity cell-autonomously reduces spine- and filopodium densities in V1,
as well as neuronal soma size. A, Lentiviral CreGFP-vector injection into V1 results in transduction
of neuronal (white arrows) and non-neuronal (red arrows) cells, causing CreGFP expression. The
Thy1 promoter is only active in neuronal cells, driving expression of the transgene and membraneassociated EGFP (mGFP; white arrows). Basal dendrites of layer 2/3 pyramidal neurons were imaged
and analysed. B and C, High magnification projection of confocal images showing basal dendrites
of pyramidal neurons expressing mGFP (B) or both NICD-IRES-EGFP and mGFP (C). D, Neurons
expressing NICD-IRES-GFP have 59% fewer filopodia than control neurons, 22% fewer mushroom
spines, and a 19% reduction in total protrusion density. Stubby and thin protrusions are unaffected. E,
The cross-section through the soma of neurons expressing NICD-IRES-EGFP is 8% smaller than for
control neurons. F, A correlation plot of spine head diameter and spine neck length shows that in V1,
expression of NICD-IRES-EGFP does not affect dendritic spine neck length or spine head size. G,
Parvalbumin puncta number and area, representing inhibitory input to the pyramidal neurons, are not
different between control animals and NICD transgenic animals. On the left an example (control) cell
is shown with the analysis ring in white indicated around the soma. Green channel intensity has been
reduced to facilitate punctum visualisation.
Error bars indicate sem. * p<0.05; ** p<0.01. n=473 dendritic protrusions for control mGFP-expressing neurons and 518 protrusions for neurons expressing NICD-IRES-EGFP and mGFP. F: filopodia;
T: thin; S: stubby; M: mushroom; TOT: total protrusion numbers. Scale bars 50μm (A) and 5μm (B,
C).
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Chapter 2 Figure 3 continued

224

# puncta area / ring (%)

G
5
4
3
2
1
0

NICD+Cre+

colour figures

Chapter 4 Figure 1. Experimental design and numbers of regulated proteins. A) Mice in the first group
(“P30”) were reared under a normal 12 hour light/12 dark regime for 30 days. Mice in the second
group (“P30-MD”) were reared similarly, but monocularly deprived from P26 for a period of 4 days.
Mice in the third group (“P46”) were normally reared for 46 days. Mice in the fourth group (“P46DR”) were dark reared until P46. The visual cortices from which the binocular zone was collected are
indicated with an asterisk (*). B) A total of 467 proteins were identified in all experiments. A modest
percentage (7.5-20%) of these proteins were expressed at significantly different levels under the various experimental conditions, and most proteins were regulated less than 1.25 fold. The visual cortex
from dark-reared mice at P46 and from normally reared mice at P30 differed most extensively.
P46-DR/P30 Ube4b*
P46-DR/P46 N-CAM 180*

GAT-1*
GABA(A)-R alpha-1

P46/P30

N-CAM 180*
Synapsin-2*
Synapsin-1#
Septin-8#

P30-MD/P30 Clathrin Lcb*

Clathrin Lca*
Semaphorin-4D*
SOS-1*
14-3-3 eta
14-3-3 beta

iTRAQ
Western Blot
0.5

1.0

1.5

2.0

2.5

Fold Change

Chapter 4 Figure 2. Quantitative assessments of Western blot analyses performed on proteins significantly regulated with iTRAQ proteomics. Despite the modest changes in protein expression under
the different experimental conditions, we confirmed changes in levels for most of the tested proteins
(9/14) when assessed with Western Blot analysis (P<0.05, one tailed Student’s t-test of independent
samples). Two more proteins showed a trend in the same direction (P<0.06).
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Chapter 4 Figure 3. Proteins regulated by monocular deprivation. Proteins are categorised in groups
A) associated with the cytoskeleton, B) involved in signal transduction, or C) regulating synaptic
efficacy. Grey bars indicate fold change in relative protein expression levels of individual proteins
in monocularly deprived binocular visual cortex compared to the same tissue from normally reared
P30 mice. Green lines indicate the relative changes in levels of the same protein with dark rearing
(P46-DR/P46) and black lines with age (P46/P30). D) Changes in protein expression induced by monocular deprivation correlate strongly with those occurring with age. As expected, changes in protein
expression caused by age (P46/P30) anti-correlate with those induced by dark rearing (P46-DR/P46).
* confidence between 85 and 95%. Proteins quantified with less than 2 peptides in more than one set
are indicated in italics and light grey bars.
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Chapter 4 Figure 4. Proteins regulated by age or altered visual experience. Proteins are again categorised A-C) associated with the cytoskeleton, D-F) involved in signal transduction, or G-I) regulating
synaptic efficacy. J-K) Proteins that do not belong to these categories but are differentially expressed
more than 1.25 fold are also shown. Colour intensity indicates the level of regulation. Lower expression is indicated in blue, while higher expression is indicated in red. The upper panels (A, D, G)
show proteins whose expression in visual cortex at P30 is significantly different from that at P46 (left
column), while expression in dark-reared visual cortex at P46 is not different from that of P46 or P30
visual cortex from normally reared mice. Middle panels (B, E, H) represent proteins different with
age, also if dark reared. Lower panels (C, F, I) show those proteins that are not regulated with age,
but whose expression in visual cortex from P46 dark-reared mice differs from that in normally reared
mice at P30 or P46. The strongly differentially expressed proteins are categorised in a similar fashion,
with the left panel (J) showing the age and dark rearing regulated proteins and one age-only regulated
protein, and the right panel (K) showing the proteins only affected by dark rearing. * confidence between 85 and 95%. Proteins quantified with less than 2 peptides in more than one set are indicated in
italics and light grey bars. The order of the proteins as shown is determined by hierarchical clustering
using average linkage (Multiexperiment viewer, TM4 software).
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Chapter 4 Figure 8. Overview of changes in synaptic proteins. A) With monocular deprivation, the
G-proteins SOS-1 and StARD13 are strongly decreased, as is Semaphorin-4D. Actin-associated proteins, Clathrin light chains and various kinases show higher expression. Proteins indicated in the
lower bar are believed to act mainly at inhibitory synapses. B) With age, Actin-associated proteins
diminish, as do mitochondrial proteins and N-CAM 180. Proteins that increase levels with age include proteins associated with the Tubulin and Septin cytoskeletons, a select group of G-proteins and
kinases, proteins involved in vesicle release and proteins associated with the extracellular matrix,
including Neurofascin and Hapln1. C) Dark rearing causes decrease of some age regulated kinases,
but also the further decrease of mitochondrial proteins and GAT-1. It increases levels of proteins associated with the Actin cytoskeleton, subunits of Protein Kinase A and G-proteins, Ube4b, GABA(A)
receptors and N-CAM 180.
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