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Abstract 
 

Intricate neuronal circuits are at the base of several vital functions and complex behaviours. The proper 

functioning of these networks relies foremost on the correct development of these circuits, which emerge 

from an interplay of innate genetic programs and activity-dependent plasticity mechanisms. The extent to 

which neuronal activity plays a role, in particular the contributions of activity that is spontaneously generated 

by immature neuronal circuitry, is not precisely known. Furthermore, while the dendritic morphology is an 

important morphological feature that determines how a neuron is integrated in the circuitry, much remains 

to be understood on how the dendritic tree is formed and reshaped during development. The current thesis 

provides insight into these questions, by providing a detailed description of the development of both 

thalamocortical (TC) axon ingrowth in layer 4 (L4) of the primary visual cortex (V1) and the development of 

basal dendritic morphology of L4 pyramidal V1 neurons. Furthermore, we explored the influence of 

spontaneous activity on the basal dendritic development of L4 pyramidal neurons of V1. Central for studying 

these developmental processes was the development of a pioneering surgical protocol to virally introduce 

the expression of fluorescent proteins and molecular silencers in the dorsal Lateral Geniculate Nucleus 

(dLGN) at postnatal day 0 (P0). The proposed surgical protocol for viral injections is therefore the first 

stereotactic protocol that accomplishes transgene expression in a spatially restricted target region in the 

neonate brain without the use of the Cre/loxP expression system.  

Using this novel stereotactic injection protocol, we introduced the expression of a fluorescent protein in 

neurons from the dLGN and studied TC axon ingrowth in L4 of V1. TC axon ingrowth was not yet complete at 

birth; instead, the number of axons/axonal arborizations increased until P10 after which axonal coverage 

remained stable. Furthermore, the number of axonal varicosities that colocalized with the presynaptic 

marker vlgut2 appeared to increase in parallel with axonal ingrowth, suggesting that the number of 

presynaptic structures increases during early postnatal development.  

Several trends emerged when evaluating the dendritic morphological development of sparsely labelled L4 

neurons. First, the dendritic length increased throughout the first two weeks of postnatal development. 

Second, the dendritic complexity appeared to increase between P4 and P10, as the number of secondary and 

tertiary dendrites, along with the number of branch points increased. Interestingly, these dendritic 

parameters showed a tendency to decrease between P10 and P15, suggesting that part of the dendritic 

complexity previously gained is subsequently lost. This raises the hypothesis that the loss in dendritic 

complexity is caused by the pruning of aberrant secondary and tertiary branches. We then markedly reduced 

TC activity through the expression of the molecular silencer Kir2.1 in the dLGN and studied the effect on basal 

dendritic morphology at P13. Silencing TC activity seemed to be associated with an increased dendritic 

length. Furthermore, the basal dendritic structure appeared to be more complex, indicated by an increase in 

the number of tertiary dendrites, branch points and Sholl radius. The number of primary dendrites, which 

also remained constant during development, was not affected by silencing TC activity. This raises the 

hypothesis that the number of primary dendrites is established early in development independent from 

neuronal activity from the dLGN. Though the results presented are preliminary, the trend emerges that 

silencing thalamocortical activity leads to an increased level of dendritic complexity. Considering the role 

attributed to activity-dependent genetic programs in dendritic pruning, we hypothesize that the apparent 

increase in dendritic complexity is caused by the failure of pruning aberrant connections, in absence of 

spontaneous thalamocortical input. Future studies will have to be carried out to test this hypothesis.  
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1. Introduction 

 

1.1 General introduction 
Charles Darwin was ahead of his time when stating in 1871 that the brain is the most important of all organs 

(Jacyna, 2009). The human brain is one of the most complicated organs evolved (Schoenemann, 2006). 

Intricate circuits interconnecting its building blocks, the neurons, underly fundamental functions such as 

breathing, and sleep and hunger regulation, but also support complex behaviours that are essential for our 

ability to interact with our environment, such as sensory perception, learning and memory, speech, and our 

ability to interpret social cues. The proper functioning of the networks underlying these abilities relies 

foremost on the correct formation of these circuits during development. Several common neurological 

disorders, such as autism and epilepsy, have been linked to abnormal neuronal circuit development (Faust 

et al., 2021; Neniskyte and Gross, 2017; Penn and Shatz, 1999). Therefore, insight into the mechanisms 

underlying normal brain development is essential for understanding what happens when this process goes 

awry.  

In the developing brain, refined neuronal networks underlying perception and complex behaviour emerge 

from an interplay of innate genetic programs and activity-dependent plasticity mechanisms. Early molecular 

programs determine cell fate and guide the growing axons to their appropriate targets through gradients of 

molecular guidance cues (Flanagan, 2006; Goodman and Shatz, 1993; McLaughlin and O’Leary, 2005). The 

intersection of such genetic programs and their regulation by neuronal activity leads to further refinement 

of these crude circuits (reviews: Kutsarova, Munz, & Ruthazer 2017; Cadwell et al. 2019). The extent to which 

neuronal activity plays a role, in particular, the contribution of activity that is spontaneously generated by 

the immature neuronal network and the mechanism of how it instructs wiring, is however not precisely 

known.  

In the pre- and early postnatal brain, spontaneous activity can be observed in multiple sensory systems, 

including the somatosensory, auditory and visual system (Bansal et al., 2000; Khazipov et al., 2004; Tritsch et 

al., 2007). In these systems, spontaneous activity is generated in the periphery and transmitted to the 

primary sensory cortices through thalamic nuclei (Leighton and Lohmann, 2016). These spontaneous activity 

patterns appear to be evolutionarily conserved, as they have been observed during development in flies, 

rodents and humans (Ackman and Crair, 2014; Akin et al., 2019; Colonnese et al., 2010); a finding that 

strongly suggest that spontaneous activity is important for correct neuronal development.  

Due to its characteristics, the mouse visual system lends itself very well to study spontaneous activity. First 

of all, mice are born with closed eyelids which open at the end of the second postnatal week. In addition, 

retinal ganglion cells are not yet responsive to light the first ten days after birth (Tiriac et al., 2018). Therefore, 

it is possible to study the influence of spontaneous activity before eye opening largely independent of 

stimulus-induced activity. Furthermore, many important visual response features, such as direction 

selectivity and orientation selectivity already exist at eye opening (Rochefort et al., 2011; Thompson et al., 

2017a).  The developmental processes that take place within the first two weeks of postnatal development 

are thus crucial to prepare the visual system for the onset of vision. Notably, the concurrence of spontaneous 

activity within this same time period points to an instructive role for spontaneous activity in the development 

of the mouse visual system.  

Multiple types of spontaneous activity exist throughout the visual system, such as cortically generated 

spontaneous activity, thalamic waves and different types of retinal waves, which appear in distinct stages of 

development. Of these different types of spontaneous activity, one of the most studied in the mouse visual 

system are retinal waves. These retinal waves are so-called due to their characteristic spatial-temporal 
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pattern, making it appear as if activity spreads as a wave throughout the retina. Through its axonal 

projections, the wave of depolarization spreads from the retina, to the superior colliculus (SC) and via the 

dorsal Lateral Geniculate Nucleus (dLGN), to the primary visual cortex (V1), where the wave travels across V1 

maintaining the same retinotopic direction (Ackman et al., 2012a).  

In the spatial-temporal characteristics of the retinal wave pattern, information on the spatial relation 

between neurons is encoded, thereby shaping and matching the retinotopic maps between structures of the 

visual system (Ackman and Crair, 2014; Cang et al., 2005; Huberman et al., 2008). Important in establishing 

this influence has been the use of genetically altered mouse models, binocular enucleation, and drugs, which 

all disrupt the spatial-temporal pattern and/or frequency of the retinal waves (Arroyo and Feller, 2016; 

Leighton and Lohmann, 2016; Lokmane et al., 2013; Stellwagen and Shatz, 2002). In addition to the defect in 

retinotopic map refinement in the dLGN, SC and V1, manipulating retinal waves also results in distorted 

retinal axon sorting, leading to a defect in eye segregation in both the dLGN and SC (Ackman and Crair, 2014). 

Yet, most studies on the influence of retinal wave activity on V1 development have been focused on how 

spontaneous activity affects the wiring upstream of V1; both retinotopic map deformation and distorted eye 

segregation in V1 are caused by a defect in retinogeniculate and thalamocortical wiring. Currently little is 

known about the influence of retinal wave activity on the formation and function of local cortical circuits in 

V1, which depend on the morphology and electrophysiological properties of individual V1 neurons.  

One important morphological feature of a neuron that determines how it is integrated in neuronal circuitry 

is the dendritic structure. The length of a neuron’s dendrites and the extent of dendritic branching are a few 

of the dendritic parameters that determine from what physical area and thus from how many pre-synaptic 

neurons a post-synaptic neuron is able to receive information. Furthermore, dendrites play an important role 

in filtering signals from multiple pre-synaptic neurons by integrating these signals into a single response, a 

process which is called dendritic integration (Branco and Häusser, 2011; Magee, 2000). Albeit its importance, 

the study on dendritic tree formation during early development and the influence of spontaneous activity 

generated in the periphery on this process, has received little attention over the years and only a few studies 

exist to date (Richards et al., 2020).  

Most of these studies have focused on the influence of spontaneous activity on the neurons that are 

strongest innervated by thalamocortical axons, and therefore are directly exposed to input from the 

periphery, namely layer 4 (L4) neurons. A study in the primary visual cortex (V1) of ferrets, in which cortical 

development evolves on a slower timescale, reported that dendritic complexity of pyramidal L4 neurons 

increased most between postnatal day 14 (P14) and P26 (Callaway and Borrell, 2011). The authors further 

found that both stellate cells and pyramidal cells of L4 of V1 possess an apical dendrite in early development 

and that stellate cells lose this apical dendrite at P22 to acquire their typical stellate dendritic configuration. 

More interestingly, eliminating retinal waves by binocular enucleation prevented the loss of the apical 

dendrite in stellate cells (Callaway and Borrell, 2011). A later study in mice, reported that stellate cells from 

the barrel cortex also initially possess an apical dendrite, which they lose at P6 (Nakazawa et al., 2018). 

Furthermore, Nakazawa and colleagues (2018) demonstrated that the dendritic morphological changes in L4 

neurons, which lead to the formation of the characteristic barrels in the somatosensory cortex, depend on 

the activity they receive from the thalamocortical axons. Whether morphological changes were mostly 

influenced by spontaneous activity or stimulus-induced activity in these studies could however not be 

determined since both activity patterns coexist in the somatosensory system in this time frame.  

The above-described studies demonstrate that dendritic morphology can change rapidly and markedly during 

early postnatal development. Furthermore, functional thalamocortical input may play a major role in L4 

neuronal development. Nevertheless, no data is available on dendritic changes in L4 of the mouse primary 

visual cortex (V1) specifically and how they are influenced by spontaneous thalamocortical input. Therefore, 

the central focus of my PhD thesis is to understand how spontaneous activity from the periphery influences 
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the dendritic development of L4 neurons in V1. In addition, to facilitate the study of this question, insight 

into the development of axonal ingrowth is needed. Previous studies exploring thalamocortical axon 

ingrowth were conducted in a variety of species looking at innervation patterns of the cortex in general. 

Though these studies provide a coarse impression of axonal ingrowth, a comprehensive overview of the 

dynamics of thalamocortical ingrowth in a specific region, such as L4 of V1, is still lacking. Therefore, the first 

aim of my PhD research was to provide a detailed description of thalamocortical axon ingrowth in L4 of V1 

during the first two weeks of postnatal development.  

The following introduction chapter will introduce the key concepts relevant for my research question. I will 

take the same route as light information travels to the cortex and provide a short description of the adult 

retina, dorsal Lateral Geniculate Nucleus and primary visual cortex of the mouse. Then, I zoom in on the early 

developmental processes that are responsible for the stereotypic formation of the brain, with a focus on 

axonal pathfinding and dendritic branching. In the last chapter I will briefly describe the spontaneous activity 

patterns that exist in the developing brain and will describe how retinal wave activity is generated and 

propagated in the visual system. Furthermore, I will illustrate the importance of retinal wave activity for early 

postnatal development of the visual system and highlight the open questions that still exist at present. The 

introduction chapter concludes with a description of the main objectives of my PhD thesis.  
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1.2  From the retina to V1: the first steps of visual processing 
 

Light enters the eye through the retina, where photoreceptors translate information embedded in light 

photons into chemical signals that the nervous system is able to interpret. Retinal ganglion cells then transmit 

processed light information to different regions of the brain. Over forty subcortical brain areas receive 

projections from the retina. These brain areas are mostly part of non-image-forming circuits, which are not 

involved in the perception of sight. For visual perception, light information is transmitted through 

retinogeniculate connections to the dorsal Lateral Geniculate Nucleus (dLGN), from where it is relayed to the 

primary visual cortex (V1) through thalamocortical connections (Figure 1). V1 sends projections to the 

surrounding higher-order visual areas, which in turn send feedback projections to V1 and dLGN to modulate 

responses. In addition, the visual system receives multiple feedback projections from numerous other areas. 

Though this complex circuitry is characteristic of the mammal brain, it poses a challenge to decipher the 

contribution of each individual member of the visual system to visual perception. In this chapter I will provide 

a simplistic overview of the function of the areas involved in the first stages of visual processing: the retina, 

dLGN and V1. Furthermore, I will describe the gross anatomy of these structures and provide a simplistic 

overview of the feedforward projections interconnecting the different areas. I will thereby focus on the 

architectural and functional features that are relevant for the current thesis.   

Figure 1 Axons from the retina project directly to the SC and indirectly 
through the dLGN to V1. In mice, as opposed to primates, the eyes are laterally 

positioned within the skull. The overlap in hemifields is therefore small (depicted 
in grated green and red zones). The majority of light information of the left 
hemifield is captured by the left retina and projects to the contralateral 
hemisphere. Important for visual perception is the indirect pathway from the 
retina to the primary visual cortex (V1) via the dorsal Lateral Geniculate Nucleus 
(dLGN). While the majority of retinal axons in the dLGN originate from the 
contralateral hemisphere, a small ipsilateral zone exists in which a small number 
of ipsilateral axons terminate. V1 can be divided into a larger monocular zone 
and a smaller binocular zone. Another important pathway for visual perception 
is the direct pathway from the retina to the superior colliculus (SC). The SC is 
essential for visual motion processing. 

 

1.2.1 The cell types and circuits of the mouse retina: a brief overview 
The retina consist of five major neuronal cell types which are organised in layers (Dunn and Wong, 2014) 

(Figure 2). This basic building plan is conserved across vertebrate species (Hoon et al., 2014). The processing 

of visual information begins with the rod and cone photoreceptors, which are organized in a single layer 

called the outer nuclear layer. Light-sensitive pigments in the photoreceptors are able to capture light 

photons and translate light information into a neurotransmitter response (Masland, 2012). Rod 

photoreceptors all express the same type of light-sensitive pigment, rhodopsin, which is able to detect a 

single photon. Rods are thus highly sensitive to light and henceforth specialized for dim-light vision. In 

contrast, the less abundant mice cone receptors contain one of the two low-sensitive light detecting 

pigments, each with a different spectral absorption. The existence of distinct chromatic pathways is at the 

basis of colour vision.  

Photoreceptors synapse onto bipolar neurons located in the inner nuclear layer of the retina. These consist 

of two broad classes, the rod and cone bipolar cells, which are primarily contacted by respectively rod and 

cone photoreceptors. The responses of the bipolar cells are modulated by inhibitory horizontal cells (Hoon 

et al., 2014). Bipolar cells in turn synapse onto retinal ganglion cells and amacrine cells, the second inhibitory 

cell type of the retina. Amacrine cells provide direct feedforward inhibition of the retinal ganglion cells and 

provide feedback inhibition through their synapses onto the bipolar axons, thereby modulating activity 

patterns in the retinal ganglion cells. These are the output neurons of the retina, and project to numerous 
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brain regions, including the dorsal Lateral Geniculate Nucleus. Retinal ganglion cells (RGCs) are able to detect 

sensory input in only a part of the visual scene, its receptive field. The receptive fields of neighbouring RGCs 

are also located next to each other in the visual space. 

Figure 2 The basic architecture of the retina (Left) 

Immunohistochemical labelling of the major neuronal cell 
types in a cross section of the mouse retina reveal that the 
different cell types are organized in distinct layers. (Right) 
schematic representation of the building plan of the mouse 
retina. The deepest layer is the outer nuclear layer (ONL) in 
which the rod (R) and cone (C) photoreceptors are located. In 
the inner nuclear layer (INL) cell bodies of the bipolar cells 
(BC) and inhibitory amacrine cells (AC) are located. The retinal 
ganglion cells (RGC) are located in the ganglion cell layer 
(GCL). Synaptic connections between different cell types are 
located in the two plexiform layers, the outer plexiform layer 
(OPL) and inner plexiform layer (IPL). In the IPL there is a 
lamination visible of synaptic input from cells that depolarize 
in response to light increments (ON) and decrements (OFF). 
[Figure adapted from Hoon et al. 2017] 

 

Anatomical and genetic sequencing studies have shown that the five major cell types of the retina can be 

subdivided into multiple subclasses of specialized cell types. For instance, 12 types of bipolar cells, 30 

morphological distinct amacrine cells, and at least 30 different ganglion cells have been found in the mouse 

retina (Azeredo da Silveira and Roska, 2011; Rheaume et al., 2018; Sanes and Masland, 2015). The 

specialization of the retinal ganglion cells seem to revolve around the detection of distinct visual features 

(Sanes and Masland, 2015). A first classification of retinal ganglion cells (RGCs) can be made based on 

whether they increase firing rate in response to light increments, decrements or both presented in their 

receptive field centres: the ON, OFF and ON-OFF retinal ganglion cell types (Kerschensteiner and Guido, 

2017). A fourth category for which so far one RGC type has been found, exhibit a high firing baseline which 

is suppressed by ON and OFF stimuli and therefore function as uniformity detectors. Furthermore, a large 

number of RGCs, the different direction sensitive RGC types (dsRGCs), are specialized for the detection of 

motion. For instance, the ON-dsRGCs display the highest firing rate to movement in a preferred direction 

(Sanes and Masland, 2015).  

The different types of bipolar cells and retinal ganglion cells seem to be organized in local microcircuits 

dedicated to the specific task of the retinal ganglion cell (Azeredo da Silveira and Roska, 2011). Different 

types of ganglion cells thus provide higher visual areas with parallel information streams about distinct 

features of the visual scene.  

1.2.2 The dorsal Lateral Geniculate Nucleus: more than just a relay station  
The dorsal Lateral Geniculate Nucleus (dLGN) is part of the thalamus, a highly innervated region that lies in 

the diencephalon. The thalamus consist of multiple nuclei; activity in the so-called first-order thalamic nuclei 

are primarily driven by sensory information from the periphery, while higher-order thalamic nuclei receive 

driving input from predominantly cortical projections (Ghodrati et al., 2017). The dorsal Lateral Geniculate 

Nucleus (dLGN) is a first-order thalamic nucleus in which retinal ganglion axons (RGCs) innervate the 

excitatory thalamocortical neurons, which makes up roughly 90% of the dLGN, and to lesser degree the 

inhibitory neurons (Cox and Beatty, 2017; Evangelio et al., 2018). The inhibitory neurons of the dLGN, 

together with cortical feedback projections and input from the thalamic reticular nucleus, brainstem and 

superior colliculus, provide modulatory input to the thalamocortical neurons (Ghodrati et al., 2017). 

Thalamocortical neurons in turn send visual information to the primary visual cortex (V1) where the first 

stage of cortical processing takes place.  
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Historically, the dLGN was viewed as mere a relay station, passing on visual information to V1 in a linear way. 

Studies of the past decade however have demonstrated that the convergence of retinal input onto the 

thalamocortical (TC) neurons of the dLGN is greater than originally thought (Monavarfeshani et al., 2017). An 

innovative trans-synaptic tracing study by Rompani and colleagues (2017) found that three types of retinal 

input convergence can be defined. In the first type of convergence, the relay mode, TC neurons receive 

monocular input from a few RGCs of the same type (1-5). TC neurons belonging to the second category, the 

combination mode, receive monocular input from a larger number of RGCs from different types (6-36). 

Interestingly, they also found TC neurons that received binocular input from up to 90 RGCs belonging to 

different cell types. These findings strongly indicate that the dLGN performs visual input integration and is 

not simply passing on information to V1. Recent studies are starting to unravel the contribution of the dLGN 

to early visual processing, though a lot remains to be understood to date. 

As opposed to higher mammals, the mouse dLGN lacks visible cytoarchitectural laminae (Monavarfeshani et 

al., 2017). Nevertheless, the terminations of retinal afferents are spatially organized in maps based on three 

functional principles which overlap with the functional organization principles in laminae of higher mammals: 

eye-segregation, retinotopic organization and cell-class specific lamination (Guido, 2018; Kerschensteiner 

and Guido, 2017; Monavarfeshani et al., 2017). The distinct functional regions in the dLGN are therefore 

often referred to as the hidden laminae of the dLGN (Reese, 1988). 

 

Figure 3 The functional lamination of the dorsal Lateral Geniculate Nucleus (dLGN) (A) The dLGN can be divided into 

a small ipsilateral zone (green) in which axons from the ipsilateral retinogeniculate cells (RGCs) terminate and a larger 
contralateral zone (orange). (B) Adjacent RGCs project to neighbouring thalamocortical (TC) neurons in the dLGN, thereby 
creating a retinotopic map of the visual scene. (C) Cell class lamination based on where axons from different RGC types 
terminate, reveals that the division into a shell and core (depicted with dashed line) can be further divided in several 
subregions. Direction-sensitive cells (dsRGCs) seem to be predominantly localized in the shell region. In figures (A) (B) and 
(C) the division of the dLGN into a smaller shell and a larger core is depicted with a dashed line. (D) a second cell class 
lamination is seen for the different classes of dLGN neurons. While interneurons (brown) appear to be evenly distributed 
across the dLGN, the different types of TC neurons, namely X, Y and W neurons seem to be localized in distinct regions. W 
cells are predominantly located in the shell region of the dLGN. [Based on adapted figures from Kerschensteiner and Guido, 
2017; Monavarfeshani et al., 2017] 

The first anatomical distinction is the segregation of retinogeniculate axons into distinct eye-specific regions 

(Figure 3A). Since the eyes of mice are laterally positioned within the skull, the binocular field of view is small. 

Therefore, only few ipsilateral afferents project to the ipsilateral dLGN (5-10%) (Kerschensteiner and Guido, 

2017; Monavarfeshani et al., 2017). The majority of retinogeniculate terminals in the dLGN thus originate 

from the contralateral eye (Figure 3A). Although anatomical tracing studies have shown that retinogeniculate 
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arborizations are spatially organized in eye-specific regions, electrophysiological studies report that a subset 

of thalamocortical neurons receive binocular input (Rompani et al., 2017). Whether this means that the 

distinction in eye-specific regions is less strict than previously reported or whether the dendritic tree of these 

binocular neurons extend to both eye-specific regions remains to be determined.  

The second functional principle by which the dLGN neurons are spatially organized is based on the 

topographic position of the retinogeniculate cells (RGCs) from which they receive input (Figure 3B). 

Neighbouring RGCs have receptive fields that are located next to each other in the visual space. This 

retinotopic representation is maintained in the dLGN and V1 as neighbouring RGCs project to neighbouring 

thalamocortical cells (TCs) and neighbouring TCs project to neighbouring V1 neurons. Interestingly, the input 

that binocular thalamocortical neurons receive from both eyes is also retinotopically matched, which further 

strengthens the notion that the retinotopic representation of the visual scene is an important aspect of early 

visual processing (Rompani et al., 2017).  

In the nineties, researchers discovered that the dLGN could be divided into a dorsolateral shell region and a 

larger ventromedial core based on the input from morphological distinct retinal ganglion cells (RGCs) 

(Kerschensteiner and Guido, 2017). This finding together with the discovery of the existence of at least 30 

types of retinal ganglion cells, raised the hypothesis that further hidden laminae could be defined in the dLGN 

based on the spatially restricted innervation pattern of different RGC types. Indeed, studies labelling a few 

of these specific retinal ganglion cell types, have shown that the class-specific lamination is actually more 

refined than the simple division into a shell and core (Monavarfeshani et al., 2017). The extent of this class-

specific lamination is however not known as the majority of the RGC types have not yet been studied due to 

technical challenges in labelling these specific RGC types. Nevertheless, it appears that different RGC types 

terminate in discrete laminae (Figure 3C). For instance, the termination zone of most of the direction-

sensitive RGCs (dsRGCs) studied, is located in the shell of the dLGN (Seabrook et al., 2017).   

Different regions can also be defined based on the three morphologically distinct thalamocortical cell classes: 

X cells, Y cells and W cells (Figure 3D). The latter can be found mainly in the shell, while X and Y cells are 

located in the core. Though there is evidence that points to the existence of at least two different types of 

inhibitory neurons, it is currently unclear whether these neurons are preferentially located in specific regions 

of the dLGN.   

The division into different functional subregions based on TC cell type and retinogeniculate innervation 

pattern also has implications for the thalamocortical projections to V1. It appears that segregated parallel 

information streams are send to V1 informing about different visual features (Seabrook et al., 2017). For 

instance, W cells located in the shell of the dLGN, receive strong convergent input from ON-OFF dsRGCs and 

OFF-dsRGCs informing about the directional features of the visual stimulus (Cruz-Martín et al., 2014). In 

addition, these W cells also receive strong retinotopically matched input from the superior colliculus, a region 

which is involved in stimulus motion processing and eye position. In turn, these W cells project to superficial 

layer 1 and layer 2/3.  In contrast, non-directionally tuned information from the canonical centre-surround 

RGCs is sent to the X and Y neurons of the dLGN, which in turn project to layer 4, the canonical thalamocortical 

recipient layer of V1 (Cruz-Martín et al., 2014). These findings suggest that the regionally restricted TC cell 

types are part of parallel pathways carrying information about distinct features of the visual scene to the 

primary visual cortex.   

1.2.3 The primary visual cortex: the first stage of cortical processing 
The neurons of the primary visual cortex (V1) are structured in six horizontal layers, which are characterized 

by a different composition of cell types and wiring schemes. Anatomical and electrophysiological studies have 

revealed a canonical interlaminar circuitry in the cortex (Bannister, 2005). As visual information travels 

through the different layers, important processing steps take place. While thalamocortical (TC) innervation 
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of neurons is reported for all cortical layers, the majority of the TC axons terminate in layer 4 (L4) (Ji et al., 

2016). In L4 of V1, thalamocortical axons from the core dLGN synapse onto the main excitatory cell type in 

L4, the pyramidal neurons. From L4, information is sent to pyramidal neurons located in layer 2/3, from 

where it travels to deeper layers 5 and 6. Corticothalamic feedback projections originate from these deep 

layers. Notably, GABA-ergic interneurons providing inhibitory feedback to pyramidal cells, modulates 

neuronal activity within this circuitry.   

As is the case in higher mammals, thalamocortical recipient neurons in L4 of V1 can be divided into two broad 

groups based on their receptive field properties: simple and complex cells. Both cell types respond primarily 

to oriented edges and gratings. Yet, the receptive field of simple cells have separated ON and OFF subregions, 

while complex cells do not possess defined ON and OFF zones and are therefore spatial invariant in their 

response (Niell, 2015). As opposed to higher mammals, these complex cells are less abundant in mouse V1. 

Furthermore, with an average size of 14 degrees, the receptive fields of mouse V1 neurons are big in 

comparison (Hübener, 2003).  

Besides a division in different subtypes based on the stimulus position in the visual field, V1 neurons are also 

specialized for processing different attributes of the stimulus, such as orientation and motion direction. While 

the number or orientation responsive cells are numerous in primate V1, mouse V1 is characterized by a large 

number of non-oriented cells, including neurons that have a typical centre-surround receptive field 

organization (Niell, 2015). Interestingly, neurons with distinct receptive field properties are predominantly 

localized in specific cortical layers (Hübener, 2003); neurons with centre-surround receptive fields are mostly 

found in layer 4 while oriented cells are most abundant in layer 2/3. 

V1 neurons and their thalamocortical input are also organized in such a way that their firing pattern conveys 

information about their spatial relationship. As mentioned in the previous section, neighbouring TC neurons 

project to neighbouring V1 neurons, thereby conveying information about their spatial relationship. As a 

result, the V1 of both hemispheres provide multiple overlapping retinotopic maps, representing different 

features of the visual space of the contralateral visual field (Seabrook et al., 2017) (Figure 4). 

 

Figure 4 Retinotopic maps in mouse V1 (A) Location of the primary visual cortex (V1) in the mouse brain. (B) The 

retinotopic map of the visual space along the vertical axis (elevation) and (C) the horizontal axis (azimuth). [Adapted figur e 
from Seabrook et al., 2017] 

One of the hallmarks of the cortical architecture of higher mammals is the organization of neurons with 

similar response properties into columns, such as orientation preference and ocular dominance columns 

(Hübener, 2003). Mouse V1 lacks apparent orientation preference columns. Instead, orientation-selective 

cells are organized in a salt and pepper distribution. Since the input from the ipsilateral eye is limited in 

mouse V1, ocular dominance columns are also missing in mouse V1 (Seabrook et al., 2017). Instead, TC axons 

from the contralateral zone of the dLGN project to the entire primary visual cortex, while axons from the 
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ipsilateral eye terminate in a smaller subregion of V1, the binocular zone in which the majority of neurons is 

responsive to stimulation from either eye (Hübener, 2003). Even though it appears that a columnar 

organization of similar tuned neurons is lacking in mouse V1, evidence suggest that V1 might be to some 

extent modularly organized (Hübener, 2003; Ji et al., 2016). For instance, cell responses of neurons recorded 

in the same z-axis often have similar response characteristics including preferred orientation tuning. This 

result is more likely to be explained by the existence of some organisational principle then by mere chance. 

Furthermore, patches of neurons in L1 seem to receive clustered feedback and thalamocortical projections 

(Ji et al., 2016).  

The primary visual cortex (V1) thus preserves the retinotopy outlined in the retina and dLGN, and performs 

cortical computations across layers that give rise to feature selectivity, including a preference of orientation, 

direction and/or spatiotemporal frequency. V1 in turn, sends information to higher visual areas where further 

visual processing takes place. Since the development of V1 is central to the main question of this thesis, the 

next chapter will discuss the developmental specification of pyramidal cell types of V1 and their wiring.    
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1.3 The developing brain: how the building blocks for vision are created 
 

Early in embryonic development, undifferentiated neuroepithelial cells populate the ventricular zone (VZ), 

which is located in the telencephalic wall of the lateral ventricles. From this limited number of cells, the 

diverse glutamatergic neuronal and glial cell populations of the forebrain are generated (Lodato and Arlotta, 

2015; Parnavelas, 2000; Woodworth et al., 2012). Apical radial glia in the VZ can self replicate in an 

asymmetric division, thereby producing an intermediate progenitor (IP) cell or a neuron. Most pyramidal 

neurons of the mouse cortex, however, are generated by the symmetric division of the IP cells, resulting in 

two neurons. The IP cells form a new germinal zone, called the sub-ventricular zone (SVZ). This second 

germinal zone persists during adulthood and is the largest region for neurogenesis in the adult brain. Next to 

IP cells, a second class of progenitors populate the SVZ, the basal radial glial. While these cells produce most 

of the cortical neurons in the human brain, only a few neurons in the mouse brain originate from these cells. 

The majority of the interneurons of the mouse brain are generated in distinct germinal zones called the 

medial and caudal ganglionic eminences (Batista-Brito et al., 2020).  

The generation of the excitatory pyramidal neurons of the forebrain proceed in a precise temporal sequence 

starting at embryonic day 11.5 (E11.5) in the mouse (Hansen and Hippenmeyer, 2020; Kriegstein and Noctor, 

2004; Nadarajah and Parnavelas, 2002). The pyramidal neurons that are generated first, migrate radially out 

of the VZ and SVZ and accumulate below the pial surface to form the preplate. The next group of post-mitotic 

pyramidal neurons migrate into the middle of the preplate, thereby dividing the preplate into a superficial 

marginal zone, the prospective Layer I of the cortex, and the deeper located subplate. The subplate is a 

transient developmental structure that assists in multiple developmental processes (Kanold and Luhmann, 

2010). Next, pyramidal neurons of the deep layers of the cortex are produced, while neurons of progressively 

more superficial layers are generated subsequently during embryonic development (Figure 5A). These post-

mitotic neurons migrate radially past the existing layers towards their appropriate laminae. In contrast, 

inhibitory neurons follow a distinct migratory route. They travel to their target location tangentially along 

corticofugal axon bundles from different laminae (Parnavelas, 2000). While at birth all cortical neurons have 

been born, neuronal migration towards the superficial layers of the cortex is still ongoing. At postnatal day 7 

(P7) neuronal migration is completed and all cortical layers can be clearly distinguished in cross sections of 

the brain (Farhy-Tselnicker and Allen, 2018).  

 

Figure 5 (A) Projection neurons of the different cortical layers are generated in an inside-out fashion, (B) axonal 
development is characterized by extensive arborization followed by the pruning of erroneous branches. (A) First neurons 

of the deeper layers are generated in the sub- and ventricular zone (SVZ and VZ), followed by subsequently more superficial 
layers. These neurons travel radially to their appropriate target layer with the help of radial glia cells (RG). SP = subplat e, I-
VI, layer 1 to 6. NE = neuroepithial cell, IP = intermediate progenitor, CR = Cajal -Retzius cells, SPN = subplate neurons. (B) 
Once axons have arrived at the target location, axons will start to arborize extensively. This is followed by a period of 
refinement in which aberrant branches are eliminated while correct connections are strengthened. [Figure adapted from 
Greig et al. (2013) and McLaughlin et al. (2003)] 
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The rise of distinct pyramidal subtypes is largely orchestrated by the activation of cell type specific 

transcription factors in the postmitotic neuron. While immature neurons migrate away from the germinal 

zone, the genetic profile of the neuron resembles more and more their adult genetic profile the closer it 

comes to its target region (Lodato and Arlotta, 2015). Interestingly, the functional input pyramidal neurons 

receive, seem to also exert influence on the cell-type specific genetic programs (Oishi et al., 2016; Pouchelon 

et al., 2014)   

Once neurons have reached their appropriate location, dendrites and axons start to extend to form 

connections with appropriate target neurons. The developmental process of axon pathfinding has been 

extensively studied in the past decades. These studies have shown that the tip of the axon, the axonal growth 

cone, is equipped with specific receptors that can respond to extracellular cues. The axon is steered in the 

correct direction through the process of chemo attraction, chemo repulsion, contact attraction and contact 

repulsion (Aberle, 2019; Kolodkin and Tessier-Lavigne, 2011). Once arrived at the target location, axons start 

to branch and form immature synapses with neurons in their target region. During the process of axonal 

refinement, aberrant connections are eliminated while correct connections are strengthened (Oşan et al., 

2011, see Figure 5B). Similarly, the dendritic structure is also refined through the process of both elongation 

and pruning of dendritic trees. Both the axonal and dendritic refinement seem to be regulated by activity-

dependent processes (Lohmann et al., 2002; Ruthazer et al., 2003; Wong and Ghosh, 2002).  

In the above section, I only provided a snapshot of the developmental processes that are central for the 

generation of a mature neuron from a progenitor cell. For detailed information on the process of 

neurogenesis, migration and cell-type differentiation I happily refer to some excellent reviews on these topics 

(Aberle, 2019, 2019; Greig et al., 2013; Kolodkin and Tessier-Lavigne, 2011; Kriegstein and Noctor, 2004; 

Lodato and Arlotta, 2015). In the sections below I will zoom in on two developmental processes that are 

central to this thesis. In the first section the process of thalamocortical axon ingrowth into the cortex is 

described. In the second section I will provide an overview of the available literature on the dendritic 

development of cortical neurons.   

1.3.1 Thalamocortical axon ingrowth 
Both thalamocortical projecting neurons as well as corticothalamic projections have to cross several so-called 

boundary zones on their path to their target regions. These boundary zones, including the diencephalic-

telencephalic and the subpallial boundaries are characterized by distinct genetic expression profiles. Corridor 

neurons in the subpallium, guide the axons through gradients of axon guidance cues through these otherwise 

non accessible boundary zones (Hanashima et al., 2006). Furthermore, these secreted axon guidance 

gradients also initiate the sorting of the different thalamocortical axons from distinct thalamic nuclei in a 

rostral-caudal axis based on their cortical targets (López-Bendito, 2018). Further topographic sorting is 

achieved in the ventral telencephalon. A diverse set of axon guidance cues and ligand-receptor pairs have 

been found to be important for areal targeting of thalamocortical axons (López-Bendito, 2018). Among these 

are ephrins and ephrin-binding receptors (Gezelius and López-Bendito, 2017). Distinct cortical regions 

express a specific set of guidance molecules and membrane-bound molecules and release both specific 

repulsive and attractive factors. Axons from different thalamic nuclei express a distinct pool of receptors that 

can sense these guidance molecules along their path to their target region.  

Besides the importance of the previously described attractive and repulsive factors, axon guidance cues and 

ligand-receptor interactions, growing thalamocortical axons also interact with certain cell populations they 

encounter along their long route to the cortex. These cell populations guide them in the correct direction 

and direct synaptogenesis with targeted neurons. One of the proposed interactions is that between 

thalamocortical axons and corticothalamic axons, which appear to be closely intermingled in the internal 

capsule. This hypothesis is known as the handshake hypothesis (López-Bendito and Molnár, 2003). The 

handshake hypothesis has been heavily debated since its proposal, driven by in vitro results demonstrating 
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that thalamocortical and corticothalamic axons repel each other (Bagnard et al., 2001). Recently however, it 

seems that some consensus have been reached on the matter (Deck et al., 2013; Dumoulin and Stoeckli, 

2022; López-Bendito, 2018). A study by Chen and colleagues (2012) adopting conditional mutagenesis has 

shown that in absence of corticothalamic projections, thalamocortical axons are unable to cross the pallial-

subpallial boundary. Evidence for a close interaction between both types of axons proposed in the original 

hypothesis was however not found. Instead, it appears that corticothalamic axons function as a corridor for 

thalamocortical axons in the otherwise non permissible pallial-subpallial boundary zone.  

Another neuronal population that seems to be important in establishing correct thalamocortical connections, 

are the neurons of the subplate. The subplate is a transient layer below the embryonic cortical plate. Though 

the majority of subplate neurons have died at the end of the third postnatal week, a small fraction of subplate 

neurons survive and form layer 6b in the adult cortex (Kanold and Luhmann, 2010). The subplate is a 

conserved region across species, though the size of the subplate varies between species (Wang et al., 2010). 

Subplate neurons are among the first born neurons and electron microscopy have revealed that subplate 

cells already receive numerous synaptic contacts at E15 (Del Rio et al., 2000).  The subplate plays an essential 

role in various developmental processes, including the guidance of thalamocortical axons to appropriate 

cortical target areas. Deletion of subplate neurons in the cat visual cortex by injecting the toxic kainic acid 

prevented the axonal ingrowth of dLGN axons into the visual cortex. Instead, thalamocortical axons 

continued their path in the internal capsule and passing the visual cortex in the process (Ghosh et al., 1990). 

In addition to  its role in sorting thalamocortical axons to their corresponding projection area, subplate 

neurons are also part of a transient cortical circuit linking thalamocortical axons and L4 neurons together 

during embryonic development (Kanold, 2019; Molnár et al., 2020; Zhao et al., 2009). Upon reaching their 

target area, thalamocortical axons accumulate in the subplate before innervating the cortical plate. This 

axonal waiting period, is observed for multiple systems and in numerous species, though the length of the 

waiting period varies between species (Deck et al., 2013). In higher mammals, such as the cat and the 

primate, the waiting period lasts in the range from weeks to months, while in the rodent brain this period is 

much shorter (Ghosh et al., 1990; Herrmann et al., 1994; Miller et al., 1993; Molnár et al., 1998). 

Thalamocortical axons of the mouse brain are shown to accumulate around E15 and while a few axons 

already innervate the cortical plate at E16, the majority of axons wait two days before innervation (Del Rio 

et al., 2000; Deng and Elberger, 2003). Thalamocortical axons have been shown to form synaptic contacts 

with subplate neurons during the waiting period (Herrmann et al., 1994; Zhao et al., 2009). Similarly, many 

subplate neurons form excitatory synapses onto L4 neurons and L1 neurons, thereby forming a disynaptic 

pathway connecting first-order thalamocortical axons with their corresponding cortical target neurons 

(Kanold and Luhmann, 2010; Zhao et al., 2009). This transient circuitry has been found to be important in 

several developmental processes. Ablating the subplate neurons in the cat visual cortex through 

immunotoxin and kainic acid injections, have been shown to impair ocular dominance column formation and 

prevent the maturation of thalamocortical synapses onto L4 neurons (Kanold et al., 2003; Kanold and Shatz, 

2006). Furthermore, subplate ablation prevents the maturation of the inhibitory network, thereby creating 

an imbalance in excitation and inhibition in the mature network (Kanold and Luhmann, 2010). Studies in the 

rat have found data in support of these findings (Dupont et al., 2006; Tolner et al., 2012). Overall, the data 

presented above suggest that the transient circuitry between thalamocortical neurons, subplate cells and 

targeted cortical neurons, may provide the cortical neurons with an instructive signal for thalamocortical and 

intracortical circuit integration (Kanold, 2019; Molnár et al., 2020).  

Timeline of thalamocortical ingrowth 

Since the aim of this thesis is to address the question how thalamocortical input affects the development of 

the primary visual cortex, insight into the developmental timeline of axon ingrowth is important. A number 

of studies have been performed in the early nineties, in a variety of species, to establish when thalamocortical 

axons innervate L4 of the cortex. These studies have mostly used the placement of DiI crystals in (part of) the 
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dorsal thalamus at various embryonic and postnatal ages to visualize the thalamocortical axons. The 

interpretation of these studies is challenging for several technical reasons. DiI crystals need to be placed in 

post-fixated tissue which needs to be kept in fixative solution for several weeks for the dye to travel along 

the entire length of the axon. This will likely affect the brain’s structural integrity. In addition, the dorsal 

thalamus needs to be exposed for DiI placement, which requires the dissection of several brain areas covering 

the thalamus. Furthermore, once corticothalamic axons have arrived in the dorsal thalamus, these axons and 

their respective cortical neurons are also labelled in the cortex. Despite these limitations, these early DiI 

studies provide some insight into general thalamocortical development.  

DiI placement in the dorsal thalamus of the cat have shown that axons arrive and wait in the subplate 

between embryonic day 38 (E38) and E50. In the following ten days axons start to invade the cortical plate. 

From E60 onwards, when L4 of the cat visual cortex is established, axons start to make elaborate terminals 

in L4 which progresses after birth (E65/P0) until the end of the first postnatal week (Ghosh et al., 1990). In 

rodents, both the waiting period and the period of ingrowth seem to be considerably shorter (Del Rio et al., 

2000; Deng and Elberger, 2003; Miller et al., 1993; Molnár et al., 1998). For rats, with a gestational period of 

21 days, a short waiting period of two days was reported until E19. Thereafter, axons start to penetrate the 

developing cortex (Molnár et al., 1998). Studies in the mouse brain reported a similar timeline of axonal 

ingrowth. At birth, axons started to detach from the subplate and grow into the cortical plate. By P3, all axons 

had lost their growth cones and axonal arbors started to form in L4. This axonal arborization expanded in the 

subsequent days (Auladell et al., 2000; Del Rio et al., 2000; Deng and Elberger, 2003). For DiI crystals placed 

in the ventral posteromedial nucleus (VPM), a first-order thalamic nucleus projecting to the somatosensory 

cortex, the barrels, a characteristic anatomical hallmark of the somatosensory cortex created by the 

organization of the thalamocortical axons, started to appear around P7 (Agmon et al., 1993; Deng and 

Elberger, 2003).  

While most of the early DiI studies described above have focused on studying the thalamocortical innervation 

of L4, a study by Portera-Cailliau and colleagues (2005) have explored the timeline of ingrowth in L5a and L1 

of the barrel cortex. Axons from the higher-order thalamic nucleus called the posterior medial nucleus, 

project to L5a and L1 of the mouse barrel cortex.  In this study, thalamocortical axons were genetically 

labelled by the expression of the green fluorescent protein (GFP) and imaged in vivo in the barrel cortex with 

time-lapse two photon imaging between P5 and P19. Thalamocortical axons in L1 and L5a showed 

remarkable structural dynamics within the time period explored. The first week of postnatal development 

was marked by a rapid rate of TC axon arborization and retraction. For instance, at the end of the first 

postnatal week an axonal branch of around 800 micron was degenerated or retracted in a period of 24 hours, 

while new branches were simultaneously formed.  The overall growth of axonal arbors outweighed the 

pruning events, leading to an increase in axon density during the first postnatal week. In contrast to the 

dynamic axonal branches formed in the first postnatal week, branches formed in the second postnatal week 

showed a lower rate of degeneration and retraction (Portera-Cailliau et al., 2005). This study therefore shows 

that thalamocortical axons and arborization can undergo major structural changes during the first week of 

postnatal development.  

The above-described studies have been conducted in a variety of species looking at innervation patterns of 

the cortical plate in general, often not describing in which thalamic nuclei the DiI crystal was placed. Since 

neurons of distinct cortical regions and layers are characterized by different developmental trajectories 

(Bayer and Altman, 1991; Clancy et al., 2001; Ozkan et al., 2020),  a comprehensive overview of the dynamics 

of thalamocortical ingrowth in specific regions of the mouse cortex, including the innervation of L4 of the 

visual cortex, is still missing. Nevertheless, the available studies provide a valuable impression of the course 

dynamics of axon ingrowth in the mammalian cortex.  
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1.3.2 Dendritic development of cortical neurons 
At the same time that thalamocortical axons develop an elaborate arborization pattern in the cortex, cortical 

neurons are integrated in the thalamocortical and intracortical circuitry by extending their dendrites and 

forming synapses. Dendritic branching is next to axonal branching essential for circuit integration, as it 

determines the degree and nature of input the neurons receives. Furthermore, dendrites have an important 

function in filtering signals from multiple pre-synaptic neurons by integrating these signals into a single 

response, a process which is called dendritic integration (Branco and Häusser, 2011; Magee, 2000). In 

general, neurons display cell type-specific patterns of dendritic branching, underlying the fact that different 

cell types could be part of distinct circuitries and fulfil different tasks (McAllister, 2000). Furthermore, 

functionally-related input have been shown to cluster on common target dendritic branches (Ujfalussy and 

Makara, 2020; Winnubst et al., 2015).   

Studies in the last decades adopting organotypic brain slice cultures, have revealed some of the molecular 

mechanisms that control the elemental dendritic architecture of cortical neurons during development. 

Dendritic outgrowth as well as the extension of the axonal projection commences once cortical neurons have 

arrived at their target location. A first step in dendritic differentiation in pyramidal neurons, is the extension 

of the apical dendrite towards the apical surface. The axon from a pyramidal projecting neuron grows 

towards the ventricle where the axons from multiple projecting neurons are organized in bundles. 

Surprisingly, one single signalling molecule, the semaphoring 3A (Sema3A), is responsible for the outgrowth 

of the apical dendrite towards the pial surface as well as the outgrowth of the axon in the opposite direction 

(Polleux, 1998; Polleux et al., 2000). A sufficient increase in intracellular cyclic guanosine monophosphate 

(cGMP) will cause the neuron to perceive Sema3A as a chemoattractant. Due to an asymmetric localization 

of the enzyme that regulates cGMP production in immature cortical neurons, Sema3A can act both as a 

chemorepellent as well as a chemoattractant to respectively the axon and apical dendrite of a neuron. 

In addition, certain neurotropic factors have been shown to be important in regulating the development of 

the dendritic tree. Several neurotrophins have been shown to rapidly increase the dendritic complexity of 

pyramidal neurons, measured by an increase in total dendritic length and branchpoint number 24 hours after 

neurotrophin application (McAllister, 2000). Certain neurotrophins only affect the dendritic arbor 

development of neurons from specific layers. For example, L4 neurons are strongly affected by the presence 

of neurotrophin-3, displaying a rapid increase in dendritic complexity after exposure, while L5 neurons are 

unaffected. The Notch signalling pathway also strongly influences the dendritic architecture during 

development (Redmond et al., 2000). Notch signalling positively impacts the degree of dendritic branching, 

conversely total dendrite length and segment length are negatively influenced by Notch signalling. 

Furthermore, it appears that newly grown synapses influence the dendritic development of the neuron by 

selectively stabilizing the dendrites to which they have formed synapses on and by promoting the outgrowth 

of new branches (Cline and Haas, 2008; Niell et al., 2004). This so-called synaptotrophic growth, is likely to 

be regulated by calcium-dependent transcriptional programs (Cline and Haas, 2008).  

While our understanding of the molecular mechanisms underlying general principles in dendritic 

development has grown, little data is available on how dendrites from distinct classes, layers and sensory 

regions develop over time. Several studies have been performed to study dendritic development of cortical 

neurons in the intact brain. A study by Callaway and Borrell (2011) explored the dendritic development of L4 

neurons in the visual cortex (V1) of ferrets. The excitatory neurons of adult V1 in ferrets, as opposed to mouse 

V1, is composed of predominantly spiny stellate cells (80%) which are easily distinguished from the pyramidal 

neurons by their distinct dendritic morphology; pyramidal neurons have an apical dendrite which extends 

towards the pial surface of the cortex, which is absent in stellate cells. Surprisingly, the authors reported that 

all L4 neurons possessed an apical dendrite at early developmental stages, which the majority of cells lost 

during development to acquire the typical stellate morphology (Callaway and Borrell, 2011). This observation 
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was later also observed with two-photon imaging in the mouse somatosensory cortex (S1), which similarly 

to ferret V1 consists mainly of stellate cells (Nakazawa et al., 2018). While at P3 the majority of L4 neurons 

retained an apical dendrite, this was pruned at P6. Besides the major restructuring of the apical dendrite that 

occurred in mere days, they also observed a massive reorganization of the basal dendritic tree within the 

same time period. In the adult barrel cortex, the part of the somatosensory cortex associated with processing 

whisker stimulation, all L4 stellate cells have dendrites that extend asymmetrically within a single barrel. 

While basal dendrites displayed a symmetrical organization at P2, dendrites rearranged themselves within in 

the course of a few days to acquire the adult asymmetrical dendritic organization at P6 (Mizuno et al., 2014; 

Nakazawa et al., 2018).  Furthermore, it appears that many of the developmental processes that lead to 

dendritic reformation, are influenced by spontaneous activity. This topic is covered in the subsequent 

subchapter. 

 

Figure 6 Example of commonly analysed dendritic parameters All figure panels show the same traced neuron but 

highlight distinct parameters that can be extracted from the image. The vertical grey line represents the orientation of the 
apical dendrite, which is not shown in the tracing. (A) in red a single dendrite, or dendritic tree is highlighted. (B) a den dritic 
tree consists of distinct segments (red). Different paths (blue) can be defined within a single tree, by following distinct 
segments at branch points. (C) in red, all individual dendrites, or the total dendritic tree  is highlighted. The total arbor length 
is a sum of all individual segment lengths and is thus the length of the total dendritic tree. (D) one way to describe the 
complexity of a dendritic tree is by evaluating the volume of the tree. [adapted figure based on Richards et al., 2020] 

The majority of studies on cortical dendritic development in the intact brain have explored dendritic changes 

of neurons in the somatosensory cortex. This is mainly because the developmental changes in dendritic 

morphology are easily captured in L4 S1 neurons, since adult S1 neurons are characterized by a distinct 

asymmetrical dendritic morphology. Adult V1 L4 neurons lack such a clear specification in dendritic 

organization. This probably contributes to the fact that the dendritic reorganization during development in 

mouse V1 is less studied. Nevertheless, a recent study by Richards and colleagues provided a detailed 

description of postnatal dendritic arbor development of pyramidal neurons from L2/3 in the mouse visual 

cortex (Richards et al., 2020). In this study they reconstructed Golgi-stained neurons in brain slices acquired 

at different timepoints between P7-P30. This encompasses a time period before eye opening (at P14) and 

the critical period after eye opening (±P21-P33, van Lier et al., 2020)). During this period, V1 displays an 

increased sensitivity and plasticity to environmental stimuli.  Most parameters describing the basal tree, did 

not change significantly before eye opening (P7 and P12 timepoints), including the total arbor length, the 

segment length and the number of segments (see Figure 6 for description of parameters). Between P16 and 

P21 the total arbor length increased substantially, which is likely attributed to an increase in individual 

segment length. To capture the complexity of the basal arbor, they calculated the total volume of the arbor 

as well as the arbor density, which is the dendritic volume divided by the arbor volume. Arbor volume 

remained stable before eye opening and slightly increased at P16, while by P30 arbor volume had tripled. 

The arbor density showed interestingly a significant increase between P7 and P12, followed by a decrease at 

P16, which suggest that dendritic tree complexity could increase during early postnatal development and 

decrease thereafter.  
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While the main focus of this study was to map dendritic changes under the influence of stimulus-evoked 

activity, this study already provides some insight into the dendritic development of V1 L2/3 neurons before 

eye opening. Surprisingly, only minor changes were observed in dendritic parameters before eye opening. 

However, since neurons of different layers have distinct characteristics and generally specific patterns of 

dendritic branching (McAllister, 2000), L4 neurons could exhibit a different pattern of dendritic development. 

Given that L4 is the primary recipient layer of thalamocortical input, insight into the normal dendritic 

development of L4 neurons is important before studying the impact of spontaneous activity on 

thalamocortical and intracortical circuit integration of L4 neurons. Furthermore, placing dendritic 

development of L4 V1 neurons in the context of the development of thalamocortical innervation, will 

probably raise a hypothesis on if and when these developmental processes interact.   
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1.4 How (spontaneous) activity helps shape the brain 
 

In the traditional view of neuronal development, the first rough organization of circuitry is laid out by innate 

genetic programs. The further refinement of these crude circuits into sophisticated neuronal networks 

underlying perception and complex behaviour was mostly attributed to activity-dependent plasticity 

mechanisms during the so-called critical period. A vast amount of evidence, however, has modified this strict 

segregation and has shown that an intersection exists between the genetic developmental programs and 

activity in the form of both stimulus-induced and spontaneously generated activity.  

Spontaneously generated activity can be observed during development in a wide variety of species, including 

in the fly  (Akin et al., 2019), rodent (Blankenship and Feller, 2010), cat (Sretavan and Shatz, 1984) and human 

brain (Tolonen et al., 2007). While spontaneous activity in higher vertebrates is mostly visible in the 

embryonic brain, spontaneous activity can still be observed in the postnatal brain in rodents and cats. Studies 

using these model species have shown that spontaneous activity is generated across the central nervous 

system, including in the spinal cord (Gonzalez-Islas and Wenner, 2006; Landmesser and O’Donovan, 1984), 

hippocampus (Ben-Ari et al., 1989; Garaschuk et al., 1998), thalamus (Xu et al., 2011), cerebellum (Watt et 

al., 2009), neocortex (Khazipov and Luhmann, 2006) and in developing sensory epithelia such as the retina  

(Sretavan and Shatz, 1984) and cochlea (Tritsch et al., 2007). In the somatosensory system of the rodent 

brain, spontaneously generated activity is generated by involuntary muscle twitches of the whiskers 

(Khazipov et al., 2004). Notably, these different forms of spontaneous activity are all characterized by the 

bursting of many neighbouring neurons, thereby encoding spatial information in the temporal firing pattern, 

followed by a refractory period (Blankenship and Feller, 2010; Kerschensteiner, 2014; Martini et al., 2018). 

This is in part due to evolutionary conserved mechanisms underlying the different types of spontaneous 

activity (Kerschensteiner, 2014). Furthermore, the patterned activity generated in the sensory periphery is 

transmitted to the sensory cortices through their respective first-order thalamic nuclei.  

To better understand the influence of spontaneous activity on neuronal development, the mouse visual 

system and the associated spontaneous retinal waves has proven a useful model. Since retinal wave patterns 

persists after birth until eye opening, it is possible to study the influence of spontaneous activity on visual 

development largely without the interference of sensory experience (Martini et al., 2021). Furthermore, 

many important visual response features, such as direction selectivity and orientation selectivity already exist 

at eye opening (Rochefort et al., 2011; Thompson et al., 2017a). The developmental processes that take place 

within the first two weeks of postnatal development are thus crucial to prepare the visual system for the 

onset of vision. Notably, the concurrence of spontaneous activity within this same time period points to an 

instructive role for spontaneous activity in the development of the mouse visual system.  

1.4.1 Retinal waves 
Retinal waves are characterized by spontaneous bursts of action potentials in which adjacent retinal ganglion 

cells (RGCs) fire in sequence. As a result, a wave of depolarization travels across the retinal plane. Similar to 

other forms of spontaneous activity that occur during development, retinal waves and its main characteristics 

have been conserved across many species (Ford and Feller, 2012). For instance, retinal waves are initiated at 

random positions on the retinal plane and stop at distinct and dynamic borders. Furthermore, RGCs that 

participated in a retinal wave require a refractory period of around one minute before they can be part of a 

new travelling wave. For most species, retinal waves can be classified in subtypes based on the different 

molecular mechanisms that underly the generation of the spontaneous patterned activity.  

In mice, retinal wave activity can be divided in three subsequent classes; stage I retinal waves can be observed 

from embryonic day 16 till day 18, while stage II and stage III waves are observed in the postnatal retina from 

respectively P0-P10 and P11-P14 (Bansal et al., 2000; Kerschensteiner, 2014). The mechanism underlying the 

generation and spatial-temporal properties of the spontaneous retinal wave activity of type II and III has been 
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extensively studied, in comparison, the study of type I waves has received little attention, which is probably 

due to its embryonic timing. Nevertheless, a recent study by Voufo and colleagues (2022) studied the 

mechanisms underlying the generation of stage I waves by applying different pharmacological inhibitors. 

Application of a gap junction antagonist reduced both the number of RGCs participating in a single wave as 

well as decreased overall wave frequency. Furthermore, application of an antagonist binding to multiple 

classes of nicotinic acetylcholine receptors (nAChR), abolished embryonic wave activity. In contrast, the 

specific antagonist for the β2 subunit of nAChRs, which is central in the generation of stage II waves, did not 

block retinal wave activity. These results suggest that both specific nAChRs and gap junction signalling is 

involved in the generation and propagation of retinal stage I waves (Voufo et al., 2022). Considering the early 

onset of stage I waves and its coincidence with several early developmental processes that are important for 

the correct wiring of the retinal circuitry, stage I waves could have a big impact on retinal development. 

Future studies on the molecular mechanisms underlying stage I waves and their influence on the 

development of retinal circuitry will therefore provide valuable insight for understanding how the normal as 

well as pathological retinal circuit is formed during early development.  

The generation of stage II waves, or so-called cholinergic waves, depends on the rare spontaneous 

depolarizations of cholinergic starburst amacrine cells (SACs) in the developing retina (Ford et al., 2012; 

Maccione et al., 2014; Thompson et al., 2017b; Zheng et al., 2004). Through recurrent gap junction 

connections between the SACs, the depolarization wave spreads to the connected SACs, thereby inducing 

the release of acetylcholine (ACh) and GABA. This in turn activates nACh and GABA-A receptors of both SACs 

and RGCs. Early in development, GABA-A receptor activation acts depolarizing until GABA-A signalling 

matures at around P7 (Thompson et al., 2017a). As a result of the direct cholinergic input and excitatory input 

from SACs and GABAergic input, RGCs fire and a wave of depolarization spreads across the retinal plane. This 

spatial-temporal patterned activity is not limited to the retina, but can also be observed in the superior 

colliculus (SC), the dorsal Lateral Geniculate Nucleus (dLGN) and primary visual cortex (V1) (Ackman et al., 

2012a; Hanganu et al., 2006). Studies that administered antagonists or used a genetic mouse model that 

affected specific subtypes of nAChRs, revealed that specific subunits of the nAChRs, α3 and β2, are essential 

for the cholinergic signalling underlying the spatial-temporal pattern of retinal II waves. The β2 knock out 

mouse model have been since extensively used in studies exploring the influence of stage II waves on visual 

circuitry development. Due to the developmental switch in GABA-signalling, cholinergic waves have slightly 

different characteristics during development. Cholinergic waves in the first postnatal week of development 

travel slowly, over large areas with only few neurons participating in a wave event while waves becomes 

smaller and recruit more neurons as GABA signalling matures in the retina (Maccione et al., 2014). 

Furthermore, retinal waves have a preferred temporal-nasal direction of travel during late cholinergic waves 

and early stage III waves (P8-P11) (Ge et al., 2021).  

The transition from cholinergic waves, to stage III waves appears to be tightly linked; a disruption of stage II 

waves leads to a premature initiation of stage III waves, while abolishing stage III waves will extend the period 

in which cholinergic waves can be observed (Xu et al., 2016). The mechanism underlying this transition is 

currently not understood. Compared to cholinergic waves, stage III waves are smaller, more frequent, and 

appear to be confined to several preferred regions. Furthermore, as opposed to stage II waves, stage III waves 

are not initiated by the spontaneous firing of a cell in the retina. Instead the generation of stage III waves, or 

glutamatergic waves, are generated by the amplification of coincident membrane fluctuations in the retinal 

network (Kerschensteiner, 2016). Depolarization of ON cone bipolar cells induces the release of glutamate 

into the synaptic cleft. In response, ON cone bipolar cells that express ionotropic glutamate receptors 

(iGluRs), as well as amacrine cells fire. Other ON cone bipolar cells get activated through gap junction 

connections with iGluRs possessing bipolar cells and amacrine cells.  In turn, OFF cone bipolar cells are 

activated through amacrine cells in response to an ON cone bipolar depolarization. This results in the lateral 
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propagation of depolarization in first RGCs that respond to light increments (ON), followed by activation of 

RGCs that respond to light decrements (OFF (Kerschensteiner, 2016)).  

Though direct evidence is lacking, several observations indicate that glutamatergic retinal waves are relayed 

to V1 (Gribizis et al., 2019; M. Siegel et al., 2012). Yet, it appears that glutamatergic waves drive the cortex 

less than the earlier cholinergic waves (Gribizis et al., 2019; M. Siegel et al., 2012). The onset of glutamatergic 

waves coincide with the time that the first light responses can be observed in RGCs (Tiriac et al., 2018). It 

therefore can be expected that light exposure can influence the glutamatergic waves. Indeed, light 

stimulation through the close eye lids in the days preceding eye opening elicited a glutamatergic wave in 50% 

of the cases (Tiriac et al., 2018). These induced retinal waves did not differ in properties from spontaneously 

generated glutamatergic waves. It is important to note that while light exposure does increase the 

occurrence of spontaneous glutamatergic waves, no stimulus induced visual processing can be observed 

(Rochefort et al., 2011). Thus, activity in the different areas of the visual system is predominantly 

spontaneous in nature before eye opening.  

1.4.2 The influence of retinal wave activity on eye-segregation and retinotopic map 
formation 

As both eye-segregation and retinotopic map formation emerge through the sorting of projections from RGC 

axons during stage II waves  (Ackman and Crair, 2014), both are natural candidates of visual features that 

could be affected by retinal wave distortion. With the knowledge about the mechanisms underlying the 

generation of the retinal waves, several tools have been developed to disrupt retinal wave generation and/or 

propagation, including pharmacological manipulation in vitro and the generation of mouse mutants. A widely 

used mouse model in studies on retinal wave influence has been the Chrnb2 mutant (β2-/-) mouse (Bansal et 

al., 2000; Leighton and Lohmann, 2016). This mouse model lacks the β2-subunit of the nicotinic ACh receptor 

which disrupts both the frequency and spatial-temporal pattern of cholinergic retinal waves in the first week 

of postnatal development and thereby, the information that is encoded and transmitted to the superior 

colliculus (SC) and dorsal lateral geniculate nucleus (dLGN). Importantly, visual response features of retinal 

ganglion cells (RGCs) are seemingly not altered in the β2-/- mouse, as β2-/- RGCs demonstrate normal spatial 

resolution, ON/OFF segregation and direction selectivity (Bansal et al., 2000; Elstrott et al., 2009; Rossi et al., 

2001).  

While visual response features in the RGCs appear to be normal, retinal axonal termination zones in the SC 

are enlarged and elongated in the β2-/- mouse, especially along the visual azimuth. This impacts the receptive 

field size of SC neurons, which are greatly enlarged (Chandrasekaran, 2005; McLaughlin et al., 2003; Mrsic-

Flogel, 2005). As a result, a fine retinotopic map is lacking in the SC of β2-/- mice.  The retinal termination 

zone in the dLGN of β2-/- animals is also enlarged and more diffuse, especially along the temporal-nasal axis 

of the visual axis, though the impact on the receptive field size of dLGN neurons in the β2-/- is less severe 

compared to the SC. Correspondingly, while the gross structure of the retinotopic map is intact, the fine-scale 

retinotopy is distorted, notably along the azimuth (Grubb et al., 2003). This biased retinotopic defect likely 

arises from the preferred temporal-nasal direction of travel of retinal waves.  

Since spatial-temporal patterned activity generated in the retina travels to the primary visual cortex (V1) 

through the dLGN, retinotopic map distortions are also present in V1. Geniculocortical projections terminate 

in larger areas within V1, resulting in a defective anatomical and functional receptive field organization in V1 

at P8 (Cang et al., 2005) (Figure 7A). Again, this defect was most pronounced along the azimuth. Surprisingly, 

a later study by Wang and colleagues (2008) demonstrated that receptive field properties, including spatial 

structure and direction and orientation selectivity, were unaffected in V1 of adult β2-/- mice. Furthermore, 

β2-/- mice performed similarly well as wildtype mice in various visual behaviour tests tasking cortical functions 

(Wang et al., 2010). As receptive field properties in mouse V1 are not yet matured at the end of the first 
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postnatal week, glutamatergic retinal waves activity could be responsible for the restoration of receptive 

field properties by potentially rewiring the geniculocortical circuitry (Kerschensteiner, 2016; Xu et al., 2016).  

 

Figure 7 β2-/- mice show a defect in retinotopic map formation and eye segregation (A) The fine retinotopic map in 
the primary visual cortex of β2-/- mice is distorted compared to heterozygous littermates. The defect in the azimuth axis of 
the visual scene is more severe compared to the elevation axis. (B) At P4 retinal ganglion axons have not yet been segregated  
into distinct anatomical regions in the dorsal Lateral Geniculate Nucleus. At P8, axons are segregated in the wildtype mouses 
(WT), but not in the β2-/- mice (Xu). [Figure is adapted based on images shown in Rubin et al., 2011 and Cang et al., 2005] 

In addition to the reported changes in retinotopy, studies exploiting the β2-/-mutant mouse have reported 

altered eye segregation in the SC, dLGN and V1 (Burbridge et al., 2014; Rossi et al., 2001; Rubin et al., 2011). 

For instance, retinogeniculate axons fail to segregate in distinct zones in the dLGN  Figure 7B). Furthermore, 

the binocular field of V1 in β2-/- mice is enlarged and the border with the monocular visual cortex is less well 

defined (Rossi et al., 2001). This can be explained by the observation that in β2-/- mice significantly more 

coincident retinal waves occur in both eyes compared to wildtype mice (Burbridge et al., 2014). As a result, 

spontaneous activity does not solely synchronize with adjacent retinal ganglion cells within a single eye, but 

also with the other eye, thereby disrupting the eye-specific association embedded in the pattern of retinal 

wave activity, resulting in a defect in eye-segregation (Burbridge et al., 2014; Rossi et al., 2001; Zhang et al., 

2017). While eye-segregation is established during the period of cholinergic waves, glutamatergic waves also 

affect eye-segregation. Optogenetic stimulation of retinal ganglion cells in both eyes can disrupt the 

previously established eye-specific segregation as well as the retinotopic map (Kerschensteiner, 2016).  

In addition, both the SC and dLGN display a functional organization in β2-/- mice of ON-selective and OFF-

selective neurons, which isn’t observed in wildtype mice (Chandrasekaran, 2005; Grubb et al., 2003). 

Normally, SC neurons respond to both light increments (ON) and decrements (OFF). In β2-/- mice however, 

SC neurons demonstrate selectivity. Furthermore, ON-centre and OFF-centre dLGN neurons in β2-/- mice are 

spatially segregated while this doesn’t occur in wildtype mice. Potentially, these observations could be 

explained by the earlier presence of glutamatergic waves in the β2-/- retina. While normally glutamatergic 

waves appear after P10, glutamatergic waves appear at P8 in the β2-/- retina (Bansal et al., 2000).  Given the 

subsequent activation of ON and OFF RGCs in the glutamatergic waves, it can be hypothesized that the 

segregation of ON and OFF visual properties that are observed downstream of the retina in β2-/- mice are 

based on the same bursting-time-dependent plasticity rules underlying eye-segregation. This hypothesis 

however, remains to be tested (Kerschensteiner, 2016).  

Retinal waves in the β2-/- mouse model demonstrate both a reduced frequency as well as altered spatial-

temporal properties. It was therefore impossible to determine whether defects in retinotopic map formation 
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and eye segregation are caused by changes in the spatial-temporal pattern of retinal wave activity, on overall 

activity level, or a combination of both. Furthermore, the studies described above have adopted the global 

β2 knockout mouse model. Since the β2 subunit of cholinergic receptors is widely expressed in the brain and 

the eye, defects observed in the β2-/- mice could thus be originating from other defects than solely a 

distortion of retinal wave activity. In recent years, the use of conditional transgenic mice and tailored 

optogenetic tools has helped to discern the relative influence of the retinal wave’s frequency and its spatial 

characteristics on retinotopic map formation and eye segregation (Kirkby et al., 2013; Leighton and Lohmann, 

2016). These studies have shown that the frequency of retinal spontaneous activity is essential for the 

developmental process of eye segregation in the SC and dLGN (Arroyo and Feller, 2016; Xu et al., 2016). In 

contrast, the spatial-temporal property of retinal waves encodes information on the spatial relation between 

neurons and is therefore important for the refinement of retinotopic maps in the SC, dLGN and primary visual 

cortex (V1)  (Ackman and Crair, 2014; Cang et al., 2005; Grubb et al., 2003; Huberman et al., 2008; Kirkby et 

al., 2013). 

1.4.3 The impact of spontaneous activity on the molecular identity, morphology and 
electrophysiological properties of cortical neurons 

As is described in the previous section, a vast number of studies have been conducted to study the impact of 

retinal wave activity on the development of eye-segregation, retinotopic map formation and the acquisition 

of receptive field characteristics. The impact on these visual features is attributed to a defect in wiring 

upstream of the primary visual cortex (V1). Yet surprisingly few studies have been conducted on how 

spontaneous activity from the periphery influence the functional integration of L4 neurons in local cortical 

circuits, which depend on the morphology and electrophysiological properties of single cortical neurons. 

Furthermore, currently no data is available that explored these questions in the visual system. Most of the 

studies have been conducted in the primary somatosensory cortex (S1), which differs from V1 in some 

important aspects (BOX 1). Despite these differences, data from studies that explored the influence of 

(spontaneous) activity in early postnatal development of S1, can provide clues on how spontaneous activity 

from the periphery influence the development of V1 L4 neurons.  

Recent studies in the primary somatosensory cortex (S1) have shown that the molecular identity, morphology 

and functional properties of postmitotic L4 neurons can change at late stages of differentiation (De la Rossa 

et al., 2013). Furthermore, it appears that thalamocortical input is instructive for defining L4 cell identity 

(Oishi et al., 2016; Pouchelon et al., 2014). In a study by Pouchelon and colleagues (2014), the ventrobasalis 

nucleus (VB), the first-order thalamic nucleus that projects to L4 in S1, was genetically ablated to study the 

impact of thalamocortical input on S1 development. At P4 all VB neurons had died eliminating all 

thalamocortical axons. Instead, axons from the posterior nucleus, a higher-order thalamic nucleus that 

normally only projects to L4 of the secondary somatosensory cortex (S2), grew into L4 of S1. This restructured 

thalamic input induced changes in the genetic identify of L4 neurons in S1; neurons repressed the expression 

of typical S1 L4 genes and acquired an expression profile that resembled L4 S2. More importantly, these 

genetic changes induced by aberrant thalamic input also led to functional response differences compared to 

wildtype L4 S1 neurons. While normally L4 neurons of S1 only respond to tactile input, L4 S1 neurons of 

animals in which the VB was ablated now responded to noxious sensory input as well (Pouchelon et al., 2014). 

A later study by Oishi and colleagues provided additional evidence that cell-type specific genetic programs of 

L4 S1 neurons are under the control of thalamocortical input. Knockdown of the L4-specific gene 

Protocadherin 20 (Pcdh20) led to a mislocalization of prospective L4 neurons in L2/3. Furthermore, this 

misplacement led to a decrease in several L4 marker genes at P2, such as Rorb, while the expression of L2/3 

specific genes increased. Furthermore, electrophysiological and morphological properties resembled 

properties of wildtype L2/3 neurons instead of L4 neurons. This suggest that the environment a neuron is 

exposed to influences its cell fate. The input a neuron receives is one of the environmental factors that could 
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contribute to the switch in genetic profile. To study the effect of thalamocortical input on L4 cortical cell fate 

acquisition, the authors explored expression profiles in Pcdh10 (also known as OL-protocadherin or OL-pc)-

knockout mice, in which the number of thalamocortical axons is severely decreased. The expression of L4 

specific genes was markedly decreased in these mice while expression of L2/3 markers increased (Oishi et 

al., 2016). The results from Oishi and colleagues (2016) and Pouchelon and colleagues (2014) therefore 

strongly indicate that thalamocortical input is instructive in the acquisition of genetic and functional cell fate 

of L4 in S1.  

 

An important factor for determining how a cell is integrated in the thalamocortical and intracortical circuitry 

is the dendritic structure of the neuron. Both the length of a neuron’s dendrites and the extend of dendritic 

branching regulates from which area and therefore from how many neurons a neuron is able to receive 

information. The strength and number of synapses of course also influences this. While the study of 

Pouchelon and colleagues (2014) reported a change in genetic profile when changing the nature of 

thalamocortical input they did not explore morphological changes that could underly the functional response 

difference they reported. While Oishi and colleagues (2016) did explore morphological changes in post-

mitotic L4 neurons that were mislocalized to L2/3 after Pcdh20 knockdown, they didn’t assess the 

morphology of L4 neurons in which thalamocortical input was lacking. Furthermore, in both studies, the 

reported changes in genetic profile and associated changes in functional response properties and 

morphology, could arise from the lack of, or aberrant thalamocortical input of both structural and/or 

functional input. Therefore, the exact contribution of (spontaneous) thalamocortical activity for instructing 

cell-specific genetic programs is currently not known.  

BOX 1 Not all sensory regions are the same 

For interpreting studies on the impact of thalamocortical activity on cortical development, it is important 

to note that while distinct sensory regions such as the primary visual cortex (V1) and the primary 

somatosensory cortex (S1) share some common features, they also differ in several important 

characteristics. First, S1 and V1 differ in cell composition in the adult brain; while pyramidal neurons 

makes up 99% of the excitatory cell population in V1, stellate cells are the predominant excitatory cell 

type in S1 (Scala et al., 2019). Likewise, the somatostatin-positive (SOM+) interneurons in L4 of V1 are 

mostly (92%) characterized as Martinotti cells, sending axons to L1 of V1. In contrast, SOM+ interneurons 

in L4 of S1 are mostly (96%) terminating in L4 and are defined as non-Martinotti cells. Therefore, the 

intracortical circuitry likely differs between both sensory regions. Another important difference lies in the 

timing of developmental processes. The anterior located S1 develops in an earlier time-window than the 

posterior located V1 (Bayer and Altman, 1991; Clancy et al., 2001; Ozkan et al., 2020). Furthermore, 

mouse S1 is characterized by the presence of cytoarchitectonic clusters of neurons in L4 called barrels, in 

which the dendrites of L4 stellate cells are asymmetrically organized. In contrast to S1 no 

cytoarchitectonic structures are distinguishable in L4 of V1. Instead, adult L4 neurons in V1 appear to 

have a symmetric organisation of dendrites (Scala et al., 2019). Another important difference between 

V1 and S1 is that spontaneous activity in V1 can be studied largely independent of stimulus-induced 

activity. In the developing S1, stimulus-induced whisker activation already commences at birth and 

therefore stimulus-induced activity exist next to the spontaneously generated activity induced by 

involuntary whisker twitches. In contrast, spontaneous activity in V1 can be studied largely independent 

of stimulus-induced activity, as eyelids remain closed until the end of the second postnatal week. During 

this period, light stimulation through the closed eyelids does not result in visual processing of stimulus 

features but instead induce a retinal wave (Tiriac et al., 2018).  
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A few studies have been conducted to study the influence of thalamocortical activity on the dendritic 

morphology specifically. Most of these studies have studied L4 neurons in the barrel cortex of the mouse. 

Adult L4 neurons have a characteristic asymmetric orientation of the dendritic tree, which they acquire 

around P6 (see Dendritic development of cortical neurons). Dendrites of neurons located at the border of a 

barrel are facing the inside of the barrel, where thalamocortical axons accumulate (Mizuno et al., 2014). 

Eliminating the N-methyl-Daspartate (NMDA)-type ionotropic glutamate receptor (NMDAR) in the cortex 

affects part of the signalling pathway by which thalamocortical as well as intracortical input influence a 

neuron. In the cortical NMDAR1 knock out mouse, the dendrites of the L4 neurons are symmetrically 

orientated at P16 (Mizuno et al., 2014). The average dendritic length of NMDAR1 KO neurons was not 

significantly different from wildtype neurons. Two-photon imaging between P4 and P6 confirmed the 

histological results. Furthermore it revealed that the development of the dendritic tree is a dynamic process 

in which periods of elongation and retraction alternate quickly (Mizuno et al., 2014; Nakazawa et al., 2018). 

More importantly, NMDAR1 KO neurons appeared to be more dynamic, indicated by a higher change in 

dendritic length compared to control cells.  As the knockout of NMDA receptors affect the signalling pathway 

both used by intracortical and thalamocortical input, a study by Nakazawa specifically explored the influence 

of thalamocortical activity by cutting the infraorbital nerve (ION) at P0 which eliminates sensory input from 

the whiskers. Two-photon time-lapse imaging of L4 neurons between P3 and P6 revealed that the dendritic 

branches of neurons in the ION severed mice failed to orient themselves towards the barrel at P6. 

Furthermore, they reported that the number of eliminated, and newly formed trees was significantly smaller 

in the ION-severed mice compared to L4 neurons located at the edge of the barrel in control mice. Instead, 

tree dynamics were similar to L4 neurons located inside the barrel, which do not possess an asymmetrical 

tree organization, but smaller compared to neurons located at the edge. These results suggest that the spatial 

biased thalamocortical input a neuron receives at the edge of a barrel is required for the asymmetric 

refinement of the dendritic structure. This restructuration is achieved not by an increase in the number of 

overall dendritic trees, as this remains stable between P3 and P6, but by retracting existing trees and the 

biased growth of new trees towards the barrel (Nakazawa et al., 2018).  

While the above presented studies indicate that functional thalamocortical input may play a major role in L4 

neuronal development of the somatosensory cortex in mice, they cannot differentiate between the role of 

stimulus-induced activity and spontaneous activity from the periphery. While retinal wave spontaneous 

activity and stimulus-induced activity in the visual cortex occur in largely segregated periods during 

development, no study to date have explored the impact of thalamocortical activity on L4 V1 development 

in mice. The generalization of the results reported in the somatosensory cortex to other systems, suggest 

that thalamocortical activity including spontaneously generated activity could instruct morphological 

changes. This hypothesis still remains to be tested.  
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1.5 Dissertation project 
In the developing brain, the first rough organization of circuitry is laid out by innate genetic programs, 

mediating cell differentiation and guiding the growing axons to their appropriate targets through gradients 

of molecular guidance cues (Goodman and Shatz 1993; Sperry 1964, reviews: Flanagan 2006; McLaughlin and 

O’Leary 2005). The further refinement of these crude circuits into refined neural networks underlying 

perception and complex behaviour, has been shown to depend on activity-dependent plasticity mechanisms. 

The extent to which spontaneous neuronal activity plays a role and when it exerts an influence, is however 

not precisely known and is heavily debated.  

To better understand the influence of spontaneous activity on neuronal development, the mouse visual 

system and the associated spontaneous retinal waves has proven a useful model since the period of 

spontaneous retinal activity and stimulus-evoked activity are largely segregated by eye opening at P14. 

Furthermore, functional maps such as eye-segregation and the retinotopic map, as well as many important 

visual response features such as direction selectivity and orientation selectivity, already exist at eye opening 

(Rochefort et al., 2011; Thompson et al., 2017a). This raises the hypothesis that spontaneous activity from 

the periphery could be instructive in establishing these visual features. Indeed, several studies using 

transgenic mouse models, drugs and optogenetic tools have shown that retinal spontaneous activity is 

essential for the developmental process of eye segregation and retinotopic map formation in the superior 

colliculus, dorsal Lateral Geniculate Nucleus and primary visual cortex (V1) (Ackman and Crair, 2014; Cang et 

al., 2005; Grubb et al., 2003; Huberman et al., 2008; Kirkby et al., 2013; Xu et al., 2011).  

Major open questions, however, are how the retinal wave pattern interact with gene expression to steer 

molecular developmental programs underlying the functional and anatomical changes required for normal 

V1 function and circuit integration. Next to axonal arborization, the dendritic structure of a neuron is an 

important morphological feature that contributes to circuit integration. Despite its importance, only a few 

studies to date have described normal dendritic development of neurons in cortical layer 4, the neurons that 

receive the strongest input from axons of first-order thalamic nuclei. Even fewer studies have explored the 

contribution of spontaneous activity to this process. These studies have shown that the dendritic structure 

is rapidly and markedly restructured during early development (Mizuno et al., 2014; Nakazawa et al., 2018). 

Furthermore, eliminating thalamocortical input strongly affected the developmental dendritic restructuring 

indicating that functional thalamocortical input may play a major role in L4 neuronal development.  

Since these studies were conducted in the somatosensory system, in which spontaneous and stimulus-

evoked activity coexist during early development, the specific contribution of spontaneous activity to 

dendritic development is currently still not known. Therefore, the central aim of my PhD is to understand 

how spontaneous activity from the periphery affects the dendritic development of L4 neurons in V1.  

Driven by this question, the aims of my PhD research are the following: 

1. Establish a viral method to allow for targeted and early expression of transgenes in the dLGN of 

neonatal mice.  

2. Identify important timepoints in L4 cortical development based on the normal developmental 

timeline of thalamocortical ingrowth and dendritic development. 

a. Identify the developmental timing of thalamocortical axon interactions with L4 neurons by 

fluorescent labelling of thalamocortical axons through stereotactic viral injections.  

b. Identify morphological changes in sparsely labelled L4 pyramidal neurons during early 

postnatal development.   

3. Assess the impact of functional input from TC axons on L4 morphological development by silencing 

dLGN neurons through stereotactic viral injections.  
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Each of the results chapters is centred around one of these aims. In addition, to provide a complete picture 

of the timeline of L4 pyramidal development, the second chapter of the Results section will also include data 

on the development of activity patterns in V1 that were obtained by my colleague Dr. Susanne Falkner.  
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2. Results 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1  Preface 
The following chapters describe the results related to the various aims of my PhD thesis. The work presented 

in these chapters has been carried out in close collaboration with several people. Below, I will describe the 

individual contributions of the people involved.  

The surgical protocol for targeted stereotactic injections in the dLGN of neonate mice, described in chapter 

2.2, has been developed and optimized by my own efforts. The input and experience from Dr. Susanne 

Falkner proved invaluable for establishing and optimizing the protocol.  

To study thalamocortical axon ingrowth, described in chapter 2.3.2, I performed all stereotactic surgeries and 

most of the perfusions and antibody stainings. For some samples, I received assistance from our lab 

technicians, Caroline Bornmann and Sabrina Innocenti. The subsequent image acquisition and analyses were 

executed by me. The data describing the synchronous activity patterns during early development, presented 

in chapter 2.3.3 was acquired through the sole efforts of Dr. Susanne Falkner.  

All data related to the study of morphological development, including the description of the normal 

developmental timeline of L4 morphology (chapter 2.3.4) and the data describing how L4 morphology is 

affected by thalamocortical silencing (chapter 2.4), were acquired through the joint effort of Shirley Dixit and 

myself. Specifically, I performed all stereotactic injections for the data presented in chapter 2.4 and cut most 

of the brains. Shirley Dixit perfused most of the animals in assistance with Sabrina Innocenti. Brain sections 

were stained and imaged by Shirley Dixit. Morphological tracings were performed by us both, though Shirley 

Dixit traced the majority of the neurons while I performed the final evaluation and correction of all tracings. 

Moreover, I extracted the dendritic parameters and performed the respective statistical analyses.  

Finally, I received help in cloning the numerous plasmids used for my research from Dr. Dietmar Schreiner. 

Our lab technician Caroline Bornmann produced all the viruses that were used for the stereotactic injections.  
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2.2  Targeted stereotactic injections in the dLGN of neonate mice  
 

2.2.1 Introduction 
With the use of cell-type specific transgenic mouse lines, the injection of viral vectors or a combination of 

both, the expression of transgenes can be introduced into a specific population of cells. The expression of 

these transgenes allows the researcher to visualize and monitor certain cell populations through the 

expression of fluorescent proteins, or to increase or decrease activity in certain neurons by expressing 

molecular manipulators of activity. A widely used approach to express transgenes in specific cell populations 

in the mouse brain is the Cre/loxP binary system (Harris et al., 2014). This system is based on the principle of 

Cre-lox recombination in which the expression of the enzyme Cre recombinase leads to recombination of a 

target sequence, the transgene, located between two Lox sites. The expression of Cre can be regionally or 

cell-type specifically controlled by using selective promoters and even temporal control can be achieved with 

the availability of the CreERT2 variant, which is only activated after tamoxifen administration. Through 

interbreeding of a Cre driver mouse line and a reporter transgenic line the preferred transgenic mouse line 

can be generated. More and more Cre-driver lines have become available; in the Allen Brain Atlas, the 

transgenic characterization of over 2,000 Cre driver lines can be found. Among these is the Rorb-IRES2-Cre 

driver line, a line that results in transgene expression in neurons expressing the RAR related orphan receptor 

B (Rorb) protein, which displays a laminar expression in the cortex and is found predominantly in pyramidal 

layer 4 neurons and cortical stellate cells. The disadvantage of Cre-loxP transgenic mouse lines, it that it is 

typically time-consuming. An alternative faster option is to inject a recombinant virus into a transgenic 

mouse, or even to co-inject Cre driver and reporter recombinant viruses into a wildtype mouse to achieve 

spatial and cell-type specific control of transgene expression. However, the spatial and cell-type specific 

control of all these Cre-loxP based strategies depend on the availability of selective promoters for the region 

and/or cell population of interest. Furthermore, Cre-loxP based strategies often lack specificity with regard 

to specific sub-regions and brain nuclei. For instance, the use of the Rorb-IRES2-Cre line results in transgene 

expression in pyramidal L4 neurons of various sensory cortices. Targeted expression in one of the sensory 

cortices specifically, is thus not possible using the Rorb-IRES2-Cre line.  

For expression in the thalamus, only a few Cre-driver lines are available, of which none lead to expression of 

the transgene specifically in the dLGN. One of these is the Gbx2CreERT mouse line, which is used by the Lopez-

Bendito lab to introduce the expression of Kir2.1 in several thalamic nuclei, including the dLGN (Jones and 

Rubenstein, 2004; Moreno-Juan et al., 2017). For the present study however, the use of this mouse line isn’t 

an option since it would be hard to grasp the influence of dLGN activity on the development of L4 neurons in 

V1, when the effect of silencing also extends to numerous other thalamic nuclei (Jones and Rubenstein, 

2004). Therefore, we have to resort to viral injections targeted specifically to the dLGN to achieve region-

specific expression of the transgene.  

The use of a viral delivery strategy has however its limitations and poses significant challenges to overcome 

to achieve region specificity of transduction at an early age. First of all, viral delivery has a limited cell-type 

specific control of expression dictated by the type of virus used and the type of promoter that controls 

transgene expression. Furthermore, the spatial control of expression is determined solely by the precision of 

the injection. For this reason, existing viral delivery methods in neonates, such as injecting into the ventricle 

(Kim et al., 2013) or into the transverse sinus (Hamodi et al., 2020), aren’t an option for the present study as 

these techniques lead to whole-brain expression. Therefore, the only method available to accomplish 

transduction specifically in the dLGN is to resort to precise localized stereotactic injections into the neonate 

brain. While this is commonly performed in adult mice, there were no reports for stereotactic injections in 

neonates at the start of the PhD project and still today only a handful of studies can be found (Ho et al., 2020; 

Olivetti et al., 2020). Furthermore, these studies often still relied on the Cre/loxP system to achieve region 
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specific transgene expression in a small brain region. Performing localized stereotactic injections in neonates 

poses a significant challenge considering the small size of the pup and the flexibility of the skull, making 

positioning into a stereotactic frame more prone to variability. Achieving spatial control of transduction is 

therefore challenging, especially when targeting a small structure such as the dLGN.  

Another concern was that infection with viral vectors is known to require several days (1-2 weeks) for the 

transgene to be sufficiently expressed in the adult mouse brain. This is a limiting factor when studying axonal 

development within the first week after birth and when the goal is to silence feedforward activity from the 

dLGN to V1 at the end of the first postnatal week. However, studies adopting intraventricular and transverse 

sinus injections in neonates both report early transgene expression. While these studies did not inject directly 

into the brain, they provide evidence for the general notion that viral delivery in neonates leads to an earlier 

onset of transgene expression in the brain than can be seen in the adult brain. Nevertheless, to ensure an 

adequate level of transgene expression is achieved before the time window of interest, viral delivery need to 

be performed as early as possible, ideally the day the animal is born at postnatal day 0 (P0).  

To overcome the challenges presented above, the first goal of my project was to establish a reproducible and 

reliable surgical protocol for viral injections in P0 mice that specifically target the dLGN, while keeping 

transgene expression in surrounding thalamic nuclei to a minimum. As a first step in establishing this protocol 

I explored at postnatal day 5 (P5), the cell-type specific expression of the green fluorescent protein (GFP) 

packaged in three different AAV serotypes, namely AAV1, AAV8 and AAV9.  The serotype with the highest 

proportion of neurons transduced was subsequently used to test which of the tested promoters, 

the CMV early enhancer/chicken β actin (CAG) promoter, the human elongation factor-1 alpha (ef1α) 

promoter, and the human synapsin 1 (syn) promoter, had the earliest onset of expression of the fluorescent 

protein tdTomato. After identifying the best serotype and promoter for our purpose I moved on to further 

fine-tune the protocol to ensure that viral spread to adjacent regions was limited while dLGN neuronal 

transduction ratio was maximized. The results of these different steps are described in the following sections. 

In the last part of this chapter, I will highlight how the availability of this protocol in combination with 

methods such as two-photon imaging and cleared brain imaging opens up a new and exciting possibilities to 

explore previously unanswered questions.  

2.2.2 The use of AAV serotypes 9 and 8 led to a high percentage of dLGN neurons 
transduced at P5 

Different AAV serotypes are characterized by different cellular specificity, transduction efficiency and tissue 

tropism based partly on the different properties of their capsids (Cearley et al., 2008). We therefore wanted 

to explore which AAV serotype is best suited for transduction of dLGN neurons and to see if indeed the 

neonatal brain is able to express the transgene early after viral injection.  

To test the neuronal transduction ratio of dLGN neurons at postnatal day 5 (P5) I injected three different AAV 

viruses carrying GFP under the control of the promoter CAG; AAV serotypes 1, 8 and 9. We opted to use the 

promoter CAG as it is known to be a strong ubiquitous promoter, leaving us with the possibility to compare 

the transduction specificity and efficiency of the different serotypes. A volume of 100nl of the respective 

viruses was injected with a Hamilton syringe into the dLGN of pups at P0 (for details see chapter 4.3 

Stereotactic injections). Pups were transcardially perfused at P5 with a 4% paraformaldehyde (PFA) in 

phosphate buffered saline (PBS) solution. Brains were dissected and sectioned according to the protocol 

described in the Material and Methods sections. Brain sections were subsequently stained for DAPI to 

visualize cell nuclei and with an antibody reactive to GFP to visualize infected cells (see 4.4.4 Antibodies). In 

addition, slices were stained for NeuN, a neuron-specific nuclear protein, and for the presence of glia-specific 

protein S100 to visualize glia. Other brain slices were stained for an antibody reactive to oligodendrocyte 

transcription factor 2 (olig2), which is an oligodendrocyte marker. Image stacks were taken with a confocal 
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microscope at a 25x magnification (0.80 NA). For the quantification of the number of GFP+ neurons, the z-

plane was selected with the best GFP signal to manually annotate cells, neurons and infected cells. For the 

quantification of the number of infected oligodendrocytes and glia cells respectively, the z-plane was selected 

which showed the best signal.  

Surprisingly, we found that a large population of cells (40-60%) in the dLGN were expressing GFP at P5, four 

and a half days after injection (Figure 8D). This demonstrates that viral transduction in neonates indeed 

comply to different metabolic dynamics than viral injections in the adult brain, which requires often 10 days 

before sufficient expression of the transgene can be observed.  As can be seen in Figure 8E as well as in in 

the image panels presented in Figure 8A-C, all three serotypes had a relatively high transduction ratio of 

neurons. Serotype AAV1 performed worst with an infection ratio of around 60%. Serotype AAV9 performed 

best, infecting more than 80% of the neurons identified within the optical slice.  

 

 

Figure 8 AAV serotypes 8 and 9 led to a high percentage of neurons transduced at P5. (A-C) single confocal optical 
sections at 25x magnification (0.80 NA) within the dLGN of brains injected with either AAV serotype 1, 2 or 9 provides a 
glimpse of how efficient the different serotypes are in transducing neurons (NeuN) and glia cells (S100). (D) Quantification 
of the number of GFP+ cells within the dLGN for the different serotypes. The quantification of the number of GFP + neurons 
(E) shows that serotype 9 is most successful in transducing neurons in the dLGN, with 83% of the neurons expression GFP. 
The number of GFP+ glia cells (F) and oligodendrocytes (G) were relatively low for all serotypes tested. Scale bar denotes 
50µm. Number of animals: n=1 for all viruses. Number of cells counted: AAV1 n=690, AAV8= 710, AAV9=754. Viral titer: AAV1 
4.0*1011 GC/ml, AAV8 8.0*1012 GC/ml and AAV9 3.0*1012 GC/ml.   

Though our primary aim was to maximize neuronal transduction ratio, a low infection ratio of other cell types 

was also preferred. This to minimize interfering effects of silencing other cell types when injecting a molecular 

silencer of activity into the dLGN. As can be seen in the images shown in Figure 9A-C we could observe 

multiple GFP+ cell structures resembling the morphology of glia cells in the AAV1 and AAV8 injected brain 

slices. Indeed near 14% of the counted S100+ cells were quantified as GFP+ for serotype 1 (Figure 8F). For 
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serotype 9 this percentage was 4.1%. Though serotype 1 showed the highest infection ratio of glia cells 

compared to other serotypes, it had a low tendency to infect oligodendrocytes (Figure 8G).  

 

Figure 9 Injection with serotype 9 leads to the highest percentage of NeuN + GFP+ cells. GFP signal in the dLGN of P5 

mice that were injected with either serotype 1 (A), serotype 8 (D) or serotype 9 (G). (B, E, H) NeuN signal in the same optic al 
sections as presented respectively in A, D and G. The composition of GFP+ cells for a brain injected with serotype 1 (C), 8 (F) 
and 9 (I) demonstrate that serotype AAV9 has the highest number of NeuN+ transduced cells. Note that a substantial number 
of cells could not be identified as belonging to either one of the categories: neurons (NeuN +), glia cells (S100+) and 
oligodendrocytes (olig2+). Scale bar denotes 50µm. Number of animals: n=1 for all viruses. Number of cells counted: AAV1 
n=690, AAV8= 710, AAV9=754. Viral titer: AAV1 4.0*1011 GC/ml, AAV8 8.0*1012 GC/ml and AAV9 3.0*1012 GC/ml.   

We also looked at the ratio of GFP+ cells that were either found to be NeuN+, S100+ or olig2+. Quantification 

of infected neurons and oligodendrocytes proved to be challenging as NeuN and olig2 are both nuclear 

markers while GFP is expressed only in the cytoplasm of infected cells. As a result, the quantification yielded 

a relatively high number of GFP+ cells which could not be identified as being either a neuron, a glia cell or an 

oligodendrocyte (Figure 9C, F and I). Taking the general cell composition of the dLGN into account, the 

majority of these infected cells are most likely to be neurons. Therefore, the number of NeuN+ GPF+ cells 

presented in the pie charts in Figure 9 will most likely be higher in reality. Despite that, serotype 9 already 

displayed a high number of NeuN+ GFP+ cells (80%), demonstrating that serotype 9 has a strong specificity 

towards infecting neurons.  
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Using targeted stereotactic injections in the dLGN of neonate mice, we demonstrated that viral 

transduction in neonatal mice exhibits an early onset of transgene expression for all tested serotypes, with 

serotypes AAV8 and AAV9 performing best by transducing 60% of the cells in the dLGN at P5. Serotype 9 

demonstrated the highest ratio of neurons being transduced (80% of neurons) and showed a low 

transduction rate of oligodendrocytes and glia cells. Therefore, we decided to adopt serotype AAV9 for 

further injections.  

2.2.3 The use of promoters CAG, ef1α and synapsin all led to early expression of the 
transgene at P4 

After having established the best serotype to use in terms of expression onset and specificity we wanted to 

test how different promoters influence the dynamics of transgene expression. We set out to test two 

ubiquitously expressing promoters, namely the CMV early enhancer/chicken β actin (CAG) promoter and the 

human elongation factor-1 alpha (ef1α) promoter and tested the neuronal-specific promoter human 

synapsin 1 (syn). When using a viral strategy to silence activity in neurons, the use of a neuronal specific 

promoter is preferred to avoid unexpected interfering effects from other cell types being transduced. 

However, since AAV serotype 9 showed a high transduction specificity towards neurons, a ubiquitously 

expressing promoter might be preferred when it possesses more favourable expression dynamics.  

To test the dynamics of the promoters CAG, ef1α and synapsin, we created three AAV9 viruses in which 

tdTomato was expressed under the control of one of these promoters and injected the virus in the dLGN of 

neonate mice at P0. For these injections a volume of 100nl was injected with a Hamilton syringe (see 4.3 

Stereotactic Injections for detailed description of procedure). Mice were sacrificed at P4, and brains were 

processed as described in the Material and Methods section. An antibody reactive to tdTomato (rabbit 

αRFP) was used to visualize transduced cells. Cells and tdTomato+ cells were manually annotated in ImageJ 

Fiji.  
As can be seen in the images presented in Figure 10, the use of all promoters resulted in substantial tdTomato 

expression within the dLGN. At P4, 66.2% and 62.4% of the cells were transduced for respectively the 

ubiquitous promoters CAG and ef1α (see Figure 10J). The use of synapsin as a promoter led to a lower number 

of transduced cells, namely 38.5%. Though the difference in number between the non-cell type specific 

promoters and synapsin can be partially explained by the lack of infected glia and oligodendrocytes, given 

the cell type composition of the dLGN it is likely that CAG and ef1α are also able to transduce more neurons 

compared to the use of synapsin at this timepoint. Therefore the choice between either a ubiquitous 

promoter such as CAG or synapsin depend mainly on the importance of neuron-specific transduction and on 

practical considerations such as timing and the length of the construct to be packaged into the AAV which is 

known to impact transduction efficiency (Wu et al., 2010); ef1α and CAG are substantially bigger than 

synapsin, being respectively three and four times as big.  

For the study of thalamocortical ingrowth into V1 in neonate mice, it is important to have as many axons of 

the dLGN labelled as early as possible (as early as P3). Therefore, for this purpose we opted to use the 

ubiquitous promoter CAG to express tdTomato in the dLGN. To silence activity in dLGN neurons, we wanted 

to assure that as many neurons as possible were silenced at the timepoint at which spontaneous activity in 

V1 reaches a peak (P9) (see 2.3.3 Spontaneous synchronous events in V1 increase in frequency during early 

postnatal development). For this purpose and considering packaging restraints we choose to use the synapsin 

promoter to introduce the concomitant expression of Kir2.1 and tdTomato in the dLGN.    

 



39 
 

 
Figure 10 The use of promoters CAG, ef1α and synapsin all lead to early transgene expression in the dLGN at P4. 
(A-C) single optical section taken at 25x magnification (0.80 NA) in the dLGN of P4 mice, showing the tdTomato expressing 
cells (RFP+) in (B), cell nuclei (DAPI) in (C) and the overlay in panel (A) for a mouse injected with AAV9 CAG -tdTomato. 
Similarly, single optical sections of the dLGN of a P4 mouse injected with AAV9 ef1α-tdTomato and AAV9 syn-tdTomato are 
depicted in respectively (D-F) and (G-I). (J) Quantification of the number of RFP+ cells in the dLGN for the three different 
promoters shows that the ubiquitously expressing promoters have more cells transduced than synapsin at P4. Even though 
the use of synapsin excludes the possibility of transducing non-neuronal cells, given that neurons are the predominant cell 
type in the dLGN it is likely that a higher number of neurons are transduced at P4 when usin g the CAG and ef1α promoter 
compared to synapsin. Scale bar denotes 50µm. Number of animals: n=1 for all viruses. Number of cells counted: CAG n=610, 
ef1α n=622, syn n=868. Viral titer: AAV9 CAG-tdTomato 3.2*1012 GC/ml, AAV9 ef1α-tdTomato 4.4*1012 GC/ml and AAV9 syn-
tdTomato 3.6*1012 GC/ml.   

2.2.4 Fine-tuning the protocol: decreasing variability and limiting viral spread 
After having identified the best AAV serotype and promoter to use for our different purposes we moved on 

to further optimize the surgical protocol. I will describe the protocol in short to highlight the different 

optimization steps we performed to decrease the variability between injections and to limit viral spread to 

other regions than the dLGN. A detailed description of the protocol can be found in the Material and Methods 

section (chapter 4.3.1 Surgical protocol for stereotactic viral injections targeted to the dLGN of the neonate 

mouse).  

To maximize viral expression time, we choose to inject as early as possible. At the day of birth, at P0, the 

surgery was performed when a clear milk belly was visible to assure the pup had enough nutrition to sustain 

itself during the surgery and recovery time. The pup was placed into a stereotactic frame using the blunt ear 

bars to fixate the skull (Figure 11A and B). As opposed to the adult brain, the skull of the neonate mouse is 

soft and therefore will indent when fixating the head into the frame. The amount of pressure placed on the 

skull will therefore create variability for the injections in the X and Z coordinate; pressing the skull in more 

than a previous time will result in an injection lateral and above the dLGN, whereas pressing the skull in less 
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than a previous time will lead to an injection medial and below of the dLGN. This factor is hard to control 

objectively. We documented the curvature of the skull after placement by taking a picture and tried to be as 

constant as possible. However, we found out that the best method to be consistent in the placement is to 

perform these surgeries regularly.  

 

Figure 11 Pups were placed in a stereotactic frame to perform viral injections; the main blood vessels were used 
to determine injection coordinates.  (A and B) surgeries were performed at postnatal day 0 at which the head was fixated 

in a stereotactic frame using blunt ear bars. The amount of pressure applied by the ear bars will determine how much the  
flexible neonatal skull will indent and therefore how much the brain is reshaped. This will create variability between animals 
using the same injection coordinates. (C) image depicting the main blood vessels of the brain. The intersection of the 
transverse sinus and superior sagittal sinus, the so-called confluence of sinuses was used as a setpoint for both the X and Y 
coordinates. The Z coordinate was set to 0 at X=1.2 and Y=1.0.  

After placement in the stereotactic frame, a small incision was made to expose the intersection of the 

transverse sinus and the superior sagittal sinus, the confluence of sinuses. Since the sagittal sutures of the 

neonate skull are barely visible at this age, we used the main blood vessels to determine the coordinates of 

injection. The confluence of sinuses was set as 0 for the X and Y coordinates (Figure 11C). Though we expect 

that using these main blood vessels of the brain to navigate might be less consistent between animals as 

opposed to using the skull sutures in the adult brain, using the same coordinates for different pups resulted 

in injections with similar target locations. At the appropriate X and Y coordinates a small craniotomy was 

made with a 30G needle. While direct penetration was possible using the injection capillary, we felt that the 

indentation needed to penetrate the skull led to too much damage based on initial trials using this technique. 

After making the craniotomy, the Z-coordinate was set at 0 at the surface of the brain. Since it was often hard 

to assess when the injection capillary hit the surface, we observed that a correct and constant determination 

of the Z axis was also a critical factor for hitting the dLGN. After multiple trial injections, we established the 

coordinates of X 1.2, Y 1.0 and the Z coordinate of -1.9 as target coordinates for the dLGN.  

Using an injection volume of 100nl we observed that multiple thalamic nuclei were expressing the transgene 

using the AAV9 CAG-GFP virus at a viral titer of 3.2*1012 GC/mL. A limited viral spread is especially important 

when wanting to silence activity in the dLGN. In order to understand its effect on the L4 neurons in V1 it’s 

important to minimize the effect of silencing as much as possible to the dLGN specifically, as it is likely that 

silencing other thalamic nuclei will lead to unwanted side effects making it difficult to interpret the data. 

However, there is a trade-off between limiting viral spread to adjacent regions by decreasing the injection 

volume and the chances of hitting the dLGN. Therefore, we set out to see what the lower limit of injection 

volume was while still maintaining a reasonable success ratio. We decreased the injection volume step wise, 

going from injecting 100nl, 15nl to eventually 8nl (Figure 12A, B and C respectively). With the injection 

volume of 8nl the viral spread was substantially decreased. Besides the dLGN, only small parts of adjacent 

thalamic nuclei expressed the transgene (Figure 12D). These include the ventral posterior medial nucleus 

(VPM), the posterior nucleus (PO), the lateral posterior nucleus (LP), the ventral lateral geniculate nucleus 

(vLGN) and the intergeniculate leaflet (iGL). We used the Allen Brain Atlas – Mouse Connectivity to see if any 

of these nuclei project to the primary visual cortex (V1) or in other ways could complicate the interpretation 

of our silencing experiments. The VPM is a so-called first-order thalamic nuclei as it projects to a primary 
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sensory region, the primary somatosensory cortex (S1). The vLGN and iGL are highly reciprocal connected to 

each other and with the superior colliculus. PO and LP are both higher-order thalamic nuclei sending 

information to secondary sensory cortices; PO sends projections to the secondary somatosensory region and 

LP to secondary visual areas. Though the majority of the thalamocortical axons project to higher visual areas, 

there are also few projections to V1. However, these are primarily located in L1 of V1. Therefore, we 

concluded that the limited spread to these adjacent thalamic nuclei would not pose a problem for the 

interpretation of dLGN silencing experiments.  

When performing these surgeries regularly, I obtained a success ratio of hitting the dLGN in 50-70% of the 

cases using an injection volume of 8nl. We concluded that this was a good trade-off between decreasing viral 

spread to adjacent regions while not impacting the success rate of hitting the dLGN too much. 

 

Figure 12. Viral spread for different injection volumes targeted to the dorsal Lateral Geniculate Nucleus (dLGN). (A) An 

injection volume of 100nl of the AAV9 CAG-GFP virus (3.0*1012 GC/mL) resulted in transgene expression in the majority of 
the diencephalon as well as to expression in the hippocampus (HPC). (B&C) Injecting a smaller volume of 16nl (B) and 8nl (C) 
of the AAV9 CAG-tdTomato virus (3.2*1012 GC/mL) decreased the spread. (D) For an injection volume of 8nl targeted to the 
dLGN, transgene expression could be observed in the Lateral Posterior Nucleus (LP), posterior nucleus (PO), the ventral 
posterior medial nucleus (VPM), the intergeniculate leaflet (iGL) and the ventral Lateral Geniculate Nucleus (vLGN). Little 
expression was observed in the HPC.  

In some instances, we could also observe transgene expression in the hippocampus (HPC) (Figure 12A and 

C). These observations were made for injections using different injection volumes, which therefore suggest 

that this observation does not depend on the injection volume. We posed two hypotheses that could explain 

this observation. Either the injection capillary has virus on the outside of the capillary in between the 

injections or the virus spreads to the hippocampus as a result of capillary pressure and the speed by which 

we retract the capillary is the variable factor that dictates whether we observe transgene expression in the 

hippocampus or not. To rule out the first hypothesis we implemented a cleaning protocol in between 

injections in which the capillary is cleaned with 70% EtOH and 0.9% NaCL before injecting. To explore the 

latter, I retracted the capillary slowly in some injections while maintaining a normal speed for other injections 

and compared injection sites. While we could observe minimal transgene expression in the HPC for some 

injections for both retraction speeds, retracting the needle more slowly seemed to have a higher chance of 

minimizing transgene expression in the HPC. Notably, we also experienced that the titer of the virus 

influenced the spread of transduction, a titer of 1013 GC/mL led to more spread compared to viruses with a 

titer of 1012 GC/mL. Since we optimized our injection volume using a virus with a titer of 1012 GC/mL, we 

decided to perform all stereotactic injections with a viral titer of 1012 GC/mL 

As the above discussed challenges illustrates there are many factors within this protocol that have an impact 

on the outcome of the injections. The developed strategies detailed above try to control these factors as 

much as possible.  
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2.2.5 Possible applications 
We explored whether the innate fluorescent protein expression level would be high enough to allow for 

structural imaging of the thalamocortical axons in V1 in two pilot experiments. Brain clearing methods, allow 

the volumetric imaging of the intact circuitry at sub-cellular resolution using Light-sheet microscopy (Tainaka 

et al., 2018; Ueda et al., 2020). This will provide valuable insight into the development of thalamocortical 

circuitry that might be missed with classical immunohistochemistry performed in selected brain sections. We 

therefore set out to test this application in the neonate virally injected brain.  

Successful brain clearing was achieved using an adapted version of the Cubic L clearing protocol described in 

Tainaka et al. (2018) (see Material and Methods: 4.5 Clearing protocol for the neonate brain). The images 

presented in Figure 13F and G were acquired through Lightsheet microscope imaging at 5x magnification 

(0.16 NA). As can be seen in the figure, the thalamocortical axons can be tracked from the dLGN to V1. A 

disadvantage of cleared brain imaging is that it only provides an impression of the thalamocortical circuitry 

at a given timepoint during development. Though in vivo two-photon structural imaging can only study the 

thalamocortical axon ingrowth in the V1 itself, it does provide the ability to longitudinally study the 

development of these projections in the intact brain. As is shown in Figure 13B and C, the fluorescent 

expression level in the dLGN was sufficient to image the thalamocortical axons in the different layers of the 

visual cortex at high spatial resolution using two-photon imaging.  

 

Figure 13 Thalamocortical axons imaged with two-photon in vivo structural imaging and Light-sheet imaging of the 
cleared brain. Injection of the AAV9 CAG-tdTomato (titer 1012 GC/mL) virus led to sufficient tdTomato expression to allow 

for the structural imaging of thalamocortical (TC) axons using structural in vivo two-photon imaging (A-C) and whole-brain 
Light Sheet imaging of the cleared brain (D-G). (A) a glass window was implanted above V1 at P5 to allow structural imaging 
at P9. (B) Axonal boutons could be distinguished in L4 (arrows). (C) Enrichment of TC axons was visible in L4 of V1. Using the 
Cubic L clearing protocol, a perfused brain (D) was made transparent (E) allo wing Lightsheet imaging of TC connections (F 
and G). The blue arrow denotes the injection site in the diencephalon. The white arrow points at the cortex. You can see 
axons growing out of the thalamic nuclei (yellow) growing towards the cortex in bundles (g reen arrow). Note that for this 
brain sample a bigger injection volume of 50nl was used. Therefore, transgene expression can be observed in multiple 
thalamic nuclei.   

Notably, the injection protocol can be used to introduce the transgene expression of a variety of proteins. 

For instance, besides introducing the fluorescent protein in the cytoplasm of neurons, specific synaptic 

proteins could be tagged with a fluorescent protein to study thalamocortical synapse development. 
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Furthermore, the activity of transduced neurons can be manipulated by the expression of so-called molecular 

manipulators of activity that either increase or decrease thalamocortical activity.  

 

2.2.6 Conclusion 
We developed a reproducible and reliable surgical protocol for viral injections in P0 mice to specifically target 

the dLGN, while keeping transgene expression in surrounding thalamic nuclei to a minimum. A high transgene 

expression level of the fluorescent protein was already visible as early as P3, making it possible to detect 

thalamocortical axons in the visual cortex through immunohistochemistry staining in brain slices. For 

injections in the dLGN, serotype AAV9 proved to be the most efficient in transducing dLGN neurons. The 

ubiquitously expressing promoters tested, the CMV early enhancer/chicken β actin (CAG) promoter and the 

human elongation factor-1 alpha (ef1α) promoter, showed an early onset of expression and were able to 

transduce around 65% of the cells in the dLGN. The neuronal-specific promoter human synapsin 1 (syn) 

transduced 39% of the dLGN neurons. Taken the cell type composition of the dLGN into account, it is likely 

that the CAG and ef1α promoter are able to transduce more neurons compared to the use of synapsin at this 

age. The choice between using either a ubiquitous promoter or synapsin will thus depend on the importance 

of neuron-specific transduction and on practical considerations such as timing and the length of the construct 

to be packaged into the AAV.  

The degree of viral spread to thalamic nuclei adjacent to the dLGN depend on the injection volume and viral 

titer. Using an injection volume of 8nl of a virus with a titer of 1012 GC/mL injected over ten minutes using a 

pressure injection system, the viral spread was minimized while maintaining a sufficient transgene expression 

level in the dLGN. Several factors that impacted the success ratio of hitting the dLGN were hard to control, 

such as the placement of the head in the stereotactic frame. However, performing the surgeries on a regular 

basis decreased this variability and led to a success ratio of 50-70% using the injection coordinates X1.2 Y1.0 

and X1.9. Importantly, the success ratio did not depend on the experimenter performing the surgeries as the 

protocol was also successfully executed by others. 

In this chapter, we have shown that the innate fluorescent protein expression level is sufficient to perform 

immunohistochemistry on brain sections as early as P3. Furthermore, the expression level is also sufficient 

to allow for in vivo two-photon structural imaging. Using a CUBIC L clearing protocol in combination with a 

Light Sheet imaging microscope, the axonal projections could be traced from the injection site to the cortex. 

Notably, besides the expression of fluorescent proteins, the injection protocol can be used to introduce the 

transgene expression of various proteins, including the expression of molecular manipulators of activity. This 

will provide the experimenter with a spatial precision of manipulation that was previously impossible to 

achieve with existing methods in the neonate brain. Furthermore, a big advantage of the newly developed 

surgical protocol is that spatial precision of transgene expression does not depend on the Cre/loxP expression 

system, leaving the option open to use this system for other applications.  

Overall, the novel neonatal viral injection method described in this chapter opens up new strategies to 

answer questions that were previously difficult to study due to technical challenges. We have used this 

technique to study the timeline of thalamocortical axonal ingrowth in V1 through the expression of a 

fluorescent protein in the dLGN, and to study the impact of spontaneous activity on the dendritic 

development of Layer 4 pyramidal neurons in V1 by introducing the expression of a molecular silencer of 

activity in the dLGN. The respective data is described in chapter 2.3.2 and 2.4.  
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2.3 Early V1 postnatal development is characterized by parallel changes in 
thalamocortical ingrowth, dendritic complexity, and synchronous activity 

 

2.3.1 Introduction 
At birth, the visual system of the mouse is set up in a crude way in which the first rough organization is laid 

out predominantly by innate genetic programs. The visual circuitry however is still immature; photoreceptors 

are still unresponsive to light (Tian and Copenhagen, 2003), retinogeniculate axons have not yet reached the 

dorsal Lateral Geniculate Nucleus (dLGN), and thalamocortical axons still need to find their way to the 

primary visual cortex (V1), where they will form synapses onto the dendrites of their target L4 neurons. 

Nevertheless, many visual response features, such as orientation and direction selectivity, are functional at 

eye opening around postnatal day 14 (P14) (Rochefort et al., 2011; Thompson et al., 2017a). The 

developmental processes that take place within the first two weeks of postnatal development are thus crucial 

to prepare the visual system for the onset of vision.  

Mapping these developmental processes, is therefore important to understand their relationship. Three 

developmental processes are of interest: 

1. When do thalamocortical axons arrive in L4 of the primary visual cortex (V1)? 

2. How is neuronal activity in L4 of V1 characterized in the first two weeks of postnatal development? 

3. What is the normal developmental timeline of dendritic morphology of L4 V1 neurons? 

Early studies in the nineties have addressed this first question, by providing a coarse impression of the 

dynamics of axon ingrowth in the cortex. Based on studies in rats and cats, it appears that thalamocortical 

(TC) axons arrive at the appropriate cortical area during prenatal development well before their target cells 

have migrated to their appropriate location (Ghosh et al., 1990; Molnár et al., 1998). TC axons accumulate in 

the subplate and wait for several days before they start to grow into the cortical plate around the age of birth 

(Ghosh et al., 1990; Herrmann et al., 1994). Though most of the studies have been performed in a variety of 

species, including in cat, hamsters and rats, only a few studies exist for mice (Agmon et al., 1993; Auladell et 

al., 2000). Furthermore, these studies can be difficult to interpret as they often do not research a specific 

population of thalamic projections. Therefore, even though the current literature does provide an impression 

of how thalamocortical axons develop over time, they do not provide a clear overview of when structural 

innervation of L4 in V1 takes place. With the development of the surgical protocol detailed in the previous 

chapter, I have created a tool to directly target the dLGN neurons at P0 with viral injection. By injecting a 

virus encoding for a fluorescent protein I can directly assess the development of dLGN projections to L4 of 

V1 during early postnatal development. The results of this analysis are presented in the first part of this 

chapter.  

Despite growing interest in understanding how spontaneous activity generated in the retina affect visual 

circuitry, little attention has gone to map the spatial-temporal characteristics of these spontaneous waves in 

areas upstream of the retina, such as V1. A study by Ackman and colleagues (2012) was the first to record 

retinal wave activity in V1 by calcium widefield-imaging and reported that spontaneous waves became 

apparent at P5 (Ackman et al., 2012b; Ackman and Crair, 2014). A later study by Gribizis and colleagues (2019) 

compared activity patterns between the time period of P5-P8 with ages P10-P13. Later in development, 

waves became more frequent but were shorter in duration compared to P5-P8. The disadvantage of wide-

field imaging, however, is that it only captures activity on a mesoscopic scale, summing the activity of multiple 

neurons over several cortical layers. By recording the activity on a neuronal scale in L4 specifically, we can 

better understand how the dynamics of spontaneous wave activity evolves over time in this specific 

population. To address the second question, our lab therefore performed longitudinal two-photon calcium 

imaging of L2/3 and L4 in V1. In the second part of the chapter, I will summarize the data of my colleague Dr. 
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Susanne Falkner, thereby providing an overview of how synchronous activity patterns in V1 evolve during 

early postnatal development. 

Thalamocortical activity is relayed to Layer 4 pyramidal neurons through post-synaptic receptors located 

primarily on their dendrites. While dendritic morphology is a determinant factor for a neuron’s function, 

much remains to be understood on how the dendritic tree is formed and reshaped during development 

(Richards et al., 2020). A study in the primary visual cortex (V1) of ferrets, in which cortical development 

evolves on a slower timescale, reported that dendritic complexity increased most between P14 and P26 

(Callaway and Borrell, 2011). More interestingly it appeared that both stellate cells and pyramidal cells of 

layer 4 of V1 possess an apical dendrite in early development and that stellate cells lose this apical dendrite 

at P22 to acquire their typical stellate dendritic configuration. This developmental process was later also 

reported to occur in the somatosensory cortex of mice, in which stellate cells had lost their apical dendrite 

at P6 (Nakazawa et al., 2018). Further studies on L4 stellate cells of the mouse barrel cortex revealed that 

major structural changes occur between P2 and P6, in which the symmetric basal tree of stellate cells evolves 

into an asymmetric tree that extends within a single barrel (Mizuno et al., 2007; Nakazawa et al., 2018). These 

studies demonstrate that dendritic morphology can change rapidly and markedly during early postnatal 

development. Nevertheless, to date little information is available on dendritic development of L4 neurons of 

mouse V1 specifically. In the last part of this chapter, I will present the results that I obtained together with 

my colleague Shirley Dixit to explore morphological changes in L4 pyramidal neurons at distinct time points 

in early development.  

 

2.3.2 Thalamocortical axon arborizations in V1 continue to evolve during the first two 
weeks of postnatal development  

To study how thalamocortical projections to layer 4 (L4) of the primary visual cortex (V1) develop during early 

development, we choose to adopt a viral labelling strategy marking axons from the dLGN and evaluating their 

projection patterns at different ages during the first two weeks of postnatal development. To this end, we 

expressed the fluorescent protein tdTomato in thalamocortical axons by performing injections with CAG-

tdTomato virus (titer 1012 GC/ml) into the dLGN at postnatal day zero (P0) (for a description of the protocol 

see previous chapter as well as Materials & Methods). Pups were subsequently transcardially perfused at 

various ages ranging between P3 and P14, the day of eye opening (see Perfusion, cryostat sectioning and 

immunohistochemistry for details on perfusion and sample processing). Forty-micron sections were stained 

with an α-RFP (red fluorescent protein) antibody, which shows reactivity to various red fluorescent proteins 

including tdTomato. In addition, we also stained with an antibody reactive to vesicular glutamate transporter 

2 (vglut2). Vesicular glutamate transporters are proteins that are found in excitatory presynaptic vesicles and 

are tasked to transport the neurotransmitter glutamate into the vesicle. Type 2 is predominantly found in 

thalamocortical synapses and vglut2 is therefore a commonly used marker for thalamocortical synapses. 

Finally, sections were stained with DAPI to visualize cell bodies.  

As a first step, the locus of injection was evaluated by taking a 10x image (0.45 NA) of the diencephalon 

centred around the dLGN with a confocal microscope (Figure 14, top row). Furthermore, stitched images of 

the entire slice, acquired with a slide scanner microscope (at 10x, 0.45 NA) were used to evaluate the spread 

of viral transduction to other thalamic nuclei. Injections that did not show sufficient expression levels of the 

fluorescent protein tdTomato in the entire span of the dLGN were excluded from further analysis. 

Furthermore, injections that showed extensive labelling in other regions that would make it difficult to 

distinguish the origin of the thalamocortical axons, such as the hippocampus, were also excluded (see Figure 

12, and section 2.2.4 Fine-tuning the protocol: decreasing variability and limiting viral spread, for the 

description of the thalamic nuclei). For injections passing the inclusion criteria, a 10x (0.45 NA) confocal image 

of the visual cortex encompassing all cortical layers was acquired (Figure 14, middle row).  
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Figure 14 Axonal ingrowth in V1 during the first two weeks of postnatal development  Thalamocortical axons were visualized by introducing the fluorescent protein tdTomato 

in dLGN neurons through targeted localized stereotactic injections with a CAG-tdTomato virus (titer 1012 GC/ml). Figures that are organized within a single column show data from a 
single injection corresponding to different ages (e.g., the first column shows data acquired at P3, the last from P14). On the top row the 10x  (0.45 NA) image of the respective injection 
site is displayed. The dorsal Lateral Geniculate Nucleus (dLGN) is highlighted with a dashed white line. In the second row th e 10x (0.45 NA) confocal images can be found that were 
taken in V1, showing only the RFP signal in grey. The coloured arrows points to different layers of the cortex, L1 (green), L4 (blue), L6 (red), and to the c orpus callosum (dark blue). 
The last row shows single optical sections that were acquired with a 63x (1.40 NA) magnification in L4. For each timepoint data from a single injection was chosen as a representative 
of the group. The number of replicates for each timepoint is denoted in the figure. Based on visual evaluation it appears tha t axonal ingrowth into V1 is not yet complete at birth, but 
that the number of axons/axon arborizations appear to increase during early postnatal development. Furthermore, when comparin g the 63x images of L4 between age P10 and P14 it 
appears that a finer mesh of axonal arborizations arise.
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A 63x (1.40 NA) confocal image was then taken in L4 to provide a more detailed view of axonal 

ingrowth during early postnatal development (Figure 14, bottom row).  

As can be seen in Figure 14, only subtle changes are visible at the 10x magnification (0.45 NA) during 

the first two weeks of postnatal development. Already at P3, axons from the dLGN are visible in all 

layers of the visual cortex and appear to be slightly concentrated in Layer 4 (L4) and Layer 1 (L1). At 

P6, L4 becomes apparent as a dense layer of axonal arborizations. At P14, the cortex has expanded in 

size and layers 1, 4 and 6 have an increased number of axons arborizations compared to the other 

layers of the visual cortex. Looking at the 63x magnification (1.40 NA) images taken within L4, it can 

be observed that indeed axonal ingrowth in V1 is not yet complete at P3. Axonal arborizations seem 

to increase gradually during the first two weeks of postnatal development. Moreover, axonal 

varicosities at younger ages appear to be bigger in size compared to later in development. 

Furthermore, when comparing the images for P10 and P14, it appears that a finer mesh of axonal 

arborizations arise between these two timepoints.  

Quantification of axonal ingrowth in L4 of V1 

To objectively confirm the above observations, we developed an algorithm to quantify the axonal 

ingrowth in L4 of V1. The algorithm defines the so-called area of axonal coverage, that is, the 

percentage of RFP+ pixels within a given image. A detailed description of the method, programmed in 

ImageJ Fiji can be found in the Material and Methods section. In short, the algorithm defines a 

threshold for each individual image based on the distribution of pixel intensities across the entire 

image. Since the signal threshold is not an absolute number, the benefit of our approach is that the 

algorithm is less sensitive to differences in intensity levels between images recorded across 

experiments and is more sensitive to detect axonal structures, even in images with low signal-to-noise 

quality.  

The quantification results depicted in Figure 15 confirm our observations. First, axonal ingrowth and 

arborization occurs in a gradient and is not yet complete at birth. Furthermore, it appears that the 

largest increase in axonal coverage, defined as the percentage of RFP+ pixels within an image, occurs 

within the first postnatal week of development until postnatal day 9. Between P9 and P14 axonal area 

increases only slightly.  

 

Figure 15 Quantification of axonal ingrowth in layer 4 (L4) of the primary visual cortex (V1) during the first 
two weeks of postnatal development (A) graph depicting the mean value and error bars of axonal area, defined 
as the percentage of RFP+ pixels within a given image, at different ages during early postnatal development. In (B), 
individual replicates are denoted. Note that we considered a successful viral injection in the dLGN of one hemisphere 
as a replicate. Consequently, two replicates can be derived from the same animal. Table (C) provides information on 
the identity of the replicates shown in (A) and (B).  
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Many axonal varicosities colocalize with vglut2 

Since we could observe axonal varicosities already at postnatal day 3 (P3), we were interested to see 

whether these varicosities would colocalize with vglut2, which would add evidence that these 

varicosities are presynaptic structures. Therefore, sections were stained with an antibody reactive to 

RFP, visualizing the thalamocortical axons that express tdTomato, and with an antibody reactive to 

vlgut2 to visualize the presynaptic vesicles.  

As mentioned before, at P3 thick axonal varicosities could be observed (Figure 16). Many of these 

varicosities did colocalize with vglut2 suggesting that they are indeed pre-synaptic structures. At later 

timepoints, the varicosities became smaller in size. Furthermore, it appeared that the number of 

axonal varicosities colocalizing with vglut2 increased throughout development. Nonetheless, since we 

did not perform quantification, we cannot provide objective support for this observation. 

 
Figure 16 Many thalamocortical axonal varicosities colocalize with vglut2. Many axonal varicosities (magenta) 
colocalize with vglut2 (green) throughout development, which will appear as white in the image. Several po ints of 
overlap are indicated by a white arrow, though many more points of colocalization can be observed in the images. 
Already at P3 many axonal varicosities colocalize with vlgut2, indicating that they are pre -synaptic structures. 
Furthermore, it appears that throughout development, the number of these pre-synaptic structures increases. 
Images are representative single optical sections from confocal images acquired with a 63x magnification.  

 

2.3.3 Spontaneous synchronous events in V1 increase in frequency during early 
postnatal development 

In addition to mapping changes in thalamocortical input to the primary visual cortex (V1) during early 

postnatal development, our lab also explored the activity pattern of V1 neurons throughout this same 

developmental time window. Two-photon calcium imaging detects rapid changes in intracellular free 

calcium caused by neuronal activity. The genetically encoded fluorescent calcium indicator GCaMP6f 

is a member of a family of ultra-sensitive and fast-responding protein calcium sensors and is shown to 

reliable detect single action potentials in the soma (Chen et al., 2013). Therefore, at present, two-

photon calcium imaging is considered a powerful method to monitor activity of multiple distinct 

neurons in vivo. Dr. Susanne Falkner performed two-photon calcium imaging in V1 of Cux2-

CreERTxGCaMP6f mice between the ages of P6 and P13. In these mice GCaMP6f is expressed in 

neurons expressing Cux2 (Cut like Homeobox2). Cux2 shows a layer-specific expression in the cortex 

and is enriched in layer 2/3 (L2/3) and to a lesser degree in layer 4 (L4) of sensory regions (see Allen 

in situ Atlas and Figure 17A). Therefore, it was possible to record both in L2/3 as well as in L4 of V1.  

At postnatal day 5 (P5), a cranial glass window was placed above the primary visual cortex together 

with a fixation screw (Figure 17A). After a recovery period, imaging sessions commenced at P6 and 

were repeated daily until P13, resulting in a developmental timeline of neuronal activity in the same 

population of neurons. Since we are interested primarily in activity changes caused by changes in 

thalamocortical input during development, we explored parameters of synchronous events in the 

visual cortex. These events are reported to be predominantly spontaneously generated in the 

periphery during the first week of postnatal development (Gribizis et al., 2019). A synchronous event, 
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or so-called spontaneous wave referring to the spatial-temporal characteristic of the event, was 

defined as a minimum of 5% of the cells within a field of views (FoV) being active within a time bin of 

0.165ms. For each FoV the average frequency of waves was calculated and plotted across time (Figure 

17B). Furthermore, for each timepoint the average fraction of neurons that were active in all wave 

events was calculated (Figure 17B).  

 
Figure 17 Two photon calcium imaging reveals that the number  of synchronous events increase 
throughout early postnatal development.  A) Two-photon calcium imaging was performed in Cux2-

CreERTxGCaMP6f mice. Cux2 is a widely used layer 2/3 (L2/3) marker gene and results in specific expression in L2/3 
and to lesser degree in L4 of the cortex as can be seen in the image. For this image, a Cux2 -CreERTxRpl22-HA line 
was stained with a NeuN-antibody, a neuronal nuclear antigen, to characterize the different cortical layers  and an 
antibody against the HA-tag to characterize Cre-expression in this mouse line. Indeed, HA was detected 
predominantly in L2/3 and to lesser degree in L4. At postnatal day 5 (P5) a cranial glass window was placed above 
V1 together with a fixation screw. After a short recovery period imaging started at P6 until P13. B) The number of 
waves per minute (waves/min) was defined as the number of synchronous events  (in which at least 5% of the neurons 
were active within a time bin of 0.165ms) recorded in each field of view (FoV) over a course of one minute. The 
frequency of spontaneous synchronous events increased steadily during early postnatal development up until the 
day before eye opening at P13. For every FoV and every synchronous event, the percentage of active cells that 
participated in each event was also calculated. The average fraction of active cells across all events, recorded in all 
FoVs, is depicted in the line graph. It peaks at P9 and decreases in the next days. C) The frequency data depicted in 
(B) is shown again in grey, encompassing all recorded FoVs located in L2/3 and L4 of V1. In green the data is shown 
for the FoVs located solely in 4 and shows a similar trend in increase in frequency.  
 
Synchronous events rarely occurred within the first postnatal week (see Figure 17). From P8 onwards, 

the wave frequency increased steadily resulting in an average occurrence of three waves per minute 

at P13. Relatively few neurons, 10 percent, participated in a synchronous event at the ages P6 to P8. 

This peaked at P9 to roughly 80% and dropped again a day later to 40%. At the day of eye opening the 

percentage of neurons participating in a wave event decreased to 20%.  

The data presented in Figure 17B is based on recordings of several FoVs per mouse spanning 150 to 

400µm depth, encompassing L2/3 as well as L4. Since the focus of this thesis is to understand the 

effect of thalamocortical activity on L4 V1 neurons, we were interested to see whether L4 neurons 

might show a different pattern in wave frequency increase throughout early postnatal development. 

To this end data from FoVs recorded in L4 were separately plotted (Figure 17C). Similarly, to the data 

of all FoVs combined, L4 data showed a steady increase in wave frequency starting at P8.   

 

2.3.4 The dendritic structure of L4 neurons of V1 undergoes major changes 
within the first week of postnatal development 

Thalamocortical activity is relayed to L4 pyramidal neurons through post-synaptic receptors located 

primarily on their dendrites. Given that dendritic morphology, along with the degree of axonal 

arborization, is an important factor that determines to which thalamocortical neurons L4 V1 neurons 

are connected and at which strength, we lastly set out to describe the process of L4 V1 dendritic 

morphological development.  
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While Cre-dependent lines enable scientists to zoom in on a subset of cells that are genetically defined 

as a specific cell population, the combination of a Cre-dependent line and a sparse labelling strategy 

enables the researcher to explore the morphology of a cell belonging to a specific cell population. One 

of the tools to sparsely label a subset of cells from a genetically-defined cell population, is the 

mononucleotide repeat frameshift type 3 (MORF3) mouse line (Veldman et al., 2020). In these mice, 

the expression of the genetically engineered V5 tag is depending on a rare and stochastic mutation 

that will transform the out-of-frame sequence into an in-frame sequence leading to expression. By 

combining the MORF3 mouse line with a Rorb-Cre mouse line, expression of the membrane-

associated V5 tag is limited to less than 5% of the Rorb+ neurons, which mainly consists of L4 pyramidal 

neurons. Since V5 is membrane-bound, the entirety of axonal and dendritic processes belonging to a 

sparsely labelled L4 neuron is visible with fluorescent microscopy after immunohistochemistry.  

In collaboration with Shirley Dixit, I explored the dendritic morphology of L4 neurons of the primary 

visual cortex (V1) at different ages during the first two weeks of postnatal development. Based on the 

data of the axonal ingrowth analysis and functional analysis of L4 neuronal activity, we defined the 

following timepoints of interest: 1) P5, when structural and functional thalamocortical (TC) 

innervation of V1 is minimal 2) P10, when structural TC innervation is almost completed, and finally 4) 

P15, the day after eye opening. Since the onset of vision is associated with a switch in cortical 

processing, we choose to include this last day to account for effects on morphology related to this 

event (Colonnese et al., 2010).  We later also decided to include P13, when TC ingrowth has plateaued 

and (spontaneous) wave frequency is at its peak, to represent the end state before eye opening. Data 

collection of P13 is still ongoing and is therefore not presented in this chapter.  

We sacrificed pups from the MORF3xRorb-IRES-Cre mouse line at these specified ages with the 

perfusion protocol described in the Methods and Materials. Forty-micron sections were cut with a 

cryostat and subsequently stained with anti-V5 to visualize the sparsely labelled L4 neurons and their 

morphology (for more details, see 4.4 Perfusion, cryostat sectioning and immunohistochemistry). 

Additionally, since Rorb expression is not solely limited to L4 but is also expressed in a subpopulation 

of L5 and L6 pyramidal neurons of the cortex, we also stained for Er81, a commonly used L5 marker 

to differentiate L4 neurons from adjacent Rorb+ L5 neurons.  

All L4 neurons were imaged at 60x magnification (1.30 NA) in the anterior region of the primary visual 

cortex with a spinning disk confocal microscope (see 4. Material and Methods for details). We choose 

to only image neurons that showed minimal overlap with other labelled neurons. This, to decrease 

the chance of wrongfully attributing intersecting dendrites of neighbouring cells to the neuron being 

traced. Furthermore, neurons that showed Er81 reactivity were excluded from further analyses (see 

Figure 18 for an example). Images were then stitched offline to acquire tiled images of the entire 

neuron which were used for tracing using the software Neurolucida 360. Given the section thickness 

of 40µm it was not uncommon to observe premature cut-offs of dendrites. Neurons that showed 

extensive cutting were therefore excluded from further analyses. Since the apical dendrite and its 

bifurcations were often cut, we decided to focus our analyses on the basal dendritic tree.  
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A visual evaluation of the traced neurons at different timepoints already reveals that the morphology 

of L4 neurons undergoes major changes during the first two weeks of postnatal development (Figure 

19). At P4, the dendritic tree surrounding the soma is small. In contrast, at P10, the dendritic tree 

seems to have expanded and is more complex, covering a larger volume surrounding the cell body 

with seemingly more bifurcations. At P15, this complexity seems to have decreased, as the dendritic 

branches seem to cover less space in comparison to P10. Notably, some heterogeneity can be 

observed between L4 neurons of the same age. 

Dendritic parameter analyses reveal that early postnatal development of L4 morphology is 

characterized by both pruning and growth events 

In order to objectively and quantitatively describe the morphological changes observed in the 

reconstructed neurons across early postnatal development, we extracted various parameters that are 

commonly used to describe the dendritic morphology using the software Neurolucida Explorer.  

Though not all developmental changes reached significance, several interesting trends are emerging 

when evaluating the results presented in Figure 20. First of all, both the average segment length (B) 

as well as the total dendrite length (C) increased significantly between P4 and P10 (see Figure 6, for 

definitions used in describing dendritic morphology). Between P10 and P15, the average segment 

length showed a tendency to further increase. Thus, there is a phase of overall dendrite expansion 

between P4 and P15.  

The examination of branch points suggested an increase between P4 and P10, followed by a decrease 

at P15, though this did not reach statistical significance in the current dataset. Thus, it appears that 

dendritic branching is more extensive at P10 and decreases around eye opening. Interestingly, this 

increase and subsequent decrease in dendritic complexity seems to be caused by a parallel trend of 

increase and decrease in the number of secondary and tertiary dendrites, as the number of primary 

dendrites does not seem to change during early postnatal development.  

  

Figure 18 Sparsely labelled pyramidal 
Rorb+ neurons in the anterior region of 
the primary visual cortex (V1). Example 

of two sparsely labelled Rorb+ pyramidal 
neurons in V1. The dendritic structure, 
cell body as well as the axon of two 
sparsely labelled neurons are visualized 
through V5-antibody staining (red). One 
of the neurons shows reactivity for Er81 
(green) and is thus a Layer 5 pyramidal 
neuron. This neuron is therefore 
excluded from further analysis. The 
second is Er81- and is therefore a Layer 4 
pyramidal neuron. Note that in this 
example the apical dendrite of the 
neuron is still intact, extending towards 
the pial surface. Since the dendritic 
structure of this neuron only shows 
minimal overlap with adjacent labelled 
neurons, this neuron surpasses the 
inclusion criteria for further analysis (i.e. 
dendritic tracing).  
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Figure 19 Morphological reconstruction of Layer 4 (L4) neurons of the primary visual cortex (V1) at postnatal day 4 (P4), P10 and P15 s uggest that the basal dendritic 
morphology undergoes major changes during early postnatal development.  Basal dendrites are depicted in grey, the apical dendrite in orange and the cell body in yellow. 

Note that despite the heterogeneity in dendritic morphology of neurons of the same age, several trends are emerging to descri be the development of basal dendritic morphology of 
L4 V1 neurons. At P4 the dendritic tree is small, encompassing only a small volume surrounding the cell body. At P10 dendrites have  extended and the dendritic tree has become 
more complex, with seemingly more bifurcations. At P15, the dendritic tree appears to be less complex compared to P10. Morphological tracings are based on stitched 60x (1.30 NA) 
images acquired with a spinning disk confocal microscope.  



 
   

 
Figure 20 Parametric analyses at different timepoints reveal that early postnatal development of the basal 
dendritic morphology of L4 V1 neurons is marked by both growth and pruning events.  avg = average, nr = 
number, * p<0.05, ** P<0.01, *** p<0.001. (A) table summarizing the origin of the data. (B-K) graphs depicting the 
values of different parameters that describe the dendritic morphology of L4 V1 neurons of the control at different 
ages during early postnatal development, at postnatal day 4 (P4), 10 (P10) and 15 (P15). Given the heterogeneity in  
morphology within conditions and the small dataset we choose to depict the median value instead of the mean. (B) 
the average (avg.) segment length as well as the total dendritic length of neurons within the same group (C) 
significantly increased between P4 and P10 (avg. segment length, one-way ANOVA with p<0.005 for P4-P10 and 
p=0.0001 for P4-P15 comparison, total dendrite length one-way ANOVA with p=0.0351 for P4-P10). While the total 
dendrite length did not appear to change between P10 and P15, a trend o f a small increase was apparent for the 
average segment length (one-way ANOVA, P10-15 p=0.1151 vs. P=0.6476 for total dendrite length P10-P15).  For the 
number of branch points, no significant results were reported. However, the trend emerges that there is slightly 
more branching at P10 compared to both P4 and P15. Since the number of primary dendrites appear to have 
overlapping distributions of variability, it can be hypothesized that the apparent increase and subsequent decrease 
in branching is attributed to the change in the number of secondary and tertiary dendrites, as these show a parallel 
trend (nr of secondary dendrites: Kruskal-Wallis test, P4-P10 p=0.3763, P10-P15 p=0.189, P4-P15 p>0.999, nr of 
tertiary dendrites: Kruskal-Wallis test with p=0.0827 for P4-P10, p=0.1235 for P10-P15 and P>0.999 for P4-P15). The 
branching index which is calculated by dividing the nr of branch points by the total dendrite length of the neuron, 
shows less variability and is therefore also able to capture the significant decrease between P4 and P10 (one-way 
ANOVA, p=0.0085) and P4 and P15 (p=0.0006) (P10-P15, p=0.1889). This decrease in branching index is driven by the 
relatively large increase in dendrite length (C). The Sholl radius (I) was significantly increased as well  between P4 and 
P10, implying that the reach of the neuron is increased (one-way ANOVA P4-P10 p=0.002, P10-P15 p=0.99. P4-P15 
p=0.0016). This is also reflected in the significant increase in convex volume drawn across the entire dendritic tree 
(J), as well as the trend of increase seen for the summed convex volume for individual dendrites (K) (Kruskas -Wallis 
test for (J), P4-P10 p=0.0548, P4-P15 p=0.0385 and P10-P15 p>0.999, and one-way ANOVA for (K), P4-P10 p=0.3185, 
P4-P15 p=0.1731 and P10-P15 p=0.9368). 
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The branching index (H) is a measure which is often used to describe the relation between the degree 

of branching relative to the dendritic length (Redmond et al., 2000) and is calculated by dividing the 

number of branch points by the total dendritic length of the neuron. The branching index parameter 

showed less variability in our dataset compared to the individual parameters as it counteracts the 

premature cut-off of some dendrites that are observed while sectioning. The branching index 

significantly decreased between P4, P10 and P15. This decrease in branching index occurs despite the 

increase in branch points that is observed between P4 and P10 and the subsequent decrease between 

P10 and P15. This is caused by the relatively large expansion in dendritic length that occurs during 

these developmental stages.  

Other methods to describe the complexity of dendritic morphology is to define the Sholl radius, the 

radius of the sphere that is encompassing the longest dendrite of the dendritic tree, and to calculate 

the dendritic volume. Both the Sholl radius (I) and convex volume (J) significantly increased between 

P4 and P15, of which the first increased the most between P4 and P10. This suggest that the so-called 

reach or connective zone of the neuron is increased during early postnatal development and stabilizes 

between P10 and P15.  

2.3.5 Conclusion 
Overall, the data presented in this chapter indicate that early V1 postnatal development is 

characterized by parallel changes in thalamocortical ingrowth, synchronous activity patterns and 

dendritic morphology. 

First of all, thalamocortical axon ingrowth is not yet complete at birth but continues until postnatal 

day 10 (P10), as is indicated by an increase in the axonal coverage in images acquired in layer 4 (L4). 

Though axonal coverage remains relatively constant up until eye opening at P14, a finer mesh of 

axonal arborizations seem to arise based on visual evaluation of the 63x magnification images. In 

addition, the number of axonal varicosities that colocalizes with the presynaptic marker vlgut2 appear 

to increase in parallel, which suggests that the number of presynaptic structures increases during early 

postnatal development.   

Though structural thalamocortical input to L4 is already present at P4, it appears that thalamocortical 

activity is rarely able to drive synchronous firing in V1 within the first postnatal week, as two-photon 

calcium imaging in L2/3 and L4 cells detected a low frequency of spontaneous synchronous events 

(once every five minutes). The occurrence of synchronous events in V1, which is most likely to 

originate from spontaneous activity from the periphery within the explored time window, increased 

up until eye opening. Interestingly, there was a sharp peak visible in the number of neurons that 

participated in a given synchronous event around P9, which steadily decreased until eye opening at 

P14.  

The dendritic structure of L4 neurons in V1 also undergoes major changes during early postnatal 

development. While the dendritic tree is only small at P4, encompassing a small volume in the cortex 

with only few branches, the dendritic tree significantly increases its complexity and reach as is 

indicated by an apparent increase in the number of bifurcations (i.e. branching points) and a significant 

increase in Sholl radius. Though the dendritic length tends to continue to increase between P10 and 

P15, complexity appears to decrease as the number of secondary and tertiary dendrites, and thus the 

number of branch points, decreases. The high heterogeneity of dendritic structures of pyramidal 

neurons, which was also previously reported for L2/3 pyramidal neurons in V1 by Richards and 

colleagues (2020), posed a challenge to capture these changes statistically. We are currently 

expanding the dataset to increase the statistical power to account for the high variability.  
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In conclusion, we can identify several ages as crucial timepoints in the development of 

thalamocortical-L4 interactions based on the results presented in this chapter: 

- P4, at which structural thalamocortical input to L4 is limited and functional input is absent 

- P9-P10, at which the number of thalamocortical axons/axonal arborizations have stabilized 

and at which synchronous firing events in V1 are characterized by a peak in neuronal 

participation ratio.  

- P13-P15, the days around eye-opening which are characterized by a peak in synchronous 

event frequency, an apparent restructuration of axonal arborizations and a decrease in 

dendritic branching complexity.  

Given that developmental changes in dendritic morphology occur in the same time window at which 

we see changes in structural and functional thalamocortical input, the question arises whether the 

morphological changes reported in L4 V1 neurons are directly influenced by this input.  

 
 
 
  



56 
 

2.4 The influence of spontaneous activity on the morphology of L4 neurons 
in V1 

 

Having identified crucial timepoints in the development of structural and functional thalamocortical 

input to layer 4 (L4) neurons, and having explored L4 morphological changes during early 

development, a next step is to assess the relationship between the two developmental processes. 

With the establishment of a surgical protocol for targeted viral injections in the dLGN of neonates, we 

can introduce molecular silencers of activity to markedly reduce activity from the periphery from an 

early age in transgenic MORF3-Rorb-IRES-Cre mice in which L4 neurons of the cortex are sparsely 

labelled by V5 expression. We therefore have the tools available to assess the influence of functional 

input from the dLGN on L4 morphology in V1. Since a neuron’s morphology is one of the factors that 

is determining the degree of circuit integration, these results will provide insight in if, and to what 

extent spontaneous activity from the periphery is instrumental for circuit integration during 

development.  

Several molecular silencers aimed to silence or decrease neuronal activity are available to date. Often 

used molecular silencers include the overexpression of the Kir2.1 channel, expression of Tetanus 

neurotoxin (TeNT), and expression of the inhibitory DREADD (Designer Receptors Exclusively activated 

by Designer Drugs) hM4Di, which is only active when an agonist, such as clozapine N-oxide (CNO) is 

bound. The use of each of these molecular silencers are characterized by several advantages and 

disadvantages depending on their underlying molecular mechanism. The overexpression of TeNT 

blocks synaptic vesicle release trough cleavage of synaptobrevin, one of the proteins that is essential 

for vesicle fusion (Sweeney et al., 1995). This prevents neurotransmitter release, but also blocks 

neuropeptide release, causing unwanted side effects. Furthermore, unpublished results from our lab 

by Dr. Ying Yin Lee have indicated that the expression of TeNT in vivo can cause gliosis. Overexpression 

of the Kir2.1 channel and DREADDs act both through increasing the firing threshold of a cell by 

decreasing the resting membrane potential through an increase of potassium efflux (Roth, 2016; 

White et al., 2011). As a result, firing is markedly decreased. The use of DREADDs in combination with 

CNO has the advantage over both Kir2.1 and TeNT, in that it provides temporal control of silencing 

effect. However, concern has been raised in recent years over unwanted side effects that are caused 

by the degradation products of CNO (Raper et al., 2017; Roth, 2016; Thorn et al., 2018). Among these 

degradation products, is clozapine, a commonly used antipsychotic drug. Even though promising new 

agonists have been developed recently, more research is needed to map the actions of these agonists 

and the side effects of their degradation products on the nervous system.  

While the different advantages and disadvantages attributed to the different molecular silencers of 

activity all need to be considered before choosing the optimal strategy for our experimental purpose, 

the most important prerequisite is that the applied silencing strategy does not interfere with 

thalamocortical axon development, as this will affect both the structural and functional 

thalamocortical input to L4 neurons. Since a previous study reported that Kir2.1 overexpression in 

olfactory sensory neurons led to a delay in axon ingrowth in the glomeruli (Yu et al., 2004), it is 

important to exclude gross effects on thalamocortical ingrowth in V1 when implementing any of the 

silencing strategies. I therefore performed a pilot experiment in which I explored the pattern of 

axons/axonal arborizations for all three molecular manipulators, visualized by the concomitant 

expression of the cell filler mCherry, at postnatal day (P) 9 after viral injection at P0.5. A visual 

comparison of axonal coverage with the CAG-tdTomato injected brain suggested that axonal ingrowth 

is largely unaffected for all three molecular silencers (data not shown).  
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Since the fluorophore mCherry has different spectral properties than the fluorophore tdTomato in the 

control condition, a direct and quantitative comparison of axonal coverage between conditions prove 

to be difficult. Furthermore, a delay in ingrowth could be apparent at an earlier timepoint and be 

corrected at P9, therefore a direct comparison of tdTomato expression at an early timepoint was 

warranted.  

Though the initial pilot experiment did not reveal marked differences in axonal ingrowth for all three 

molecular silencers compared to the control condition, we decided to move forward with Kir2.1 for 

the quantitative evaluation of axonal ingrowth, since we considered Kir2.1 as the most appealing 

candidate for several reasons. First, to silence activity, Kir2.1 channels do not require the 

administration of a ligand as is the case for hM4Di. Though it therefore does not allow for temporal 

control of activity, it does provide a practical advantage; there is neither need to expose the animal to 

repeated CNO injections nor to perform a functional analysis to establish the appropriate dose and 

related duration of the silencing effect. More importantly, Kir2.1 overexpression is a widely accepted 

molecular tool to silence activity and has previously been used and validated in neonatal mice to 

suppress activity (Mizuno et al., 2007; Moreno-Juan et al., 2017).  

2.4.1 Overexpression of the Kir2.1 channel does not significantly grossly impair 
structural thalamocortical input 

We compared thalamocortical axon ingrowth in V1 at P4 between animals that were injected at P0.5 

with the AAV9 virus carrying either the syn-tdTomato or the syn-kir2.1-2a-tdtomato construct. With 

the use of the 2A protein coexpression system, the expression level of the fluorescent protein 

tdTomato is linked to the expression level of Kir2.1. We choose to adopt the neuron-specific synapsin 

(syn) promoter instead of the previously used ubiquitous CAG promoter to minimize confounding 

factors created by Kir2.1 expression in other cell populations such as glia and astrocytes. Animals were 

sacrificed at P4 through transcardial perfusion and brains were processed as described previously in 

detail in the Material and Methods chapter. By staining with a red fluorescent protein (RFP) antibody, 

which shows reactivity to various red fluorescent proteins including tdTomato, thalamocortical axons 

were visualized in the primary visual cortex (V1).  

Visual evaluation of the higher magnification images (63x, 1.40 NA) did not reveal gross changes in 

thalamocortical axon ingrowth in layer 4 of V1 (Figure 21A and B). To objectively confirm this 

observation, we quantitatively assessed axonal ingrowth by using the same algorithm as is described 

in section Quantification of axonal ingrowth in L4 of V1 in chapter 2.2. This algorithm defines the area 

of axonal coverage, that is, the percentage of RFP+ pixels within a given image. The results of this 

analysis are shown in Figure 21D. Though the statistical test did not reach significance, it does appear 

that the expression of Kir2.1 results in a slight reduction of axonal coverage. However, five out of the 

eight datapoints in the syn-tdTomato group were obtained from injections in which a 10 times higher 

viral titer was used by mistake (1013 instead of 1012 GC/ml). Given the effect of viral titer on expression 

level, it is likely that the higher mean of axonal coverage for the syn-tdTomato group was driven by 

these injections. Indeed, 4 out of the 5 datapoints in which the higher titer was used had a relatively 

high axonal coverage of 8%. This was also higher than the mean axonal coverage at P4 for CAG-

tdTomato injected brains of 5.6%, (presented in Figure 15). Based on these considerations we 

therefore concluded that overexpression of Kir2.1 in the dLGN does not lead to major defects in 

thalamocortical axon ingrowth into V1 at P4. While defects on a smaller scale cannot be excluded, 

such as differences in axonal branching or in synaptogenesis, we believe that the exclusion of gross 

structural changes is sufficient to differentiate the functional effects of thalamocortical input on 

morphological development of L4 V1 neurons from the influence of structural input.   
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Figure 21 Kir2.1 expression in the dLGN does not significantly alter thalamocortical ingrowth in the 
primary visual cortex (V1) at postnatal day 4 (P4) We compared red fluorescent protein (RFP) expression levels 
in layer 4 (L4) of V1 at P4 between animals that were injected with either AAV9 syn-tdTomato (3.6*1012 GC/ml and 
2.0*1013 GC/ml) (A) or AAV9 syn-Kir2.1-2A-tdTomato (3.0*1012 GC/ml) ((B) by defining the axonal coverage (D), that 
is, the percentage of RFP+ pixels (px) in a given image. Injection site (IS) was visually evaluated across multiple 
sections on the anterior-posterior axis. Only injections that did show sufficient tdTomato expression across  the entire 
dorsal lateral geniculate nucleus (dLGN) were included in the analysis (top right of A and B). Visual evaluation of the 
data did not reveal gross changes in thalamocortical ingrowth on the 10x (0.45 NA) overview pictures of V1 (left of 
A and B) nor on the 63x magnification (1.40 NA) images (bottom right A & B). The quantification presented in (D) 
confirms this observation, though there is a trend visible of a small reduction in expression level in the syn-Kir2.1-
2A-tdTomato (syn K tdT) group (t-test, p=0.0739). This higher mean axonal coverage for the syn-tdTomato (syn-tdT) 
group could be explained by the higher viral titer used for most of these injections (10 13 instead of 1012 GC/ml). We 
therefore believe that the gross thalamocortical ingrowth in L4 of V1 is intact for dLGN neurons expressing Kir2.1.  

 

2.4.2 Visual evaluation of the preliminary results does not reveal gross differences 
in L4 dendritic morphology upon silencing thalamocortical activity  

After establishing that Kir2.1 expression does not grossly impact structural thalamocortical input, we 

set out to study the influence of thalamocortical input on morphological development of L4 pyramidal 

neurons in V1. Since several interesting differences in morphology between P10 and P15 were 

reported in the previous chapter 2.3.4, we decided to evaluate morphological differences between 

experimental conditions on the day of eye opening at P13 to capture the influence of predominantly 

spontaneous thalamocortical activity. To this end, we injected MORF3xRorb-IRES-Cre P0 pups from 

the control group with the AAV9 syn-tdTomato virus, and pups from the experimental group with the 

AAV9 syn-Kir2.1-2a-tdTomato virus. Animals were sacrificed at P13 through transcardial perfusion as 

described in detail in the Material and Methods section. Sections were stained with an antibody 

reactive to V5 to visualize the morphology of Rorb+ neurons and with an Er81 antibody, a L5 and L6 

pyramidal cell marker. Based on Er81 reactivity, we could distinguish Rorb+ L4 neurons from Rorb+ L5 

and L6 neurons. Only L4 neurons that showed minimal overlap with other labelled neurons located in 

the anterior region of V1 were imaged as previously described in chapter 2.3.4 to facilitate accurate 

morphological tracing. Again, neurons in which multiple primary dendrites were cut by sectioning 

were excluded from the analyses. The compressed stitched 60x (1.30 NA) images were used for 

anatomical tracing in Neurolucida 360. A reconstruction of the traced neurons for both the control 

group (A) and the experimental group (B) are presented in Figure 22.  

As can be seen in Figure 22 the dendritic structure of L4 V1 neurons within the same group 

demonstrates already a substantial degree of variability. Gross changes in basal dendritic morphology 

as were reported for L4 stellate cells in the somatosensory cortex (Mizuno et al., 2007; Nakazawa et 

tdTomatosyn  ir2.1 2asyn tdTomato
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al., 2018), are not apparent in neurons in which thalamocortical activity was silenced by Kir2.1 

expression. Nevertheless, some dendrites appear to be more extended in animals injected with the 

syn-Kir2.1-2a-tdTomato virus compared to dendrites of the control condition in our preliminary 

dataset. Furthermore, dendrites from neurons of the experimental group appear to have a higher 

degree of branching. However, it must be noted that the small dataset in combination with the high 

degree of variability poses a challenge to capture these subtle changes in dendritic morphology 

between conditions.  

 

Figure 22 Morphological reconstruction of layer 4 (L4) neurons of the primary visual cortex (V1) at P13 
show subtle changes upon silencing of thalamocortical activity. Reconstructed neurons of animals injected 

with the control AAV9 syn-tdTomato virus (3.6*1012 GC/ml) (A) and AAV9 syn-Kir2.1-2A-tdTomato virus (3.0*1012 
GC/ml) (B). The apical dendrite, which is often cut, is depicted in orange, the basal dendrites are depicted in grey. 
Neurons in the experimental condition seem to branch more. Furthermore, some individual dendrites seem to extend 
over a longer area, while this cannot be observed in the control condition. Morphological tracings are based on 
stitched 60x (1.30 NA) images acquired with a spinning disk confocal microscope.  

 

2.4.3 Preliminary dendritic parameter analyses suggest that L4 morphology is 
subtly affected by silencing thalamocortical input  

Given the relatively large heterogeneity in L4 morphology and the small dataset of n=3, it is hard to 

capture changes in dendritic morphology associated with silencing thalamocortical activity. We 

therefore described the basal dendritic morphology for both conditions by exploring the same 

dendritic parameters as were used in the previous chapter to capture subtle differences in 

morphological characteristics. Though several trends emerge when evaluating the data presented in 

the graphs of Figure 23, caution must be taken when interpreting these results considering the small 

sample size. Further rigorous testing is required to verify the observations and hypotheses described 

below. 

As can be seen in Figure 23, secondary dendrites appear to branch more in the experimental condition 

compared to the control condition, as the number of tertiary dendrites (G) appeared to be higher. This 

is the probable cause of the apparent increase in the number of branch points (D), which supports the  
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Figure 23 Parametric analyses of basal dendritic morphology of L4 V1 neurons at P13 of animals injected 
with either AAV9 syn-tdTomato (syn tdT) or syn-Kir2.1-2A-tdtomato (syn K tdT)  viral titer: syn tdT 3.6*1012 
GC/ml, syn K tdT 3.0*1012 GC/ml  (A) table summarizing the origin of the data. Nr = number. (B-K) depicting the 
values of different parameters that describe the dendritic morphology of L4 V1 neurons of the control (syn tdT) and 
experimental condition (syn K tdT). Given the heterogeneity in morphology within  conditions and the small dataset 
we choose to depict the median value instead of the mean. (B) the average (avg.) segment length as well as the total 
dendritic length of neurons within the same group (C) appeared to be higher in the experimental condition  (unpaired 
t-test, p=0.2715 and p=0.3021). In animals injected with syn K tdT, the basal dendrites tended to show more branch 
points (D) which is likely attributed to an increase in the number of tertiary (G) dendrites as the number of primary 
(E) and secondary (F) dendrites did not change (Mann-Whitney test, p =0.200 for (D), p=>0.999 (F), unpaired t -test 
with p=0.6667 (G) and 0.7149 (E)) . The branching index (H) showed a slight increase in median in the experimental 
condition (unpaired t-test, p=0.8289). The Sholl radius (I) was significantly increased as well (unpaired t -test, 
p=0.0291), implying that the reach of the neuron is increased. This is also reflected in the apparent increase in convex 
volume for the total dendritic arbor (J), as well as the summed convex tree volume (K) (unpaired t-test, p=0.2928 
and Mann-Whitney test, p=0.700).   

visual observation made in the previous section. In addition, the segment length averaged per neuron 

(B) as well as the length of the entire basal dendritic tree (C) tends to be higher in animals injected 

with syn-Kir2.1-2a-tdTomato (syn K tdT). Therefore, it seems that not only there are more branches 
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at P13 when silencing thalamocortical functional input, but also that these tend to be longer. The 

branching index, a parameter that can be used to capture the complexity of the dendritic tree by 

dividing the number of branching points per neuron (D) by the total dendritic length (C), also reflect 

this trend; neurons of the experimental group appear to have a higher branching index (H). Taken 

together, these results suggest that the basal dendritic complexity is increased when thalamocortical 

activity is markedly reduced.  

Furthermore, the significant increase in the Sholl radius (I) and the apparent increase in convex 

volume, in respect to both the total basal dendritic tree (J) and the individual dendrites (K), imply that 

the reach of L4 neurons is increased in absence of thalamocortical functional input. This suggests that 

the connective zone, a term posed by Sholl to describe the region in which synapse formation is 

possible, is enlarged when spontaneous activity from the periphery and dLGN is silenced.  

2.4.4 Conclusion 
Despite the requirement of dataset expansion, we believe that the data presented above raise some 

interesting hypotheses about the influence of thalamocortical input on dendritic morphology of L4 V1 

neurons during early postnatal development. First of all, the observation that silencing 

thalamocortical activity tends to increase branching, specifically tertiary branching, and increase 

dendrite length and dendritic reach, suggest that the overall dendritic complexity is increased. 

Considering the role attributed to activity-dependent genetic programs in dendritic pruning, the 

hypothesis is raised that the observed increase in dendritic complexity is caused by a decrease in 

pruning in absence of spontaneous thalamocortical activity. Alternatively, the results could also be 

explained by a higher turnover of dendritic branching with an imbalance towards the growth of new 

branches.  

Overall, the preliminary data presented in this chapter cautiously suggest that thalamocortical input 

may regulate the dendritic morphological development of L4 pyramidal neurons in V1 through either 

transcriptional programs or local signalling regulation. Since we did not find a difference in the gross 

thalamocortical structural input upon the expression of Kir2.1 in neurons of the dorsal lateral 

geniculate nucleus, we believe that the absence of synaptic transmission from the dLGN and periphery 

is responsible for the observed changes in dendritic morphology. Nevertheless, rigorous testing is 

required to statistically support the observations on dendritic morphological changes made in this 

chapter. These experiments are currently ongoing.  
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3. Discussion 
 

Intricate neuronal circuits are at the base of several vital functions and complex behaviours. The 

correct functioning of these networks relies foremost on the precise formation of these circuits during 

development. However, much remains to be understood about the mechanisms underlying normal 

brain development, knowledge that is essential for studying neurodevelopmental disorders such as 

autism. The current thesis set out to provide insight into one of the open questions, by studying how 

spontaneous activity from the periphery impacts the dendritic morphology of layer 4 (L4) pyramidal 

neurons of the primary visual cortex (V1) during the first two weeks of postnatal development. First, 

I described the normal developmental timeline of axonal ingrowth from the dorsal Lateral Geniculate 

Nucleus (dLGN) into L4 of V1 to understand when structural thalamocortical input matures. 

Furthermore, two-photon calcium imaging data acquired by Dr. Susanne Falkner provided information 

on how functional thalamocortical input evolves during early postnatal development. Since the eye 

lids of mice remain closed until postnatal day 14 (P14), activity recorded in V1 is largely driven by 

spontaneous activity from the periphery. In addition, we explored how the basal dendritic tree of L4 

neurons is shaped during early postnatal development by tracing sparsely labelled neurons in the 

MORF3xRorb-IRES-cre mouse line at distinct ages. These analyses provide a valuable description of 

each of these developmental processes and reveal that early postnatal development is characterized 

by parallel changes in thalamocortical axon ingrowth, synchronous activity in V1 and basal dendritic 

structure. Finally, we aimed to explore the relation between two of these developmental processes. 

By silencing the dLGN through a pioneering surgical protocol for precise viral stereotactic injections 

targeted to the dLGN in P0 pups, we could study the impact of spontaneous activity from the periphery 

on the dendritic development of L4 V1 neurons. Though these experiments are still ongoing to 

strengthen our observations, preliminary results indicate that spontaneous thalamocortical activity 

might be instructive for dendritic development of pyramidal neurons in L4 of V1.  

3.1 Early postnatal development is characterized by parallel changes in 
thalamocortical axon ingrowth, synchronous activity patterns, and 
dendritic morphology 

 

Previous studies exploring thalamocortical axon ingrowth have been conducted in a variety of species 

looking at innervation patterns of the cortex in general. Furthermore, these studies did not explore 

whether developing axonal arbors possessed synaptic structures. A comprehensive overview of the 

dynamics of thalamocortical ingrowth in a specific region, such as L4 of V1, was therefore lacking. The 

current work closes this knowledge gap by providing information on the precise timing of 

thalamocortical axon ingrowth in L4 of V1 and exploring the presence of presynaptic vesicles during 

early postnatal development. To this end, we introduced the expression of the fluorescent protein 

tdTomato in dLGN neurons through targeted viral stereotactic injections following a novel surgical 

protocol. Our data reveals that thalamocortical axon ingrowth is not yet complete at birth. Instead, 

the number of axons/axonal arborizations increases in L4 of V1 until postnatal P10 after which axonal 

coverage (i.e., the percentage of RFP+ pixels) remains stable. Though axonal coverage remains 

relatively constant up until eye opening at P14, a finer mesh of axonal arborizations seems to arise 

based on visual evaluation of the images acquired in L4 of V1, indicating that a restructuration of the 

existing axonal arbors is taking place within this time period. Furthermore, though we did not 

quantitatively test this, the number of axonal varicosities that colocalized with the presynaptic marker 
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vlgut2 appears to increase in parallel with axonal ingrowth, which suggests that the number of 

presynaptic structures increases during early postnatal development.  

Interestingly, while previous studies have indicated that the majority of thalamocortical axons have 

grown out of the subplate and innervated the cortical plate at birth (Auladell et al., 2000; Del Rio et 

al., 2000; Deng and Elberger, 2003), our results indicate that the innervation of the target layer L4 

requires several days to be completed. Whether more thalamocortical axons accumulate in the 

subplate and extend in the cortical plate after birth, or whether some of the axons already grown into 

the cortical plate are slowed down on their way to the appropriate layer, remains to be investigated. 

Another interesting observation is that the total axonal coverage in L4 remains stable after P10, 

indicating that pruning of axonal arborizations on a macroscopic scale appears to be absent, an event 

that is reported to be essential in strengthening correct connections and eliminating aberrant ones 

during development (Oşan et al., 2011). Yet, the lack of reduction in net axonal coverage reported in 

the present study does not necessarily argue against pruning of individual axonal arbors. Indeed, the 

growth of new axonal branches or the extension of existing branches could counteract the loss created 

by pruning events. Since we only assessed thalamocortical axon ingrowth as a whole, we cannot 

address this question.  

Despite growing interest in understanding how spontaneous wave activity generated in the periphery 

affect visual circuitry, little attention has gone to map the spatial-temporal characteristics of these 

spontaneous waves in areas downstream of the retina, such as V1. Longitudinal two-photon calcium 

imaging in V1 performed by our lab provide a first detailed description of the characteristics of 

synchronous firing events in V1 during early postnatal development. These synchronous events likely 

originate from spontaneous activity in the periphery, including retinal waves, and from spontaneous 

wave activity generated in the thalamus. Synchronous events were rare within the first postnatal week 

of development, with one wave occurring every five minutes. The wave frequency increased steadily 

from P8 until the day before eye opening at P13 to two waves per minute. Interestingly, there was a 

sharp peak visible in the number of neurons participating in a synchronous event at P9 to 80% followed 

by a quick drop to 40% at P10. The increase in wave frequency in the second postnatal week of 

development reported by my colleague Dr. Susanne Falkner, coincides with the transition from the 

cholinergic stage II retinal waves to glutamatergic stage III waves. Recordings in the retina have shown 

that the wave frequency of the latter is higher relative to the earlier stage II waves, which probably 

translates in the higher wave frequency recorded in the cortex at the end of the second postnatal 

week. Interestingly, a recent study by Gribizis and colleagues (2019) performing simultaneous wide-

field imaging of wave activity in the thalamocortical axons and visual cortex, reported that the capacity 

of thalamocortical axons to drive wave events in V1 decreased during development; glutamatergic 

waves were less often able to elicit V1 synchronous firing events compared to cholinergic waves. 

However, it is unknown whether the loss of peripheral drive led to a decrease in wave frequency in 

their experimental paradigm, as these results were not reported. Though at first sight the two-photon 

data described in this thesis seem to contradict the findings reported by Gribizis and colleagues (2019), 

an increase in wave frequency elicited by spontaneous activity from the periphery could occur at the 

same time as the cortex gains independence from peripheral drive, if the retinal wave frequency 

substantially increases at the same time.  

Alternatively, the increase in wave frequency could also be explained by the occurrence of 

synchronous events elicited by an alternative origin, such as the cortex, during the end of the second 

postnatal week. This is, however, unlikely as the evidence available to date indicates that synchronous 

activity in V1 before eye opening is mainly attributed to thalamocortical input (F. Siegel et al., 2012). 

Nevertheless, since the data presented in this thesis cannot exclude this possibility and the study of 
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Gribizis and colleagues (2019) did not report data on wave frequency, it remains an open question 

how wave activity in V1 increases before eye opening while the visual cortex simultaneously is driven 

less by peripheral input.  

While dendritic morphology is a determinant factor for a neuron’s function, much remains to be 

understood on how the dendritic tree is formed and reshaped during development (Richards et al., 

2020). Specifically, no study to date reports on the dendritic development of L4 neurons of V1 in early 

postnatal development. In collaboration with Shirley Dixit, I explored the dendritic morphology of 

sparsely labelled L4 neurons of V1 at different ages during the first two weeks of postnatal 

development in the MORF3xRorb-IRES-Cre mouse. Due to the large heterogeneity in dendritic 

morphology, not all observed differences reached significance in the current dataset. We are currently 

adding more replicates to account for this effect. Nevertheless, several trends did emerge when 

evaluating the presented data, indicating that the basal dendritic morphology of pyramidal L4 neurons 

undergoes major changes during early postnatal development. The significant increase in dendrite 

length as well as the significant increase in Sholl radius and convex volume between P4 and P10, 

suggest that the so-called reach of a neuron and thus the functional connectivity capacity of a neuron 

increases during early postnatal development. Furthermore, the number of branch points as well as 

the number of secondary and tertiary dendrites increased between P4 and P10, indicating that the 

complexity of the dendritic structure increases. Interestingly, these dendritic parameters showed a 

tendency to decrease between P10 and P15, suggesting that part of the dendritic complexity 

previously gained is subsequently lost by the loss of secondary and tertiary dendrites. This raises the 

hypothesis that the loss in dendritic complexity is caused by the pruning of aberrant secondary and 

tertiary branches. However, since we did not perform longitudinal live imaging of the same neurons 

over development, it is possible that all dendritic trees visible at P15 are newly formed and that the 

changes observed in dendritic parameters are caused by a change in turnover rate rather than by the 

stabilization of existing dendritic segments and the pruning of erroneous segments. Structural two-

photon imaging in the somatosensory barrel cortex, provide evidence for the latter; L4 stellate cells 

located at the edge of a barrel eliminate their erroneous dendritic projections extending outwards of 

the barrel, while strengthening and elaborating the existing dendrites located in the centre of the 

barrel cortex during development (Nakazawa et al., 2018).  

Another interesting observation is that the number of primary dendrites did not change during early 

postnatal development. This coincides with findings by Richards and colleagues (2020), which 

reported that the number of primary arbors in pyramidal L2/3 neurons in V1 remained stable between 

P7 and P21. These results therefore suggest that the number of primary dendrites is defined early in 

development. Our findings indicate that, for L4 pyramidal neurons in V1, the number of primary 

dendrites might already be established before P4 and is therefore not likely to be affected by both 

structural and functional thalamocortical input.  

3.2 Functional thalamocortical input is likely to affect dendritic development 
of L4 neurons in V1  

 
The above-described developmental processes in thalamocortical axon ingrowth, dendrite 

arborization and maturation of activity patterns are not segregated processes that happen to occur 

within the same time window but rather are closely intertwined. While the relation between 

spontaneous activity from the periphery and dendritic morphology was studied in the barrel cortex, 

the question how functional thalamocortical input affects dendritic development of cortical neurons 

in the visual system remained previously unanswered. Our results provide some insight in this 
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relationship. Using the novel stereotactic protocol for viral injections in the neonate mouse, we 

introduced the expression of the molecular silencer Kir2.1 as well as the fluorescent protein tdTomato 

in MORF3-Rorb-IRES-cre pups, to both markedly reduce activity in the dLGN as well as to visualize 

thalamocortical axons. Animals from the control group were injected with a virus matching in 

serotype, promoter and viral titer, to introduce the expression of merely the fluorescent protein. 

Though we did not yet perform experiments to functionally verify the silencing effect upon Kir2.1 

expression, there is a precedent of several studies demonstrating a successful activity reduction upon 

Kir2.1 expression in the neonate brain (Mizuno et al., 2007; Moreno-Juan et al., 2017).   

After establishing that Kir2.1 expression in the dLGN did not grossly impact structural thalamocortical 

input, we explored differences in basal dendritic morphology between the experimental and control 

group at P13. Though the group size is too small to draw definite conclusions, interesting observations 

can be made based on the parametric analyses of the basal dendritic morphology. First, silencing 

thalamocortical activity seemed to be associated with a higher dendritic length as well as an increased 

number of branching points. The increase in branching is likely attributed to the addition of more 

tertiary dendrites, as the number of tertiary dendrites increased when thalamocortical activity was 

silenced by Kir2.1 expression. The number of primary dendrites was not affected by silencing 

thalamocortical activity, further strengthening the hypothesis that the number of primary dendrites 

is genetically defined early in development and that this is not affected by functional input from the 

periphery. Furthermore, neurons in the experimental group had a significantly higher Sholl radius and 

an apparent larger convex volume, parameters that indicate that the reach or the so-called connective 

zone of a L4 pyramidal neuron is increased upon silencing thalamocortical activity. Overall, the trend 

emerges that silencing thalamocortical activity leads to an increased level of dendritic complexity.  

The apparent increase in dendritic length and Sholl radius observed for the Kir2.1 group could be 

explained by a distortion in structural thalamocortical axon ingrowth in V1. For instance, larger 

thalamocortical axon termination zones have been reported in the β2-/- mouse (Chandrasekaran, 

2005; McLaughlin et al., 2003; Mrsic-Flogel, 2005). While we excluded gross changes in structural 

thalamocortical input by evaluating the net axonal coverage in L4 of V1, we cannot exclude that axonal 

branching is affected on an individual level. If thalamocortical axons indeed have larger termination 

zones, signalling molecules excreted by the axon could direct the growth of dendrites of the target 

neurons towards the extended axonal arborizations, resulting in an increased length and reach of the 

basal dendrites of L4 neurons in V1, as is observed in the present study. However, since we did not 

find a significant difference in net axonal coverage between experimental conditions, the extent of 

axonal branching for larger axonal termination zones have to be decreased. If the aberrant structural 

input would direct dendritic restructuration in L4 pyramidal neurons, a decrease in dendritic branching 

is likely to occur to match the decrease in axonal branching. Our data indicate that actually the 

opposite, an increase in dendritic branching, is happening. We therefore believe that the absence of 

mainly functional thalamocortical input, and not a change in structural input, is responsible for the 

changes in dendritic morphology associated with Kir2.1 expression.  

Considering the role attributed to activity-dependent genetic programs in dendritic pruning, we 

hypothesize that the apparent increase in dendritic complexity is caused by a decrease in pruning 

events in absence of spontaneous thalamocortical input. An alternative explanation is that all dendritic 

trees in neurons in the Kir2.1 condition are newly formed, and that the observed increase in dendritic 

complexity is caused by an increase in turnover rate favouring the outgrowth of new dendrites. 

Structural two-photon imaging of L4 stellate cells in the barrel cortex suggest that the first scenario is 

more likely to occur, as they report a lower dendritic turnover rate in stellate cells in animals in which 

the infraorbital nerve was cut (Nakazawa et al., 2018). However, future longitudinal structural imaging 
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of sparsely labelled L4 pyramidal V1 neurons have to performed to test our hypothesis. These 

experiments, however, have been technically challenging to conduct. First of all, no reliable 

fluorescent sparse labelling strategy exists today that is suited for live imaging of a genetically specified 

subpopulation of neurons. Available sparse labelling strategies are largely based on leaky expression 

systems and often exhibit low intracellular fluorophore concentrations. Our lab recently made 

advances in introducing the expression of a fluorescent protein in a genetically defined subpopulation 

in a sparse way to allow for structural two-photon imaging. The second challenge is that the Cre/loxP 

expression system is already in use to sparsely label target neurons in the cortex, and thereby 

unavailable to allow for the expression of molecular silencers in a specific region. Furthermore, the 

two viral strategies available to introduce transgene expression in the neonate mouse are 

characterized by limited spatial control of transgene expression. Though previous studies resorted to 

rigorous methods to silence activity from the periphery, for instance by enucleation, these gross 

manipulations often challenged the interpretation of the results. The novel surgical protocol for 

targeted stereotactic injections in the neonate mouse described in this thesis finally provides a tool 

that achieves precise transgene expression in the neonate brain, thereby providing a solution to the 

second of these technical challenges.  

3.3 The newly established surgical protocol for targeted viral injections in the 
neonate mouse opens up new strategies to study previously unanswered 
questions 

 

We developed a reproducible and reliable surgical protocol for viral injections in P0 mice to specifically 

target the dLGN, while keeping transgene expression in surrounding thalamic nuclei to a minimum. A 

high transgene expression level of the fluorescent protein tdTomato was already visible as early as P3, 

making it possible to visualize thalamocortical axons in the visual cortex. For injections in the dLGN, 

serotype AAV9 was the most efficient in transducing dLGN neurons. Importantly, a viral titer of at least 

1012 GC/mL yielded the best outcome.   

The described protocol excels in spatial control of transgene expression, among the two existing 

protocols for viral injections in the neonate, namely ventricle injections and transverse sinus injections 

as these will lead to whole-brain viral delivery (Hamodi et al., 2020; Kim et al., 2013). By injecting a 

small volume of 8nl over a prolonged period (10 minutes), spatial control of expression can be 

achieved for small brain regions such as the dLGN at P0. Though the success of hitting a small region 

is dependent on a few variables that are challenging to control, such as the placement of the head in 

the stereotactic frame, subsequent practice resulted in a reliable success ratio of 50-70%. More 

importantly, the success ratio did not depend on the experimenter performing the surgeries as the 

protocol was also successfully executed by others after being taught. While we currently targeted the 

dLGN, the surgical protocol can easily be adapted to target other brain regions by adjusting 

stereotactic injection coordinates.  

A big advantage of the newly developed surgical protocol is that spatial precision of transgene 

expression does not depend on the Cre/loxP expression system, leaving the option open to use this 

system for other applications. This makes it possible to study previously unanswered questions, one 

of which we addressed in the current thesis. Importantly, the injection protocol can be used to 

introduce the transgene expression of various proteins, including the expression of fluorescent 

proteins and molecular manipulators of activity. Furthermore, we have shown that the innate 

fluorescent protein expression is sufficient to allow for cleared brain light sheet imaging and structural 

two-photon imaging at an early age. By introducing a fluorescent calcium indicator in the target 
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neurons through the Cre/loxP expression system, simultaneous two-photon calcium imaging can also 

be performed. This is only one example of the endless methodological strategies now available.  

3.4 Future directions 
 
Several interesting hypotheses can be formulated when interpreting the results on structural 

thalamocortical axon ingrowth, dendritic development and functional activity in V1 during early 

development in relation to each other. One of these, the question if thalamocortical activity influences 

dendritic development of L4 V1 neurons was directly tested in the present thesis, but several open 

questions remain to be explored.  

For instance, an interesting observation can be made when evaluating the description of synchronous 

activity patterns in V1 in parallel to the dendritic development of L4 V1 neurons. Interestingly, the 

peak dendritic complexity of L4 neurons observed at P10 coincides with the peak in the number of 

neurons that participate in a synchronous event. Given that the increase in reach and dendritic 

branching increases the capacity of the neuron to connect with neighbouring neurons, it is tempting 

to think that a transient circuitry connecting neighbouring L4 neurons around this age, is responsible 

for the observed increase in correlated firing of L4 neurons. These transient connections would then 

presumably be eliminated by subsequent pruning leading to a decrease in participation ratio. Evidence 

for the existence of transient L4 circuitry during development, comes from a recent study by De Léon 

Reyes and colleagues (2019). This study demonstrated that L4 pyramidal neurons send transient 

callosal projections during early development, which are eliminated in a matter of days. Interestingly, 

the pruning of these transient connections also seemed to depend on thalamocortical input as 

bilateral whisker cauterization resulted in a significant increase in the number of callosal projecting 

neurons in adulthood. Furthermore, previous studies exploring dendritic dynamics by longitudinal 

imaging revealed that the extension and elimination of dendritic processes can occur rapidly (Mizuno 

et al., 2007; Nakazawa et al., 2018).  

It is also important to note that the studied developmental processes in the present thesis are not the 

only factors at play. For instance, the formation of the cortico-thalamic feedback loop, the maturation 

of the inhibitory circuitry in the cortex and general developmental processes such as myelination, are 

all taking place within the first two weeks of postnatal development and are likely to affect other 

developmental processes, including the ones studied in this thesis. However, since it is impossible to 

study the relation between all these developmental processes at once, focusing on the relation 

between few of these developmental processes, is the only way to shed light on how the brain is 

shaped during development.  

3.5 Concluding remarks 
 

Taken together, the data presented in this thesis provide a valuable description of the development 

of structural thalamocortical ingrowth, functional thalamocortical input and of L4 pyramidal dendritic 

restructuration in V1 during early postnatal development. Furthermore, many interesting hypotheses 

on the relation between the described developmental processes can be formulated. The extensive 

description of the developmental processes that are essential for the establishment of the 

thalamocortical circuitry and connectivity capacity of L4 V1 neurons presented in this thesis provide a 

good starting point to study these questions. Furthermore, the novel method for spatially localized 

and precise viral injections in the neonate brain will provide a valuable tool for testing these 

hypotheses in future experiments.  
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In addition, while experiments are still ongoing to corroborate our findings, the data presented in this 

thesis suggest that functional thalamocortical activity might be instructive for the dendritic 

development of pyramidal L4 neurons in V1. A major open question, however, is how spontaneous 

activity from the periphery and its specific spatial-temporal characteristics interact with gene 

expression to steer molecular developmental programs underlying the observed changes in dendritic 

morphology.  
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4. Material and Methods 

 

4.1 Mice and animal experimentation 
All animal experiments were approved by the Cantonal Veterinary Office of Basel-Stadt and executed 

according to Swiss laws. C57BL/6JRj pups (Janvier labs) were both used to assess thalamocortical axon 

ingrowth and for the pilot experiment exploring the transduction efficiency of various AAV capsid 

types and promoters. For these experiments, we either ordered a pregnant female directly from 

Janvier or bred litters inhouse.  

We kindly received two males of the MORF3 mouse line from prof. William Yang (UCLA). The sperm 

of these animals were used for in-vitro fertilization of C57BL/6J females after which the offspring was 

bred for multiple generations to establish the MORF3 mouse line in a C57BL/6J background. The 

MORF3xRorb-IRES-Cre transgenic line was generated inhouse by crossing heterozygous MORF3 

animals with heterozygous Rorb-IRES-Cre mice (Jackson Laboratory, strain #023526). The offspring 

was bred for at least one generation to establish the colony. Since homozygous Rorb females 

demonstrated decreased fertility, only animals that were heterozygous for Rorb were used for 

breeding. All MORF3xRorb-IRES-Cre pups used for our experiments were heterozygous for both Rorb 

and MORF3.  

4.2  Viral and plasmid vectors 
The following plasmids were acquired through Addgene: pAAV-EF1a-tdTomato-WPRE-pGHpA 

(#67527), pCAG-Kir2.1-T2A-tdTomato (#60598), and pGEMTEZ-TeTxLC (#32640). We received the 

pCAG-hM4D-2A-tdTomato as a gift from the Ghosh lab. The coding sequence of the respective 

molecular manipulators was fused to a T2A (2a) and tdTomato sequence and placed in an adenoviral 

backbone under the control of the human Synapsin 1 (syn) promoter.  

The CAG-tdTomato, syn-tdTomato and CAG-eGFP plasmids from our own plasmid collection were 

used for respectively the thalamocortical axon ingrowth study and the pilot study testing the 

transduction efficiency of various promoters and capsid types. The latter plasmid, CAG-GFP was 

therefore packaged in the AAV1, AAV8 and AAV9 serotype. All other virus preparations were made 

using the AAV9 serotype. Viruses were produced inhouse and stored at -80℃. The viral titer was 

determined through qPCR. For stereotactic injections, all viral preparations with a titer below 1011 

GC/mL were discarded. Viruses used for stereotactic injections were stored up to three days at 4℃ for 

future use.  

4.3 Stereotactic injections 
For the initial pilot experiment testing which AAV serotype is best suited for transduction of dLGN 

neurons, we injected three different capsid types carrying GFP under the control of promoter CAG: 

AAV serotypes 1 (viral titer 4.0*1011GC/ml), 8 (8.0*1012GC/ml) and 9 (3.0*1012GC/ml). For testing the 

dynamics of the promoters CAG, ef1α and synapsin, we injected either AAV9 CAG-tdTomato 

(3.2*1012GC/ml), ef1α-tdTomato (4.4*1012GC/ml) or syn-tdTomato (3.6*1012GC/ml). The injection 

protocol followed, is largely as described below in section 4.3.1. The difference is that we used a 

Hamilton® Neuros syringe (0.5µL, 32G, model 7000.5) for the initial pilot experiments. With the 

Hamilton® syringe the lower limit of injection volume was 75nl.  

For the thalamocortical axon ingrowth experiment, we injected the AAV9 CAG-tdTomato virus at a 

viral titer of 1012GC/ml. We choose to use the fluorescent protein tdTomato over GFP, as tdTomato 
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has a better signal-to-noise ratio compared to GFP. For the experiments studying the effect of silencing 

thalamocortical activity on morphological development we injected AAV9 syn-Kir2.1-2a-tdTomato in 

the experimental group and syn-tdTomato in the control group. These injections were performed 

according to the protocol described below.  

4.3.1  Surgical protocol for stereotactic viral injections targeted to the dLGN of the 
neonate mouse 

We developed a novel surgical protocol for viral injections targeting the dLGN in the neonate pup at 

P0. To this end, pups were removed from their home cage the day of birth and placed on a heating 

pad awaiting surgery. Before removing the pups from the mother, we closely observed the mother’s 

behaviour in response to the presence of the experimenter’s hand in the cage. Mothers that displayed 

signs of stress were more likely to reject the pups after surgery. Furthermore, we only performed 

surgeries on pups which showed a clear milk belly. This, to ensure that the pups were strong enough 

to survive the time apart from the mother but also since we considered this as a strong sign that the 

mother is able to take good care of her offspring. If milk bellies weren’t visible within the first 12 hrs 

after birth, we did not use the respective litter.  

Pups received a subcutaneous analgetic injection (Carprofen, 5µg/10ql) half an hour prior to surgery. 

Pups were then placed in an anaesthesia induction chamber for several minutes to ensure that the 

pup was vastly asleep by the administration of a mixture of isoflurane (AttaneTM, 56’761’002) and 

oxygen (Isoflurane Vaporizer, 810302). Pups were then positioned in a mould shaped out of clay, 

which was placed on a custom build heating pad with adjustable height. The pup was subsequently 

head-fixed in a KOPF® stereotactic frame (model 940, with model 926 mouse adaptor) using blunt ear 

bars (non-rupture ear bars, KOPF®, 8219211721). As the neonate skull is still soft, we looked for a 

balance between having a tight placement and not pressing in the brain too much. Since there are no 

anaesthesia masks available for the KOPF® system that are suited for neonates, we designed our own 

anaesthesia mask that was build by our in-house workshop (ID 6mm) to ensure both deep anaesthesia 

levels as well as limited leakage.  

The head was wiped with an ethanol swab (B. Braun Medical, REF19579) after which a mixture of 1% 

lidocaine and 0.25% bupivacaine gel was applied to numb the skin. A small incision (<2mm) on the 

midline above the confluence of sinuses (see Figure 11) was made using a disinfected fine scissors 

(Fine Science Tools, 15005-08). Since the sagittal sutures of the neonate skull are barely visible at this 

age, we used the main blood vessels to determine the coordinates of injection.  The injection capillary 

was placed above the confluence of sinuses and coordinates were set to 0. At the coordinate X=1.0, 

we evaluated whether the offset in Y-coordinate caused by a potential tilted placement in the 

stereotactic frame, would warrant new positioning. If an offset was absent or minimal (<0.05) we 

would continue with the surgical protocol. At X=1.0 and Y=1.2 a small craniotomy was made using a 

sterile 30G needle by keeping it parallel to the skull’s surface. While direct penetration was possible 

using the injection capillary, we felt that the indentation needed to penetrate the skull led to too much 

damage based on initial trials using this technique which revealed a more severe gliosis reaction after 

injection. The z-coordinate was set at 0 on the surface of the brain. Borosilicate glass capillaries 

(Hilgenberg, length 100mm, wall thickness 0.45mm, OD 1.0mm, ID 0.1mm) were pulled using a vertical 

capillary puller (Narishige, model PC100). With these injection capillaries we injected a small volume 

of 8nl-15nl over a period of 10 minutes using the Picospritzer III pressure injection system (Parker). 

Injections of 8nl displayed the smallest amount of viral spread to adjacent regions but were 

characterized by a lower success rate of hitting the dLGN.  After injection, we waited 5-10 minutes 

before retracting the capillary. Animals were bilaterally injected. During the surgery, the wound was 



73 
 

often rinsed with sterile saline solution (NaCl 0.9%, B Braun, 21267412) while excess fluid and blood 

was removed with sterile absorbent swaps (Sugi® sponge points, QUESTALPHA, REF31603). The skin 

was closed using Histoacryl® Flexible glue (B. Braun Surgical, REF1051250). The surgery took around 

50-60 minutes to complete.  

Pups were placed on a heating pad after surgery and allowed to recover for one hour before being 

placed back in the home cage. Pups were placed in pairs outside of the nest so we could observe the 

mother’s behaviour when retrieving the pups. Only once, were pups immediately rejected by the 

mother. In this case, we could place the pups with another accepting C57BL/6JRj mum that recently 

gave birth. In rare instances, the mother would later cannibalize the injected pups. Though we 

undertook multiple steps to increase the chance of the mother’s acceptance, for instance by extensive 

habitation, glue habituation and by restricting the mother’s exposure to solely the experimenter, we 

did not have the idea that any of these actions had an influence. Instead, we believe that the mother’s 

acceptance of the pups is solely dependent on the character of the mother and her ability to take care 

of her offspring. Mothers that had accepted pups in the past would continue to do so in the future. 

Importantly, during the period at which we observed most of the cannibalization events, animals were 

more prone to stress due to noise disturbances from a nearby construction site.   

4.4 Perfusion, cryostat sectioning and immunohistochemistry 
In the pilot experiment, testing the efficiency of different AAV serotypes and different promoters in 

transducing dLGN neurons, animals were sacrificed at P5 and P4 respectively through transcardial 

perfusion. To study thalamocortical axon ingrowth, pups were sacrificed at ages P3 to P7, P9, P10 and 

P14. Animals from the MORF3-Rorb-IRES-Cre mouse line that were used to study normal dendritic 

development were perfused at ages P4, P10, P13 and P15 (data from P13 are not yet available and are 

therefore not presented in the results section). MORF3-Rorb-IRES-Cre animals that were used to study 

the effect of functional thalamocortical input on dendritic development were sacrificed at P13. All 

animals were deeply anesthetized with a ketamine/xylazine solution (100, 10 µg/g bodyweight) before 

transcardial perfusion with a 4% paraformaldehyde (PFA) phosphate buffered saline (PBS) solution 

(using a 27Gx13mm Surflo® winged infusion perfusion needle from TERUMO). Notably, we observed 

that perfusion with a relatively large volume, relative to the size of the animal, over a prolonged period 

(>15min), was essential for a good preservation of the tissue. For instance, for animals at P3, a 

perfusion volume of at least 40mL was infused over a period of 20 minutes. The older the animal, the 

larger the perfusion volume will be, but the faster the speed of perfusion. Dissected brains were then 

post-fixated for 24-48hrs in 4% PFA PBS solution at 4°C. To allow for cryostat sectioning, brains were 

subsequently placed in a 30% sucrose solution (in PBS) to protect the tissue from freezing artefacts. 

After a 24-48hrs incubation period, brains were placed in a cryomold filled with embedding matrix 

(OCT embedding matrix, Cellpath, REF KMA-0100-00A) and frozen at -80°C.  

Forty-micron thick coronal sections were cut on a cryostat using an object temperature of -20°C and 

a cutting temperature of -18°C (ThermoScientific MicromHM560, with a MX35 Ultra microtome blade 

of 34°/80mm, REF3053835). In the initial pilot experiment, brain sections were collected in PBS and 

subsequently stained using a free-floating immunohistochemistry (IHC) protocol. Since we observed 

that brain sections at young ages were very susceptible for damage using the free-floating protocol, 

we decided to collect brain slices directly on object slides (ThermoScientific, SUPERFROST® Plus, 

25x75x1.0mm, REF J1800AMNZ) to perform on-slide antibody staining for the brains used in the 

thalamocortical axon ingrowth experiment. After optimization of the perfusion protocol and cutting 

technique, we decided to use free-floating sections for the experiments exploring dendritic 

morphology in sparsely labelled L4 pyramidal neurons. 
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Though the IHC protocol for the study of thalamocortical axon ingrowth was performed on slices 

directly collected on the slide, the protocol did not differ much from the protocol used for staining 

free-floating sections for the pilot experiment. Free-floating sections were stained using custom-built 

insets, which allowed a quick interexchange of washing/incubation solutions. First, sections were 

washed 3x in PBS for 10 minutes before membrane permeabilization through incubation in 0.1% 

Triton-X100/PBS (Sigma Life Sciences, T9284-500ML) for 10 minutes. Sections were then washed for 

10 minutes in PBS after which a blocking solution consisting of 3% BSA (Bovine Serum Albumin, SIGMA 

Life Sciences, 1002892520) and 5% NDS (normal donkey serum, Jakson ImmunoResearch 

Laboratories, inc, 017-000-127) in PBS was applied either to the well or directly on the slide. For the 

latter, brain slices were encircled with a hydrophobic marker (PAP-Pen Mini, Science Services) to allow 

for volume application. After an incubation period of one hour, the blocking solution was removed, 

and the antibody solution was applied. The respective primary antibodies used were diluted according 

to their working solution in 500µl or 600 µl 1%NDS/PBS solution for free-floating sections and sections 

on slide, respectively. In general, we implemented an overnight primary antibody incubation period 

at 4°C, as this led to the best result. For staining with the olig2 antibody, we cooked the slices in 

citratbuffer (10mM NaCitrat, 0.05% Tween20, pH6) to improve permeabilization. To this end, slices 

were cooked for 20 minutes on 95°C after which slices were washed 3x for 10 minutes with PBS before 

continuing with the blocking step. After incubation with the primary antibody solution, slices were 

briefly washed with 0.1% Tx100/PBS for 5 minutes and subsequently washed 3x with PBS for 10 

minutes. Secondary antibodies were diluted in 500µl 1% NDS/PBS and applied to the wells/slides. 

Incubation with the secondary antibody solution took place at RT for 1.5hrs in the dark. All subsequent 

steps were performed in the dark as well. After incubation, sections were washed 3x in PBS for 10 

minutes. Slices were then stained with DAPI (1:5000) for 10 minutes after which sections were washed 

again 3x in PBS. Finally, free-floating sections were mounted on microscopic slides and air-dried while 

being light shielded. Slides were then dehydrated by short incubation (<15s) in 70% EtOH following 

abs. EtOH. DAKO Fluorescence mounting medium (Dako North America, Inc, REFS3023) was applied 

after which a cover glass was placed. This mounting medium is able to preserve fluorescent signal for 

at least a month.  

The free-floating staining protocol for the MORF3-Rorb-IRES-cre mice was slightly adjusted. Again, 

sections were rinsed with PBS, after which slides were incubated for an hour in a blocking solution 

consisting of 3% BSA and 3% NDS in 0.1% Triton X-100/PBS. Primary antibodies were solved in the 

blocking solution and sections were incubated overnight at 4°C. The following day, sections were 

washed 3x for 15 minutes with 0.05% Triton-X100/PBS after which slides were incubated for 2 hrs at 

RT in the dark. Sections were then directly stained with DAPI and subsequently washed for 10 minutes 

with first 0.05% Triton X-100/PBS followed by PBS. Sections were mounted on object slides and this 

time Prolong Diamond antifade reagent (ThermoFisher, P36965) was used as a mounting medium. 

This mounting medium allows mounted samples to be stored for multiple months.  

4.4.1 Antibodies 
For the pilot experiment, the following commercially available antibodies were used: monoclonal 

mouse anti-S100 (β2 subunit, SIGMA Aaldrich, 048K4863, 1:100), polyclonal rabbit anti-GFAP (Dako, 

REFZ0334, 1:500), polyclonal chicken anti-GFP (Aves Labs Inc., GFP-1020, 1:500), polyclonal rabbit 

anti-RFP (Rockland, 600-401-379, 1:200), monoclonal rabbit anti-NeuN (Abcam, ab177487, 1:1000), 

and rabbit anti-Olig2 (Merck, AB9610, 1:500). Brain slices that were used to study thalamocortical 

axon ingrowth were stained with both polyclonal rabbit anti-RFP (Rockland, 600-401-379, 1:200) and 

polyclonal guinea pig anti-vGluT2 (Synaptic Systems, 135404, 1:500). While the innate fluorescent 

expression level was high enough to detect small axonal structures in the cortex, we wanted to 
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increase the signal-to-noise ratio by antibody staining to ensure that we are able to detect all axonal 

arborizations in the cortex for our quantifications. To study the dendritic morphology in sparsely 

labelled neurons in the visual cortex, we used the mouse anti-V5-tag (BioRad, MCA1360, 1:1000) to 

visualize the sparsely labelled neurons and rabbit anti-Er81 (Colombia University, for purchase please 

contact sm325@cumc.columbia.edu, 1:2000) to mark layer 5 neurons in the cortex in order to 

distinguish Rorb+ layer 5 (L5) neurons from Rorb+ L4 neurons.  

The following commercially available secondary antibodies were used: Alexa®488-conjugated anti-

rabbit (Thermo Fisher, A-21206, 1:1000) and anti-mouse (Thermo Fisher, A-21202, 1:1000) and anti-

chicken (Thermo Fisher, A-11039, 1:1000) , Alexa®568 conjugated anti-rabbit (Thermo Fisher, A-

11011, 1:1000), Cy3-conjugated anti-mouse (Jackson ImmunoResearch, 715-165-150, 1:500), Cy5-

conjugated anti-rabbit (Jackson ImmunoResearch, 711-175-152 1:500) and anti-guinea pig (Jackson 

ImmunoResearch, 706-175-148, 1:500). 

4.5 Clearing protocol for the neonate brain 
The cleared brain protocol used to create the figure in chapter 2.2.5 is largely based on the Cubic L 

clearing protocol described by Tainaka and colleagues (2018). The protocol is slightly adjusted for 

clearing of the neonate brain. Cubic L brain clearing is based on two processes: the step of making the 

brain transparent through delipidation using a CUBIC L solution, and the step in which the refractive 

index (RI) of the tissue is matched with the RI of the microscope’s objective. Cubic L solution consisted 

of 10 wt% N-butyldiethanolamine and 10 wt% Triton X-100 dissolved in distilled H2O. For RI matching, 

a CUBIC RA solution was made with an RI of 1.5 to match the 5x objective used for imaging. The CUBIC 

RA solution was made by dissolving 45 wt% Antipyrine and 30 wt% N-methylnicotinamide in distilled 

water. Pups were transcardially perfused at P5 with first 15mL 50mM phosphate buffered saline (PBS) 

(pH 7.4) followed by a perfusion of 20mL 4% PFA in 50mM PBS. The brain was dissected after which 

the tissue was washed with 50mM PBS for at least 1-2 hrs. We immediately proceeded with 

delipidation by placing the tissue in a 5mL Eppendorf tube filled with prewarmed CUBIC L solution. 

While for adult tissue an incubation period of multiple days is required, an incubation period of 36 

hours on 37°C was sufficient to clear the brain of the neonate mouse. The CUBIC L solution was 

replaced for fresh solution once during the incubation period. After successful delipidation of the 

tissue, the brain was briefly washed with a 50mM PBS solution with a pH of 9.15 (achieved by adding 

N-butyldiethanolamine) after which the brain was incubated overnight at 37°C in CUBIC RA solution 

at which propidium iodide was added at 0.2 wt%. The brain was washed afterwards with CUBIC RA 

solution after which we imaged the sample.     

4.6 Image acquisition, analysis and quantification 
Images for the pilot experiment and the mapping of thalamocortical axon ingrowth were acquired 

with the LSM880 inverted Zeiss point scanning confocal microscope. Confocal stacks were acquired 

for the pilot experiment using a 25x PLAN APO objective (0.80 NA). Snapshots were acquired at 10x 

magnification (0.45 NA) to provide an overview of axonal ingrowth in V1. Confocal stacks within L4 of 

V1 were acquired with a 63x objective (1.40 NA). For presentation purposes, the brightness and 

contrast level of images were adjusted. For all analyses we used the raw image.  

To assess the morphology of sparsely labelled neurons, we acquired tiled stacks at 60x magnification 

(1.30 NA) using the fast-spinning disk confocal system, Olympus SpinSR. Individual tiles were stitched 

offline and converted into an Imaris file using the stitcher-program built by our inhouse Imaging Core 

Facility. Using another inhouse built converter program, the Imaris file was converted and compressed 

to a JPX2000 file, which was compatible with the Neurolucida 360® neuronal reconstruction software. 
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Furthermore, to assess the injection site of animals injected with viral constructs, we imaged all slices 

using the Zeiss Axio Scan.Z1 slide scanner at 10x magnification (0.45 NA).  

The cleared brains shown in chapter 2.2.5, were imaged with the Zeiss Z1 Lightsheet microscope (5x, 

0.16 NA). Data was post-processed with a maximum fusion algorithm and loaded into Arivis which 

made a 3D rendered object based on the data. Stills from the movie created with the Arivis 

Moviemaker tool are shown in Figure 13. 

4.6.1 Quantification of the colocalization of transgene expression with cell type 
markers 

To explore the transduction specificity of the tested AAV capsid types, we performed 

immunohistochemistry on brain slices to visualize the different cell types and assess the colocalization 

of these marker proteins with the fluorescent protein GFP, which was found in transduced cells (see 

Antibodies). First, we manually counted the number of cell nuclei (DAPI), neurons (NeuN), glia (S100 

or GFAP signal) and the number of transduced cells (GFP) within a single optical section acquired in 

the dLGN at 25x magnification. Furthermore, we also counted the number of GFP+ cells within each 

category. In addition, other brain slices were stained with an antibody against Olig2, a marker protein 

for oligodendrocytes, as well as with an antibody reactive to GFP. For these acquired images, we then 

counted the number of oligodendrocytes and defined the percentage of GFP+ oligodendrocytes. 

Furthermore, we also defined to which category the GFP+ cells belonged to, by calculating the 

percentage of NeuN+ GFP+ cells, S100/GFAP+ GFP+ cells and olig2+ GFP+ cells. For testing the 

transduction efficiency of various promoters, we counted the number of RFP+ cells within a single 

optical section acquired at 25x magnification in the dLGN. The bar graphs and pie charts shown in 

Figure 8, 9 and 10 are made using GraphPad Prism.  

4.6.2  Quantification of axonal ingrowth 
To quantitively describe thalamocortical axon ingrowth during early development, we developed an 

algorithm together with the inhouse Imaging Core Facility to assess the axonal coverage in images 

acquired in L4 of V1 (63x, 1.4 NA) using ImageJ Fiji. The axonal coverage was defined as the percentage 

of RFP+ pixels within a given image, which was established by using a thresholding method and a 

minimum size requirement of 0.07µm2 to differentiate signal from background. We tested different 

thresholding methods on a selection of images with varying signal quality and found that the Triangle 

algorithm fitted the data best. The implementation of the Triangle thresholding algorithm in ImageJ, 

objectively calculates a threshold for each individual image based on the distribution of pixel 

intensities across the entire image (Zack et al., 1977). Therefore, the algorithm is less sensitive to 

differences in intensity levels between images recorded across experiments. Since we are not 

interested to compare intensity levels of the RFP signal but just simply want to know whether an axon 

is present or not, this is critical for our analysis. Especially, since it could be that intensity levels are 

ramping up between the earliest time point evaluated, P3, and the last timepoint, P14. The optical 

section with the highest fluorescent intensity level within the acquired z-stack was used for axonal 

coverage quantification.  

4.7 Dendritic tracing and parametric analyses 
The high-resolution stitched images of sparsely labelled L4 neurons were used to trace neurons using 

the Neurolucida 360® software. Both apical as well as basal dendrites were traced semi-automatically 

by using the user-guided 3D image detection algorithm. After this semi-automatic tracing, tracings 

were checked and corrected manually when needed. Subcellular components, such as spines and 

other small protrusions were not traced. The apical dendrite was easy to distinguish and label even 

though the apical dendrite was often prematurely cut and could not be traced back all the way up to 
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the pial surface. Furthermore, axons, though not traced, were easy to distinguish from basal dendrites 

based on the absence of spiny structures. However, since spines were rare at P4, axons at this age 

were distinguished from basal dendrites predominantly based on their extension towards the corpus 

callosum. Since we did not reliably trace the thickness of dendrites, the thickness of all basal dendrites 

was set to 0.75 µm and the apical dendrite was set to 1.0 µm for image presentation and parametric 

analyses.  

Commonly used parameters to describe the basal dendritic morphology were derived using the 

analytical software Neurolucida Explorer®. The following parameters were extracted for traced 

neurons: the number of nodes (i.e. branch points), the number of dendrites from different centrifugal 

orders (i.e. primary dendrites, secondary dendrites etc), the number of segments (i.e. branches 

between nodes), the total dendritic length, the length of individual dendrites and individual segments 

and the total length per centrifugal category, the convex volume based on individual dendrites, the 

total convex volume and the Sholl radius. Values for these dendritic parameters were inserted in Excel 

in which we calculated average values when required. Furthermore, based on the values for the total 

length of the dendritic tree (Ldendrite)   and the number of branch points (Bnr) we calculated the 

branching index (BI) using BI = Bnr/ Ldendrite. Images shown in Figure 20 and Figure 23 were made using 

GraphPad Prism. 

4.8 Statistical methods 
Several exclusion criteria were defined a priori before statistically evaluating the changes in dendritic 

parameters. For viral injection experiments, mice which showed insufficient transgene expression in 

the entire span of the dLGN were excluded from further analysis based on visual evaluation. 

Furthermore, only sparsely labelled L4 neurons that showed minimal overlap with other labelled 

neurons were imaged to facilitate accurate morphological reconstruction. Imaged neurons that had 

multiple primary dendrites cut off by brain sectioning were also excluded from further processing.  

All statistical tests were performed in GraphPad Prism (version 9.4.1). This software was also used to 

create the graphs describing the axonal coverage quantification and dendritic parameters. Data was 

tested for normality using the Shapiro-Wilk test. For the analysis of dendritic parameters during 

development, we performed a one-way ANOVA with multiple comparisons (Dunnett corrected) for 

normally distributed data. Alternatively, the non-parametric Kruskas-Wallis test was used to compare 

the medians between the different ages. For the thalamocortical silencing experiment, we used either 

an unpaired t-test or the non-parametric Mann-Whitney test to compare dendritic parameters 

between the syn-Kir2.1-2A-tdTomato and syn-tdTomato group. Significant results (p<0.05) were 

denoted in the graphs with an asterisk. The respective executed statistical tests, p-values and number 

of replicates can be found in the figure legends.  
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7. Appendix 
 

7.1 List of abbreviations 
 

L1/L2/L3/L4/L5/L6 = cortical layer 1, 2 3, 4 ,5 and 6 

V1 = primary visual cortex 

P1/P2 etc = postnatal day 1/2 etc.  

E14/15 etc = embryonic age 14/15 etc.  

SC = superior colliculus 

dLGN = dorsal Lateral Geniculate Nucelus 

RGC = retinal ganglion cells 

On-RGCS/OFF-RGCS/ON-OFF-RGCS = retinal ganglion cells that either respond to light increments 

(ON), light decrements (OFF) or a combination of both (ON-OFF) 

dsRGCs = direction-selective retinal ganglion cells 

TC = thalamocortical  

TCs = thalamocortical nerons 

VZ = ventricular zone 

SVZ = subventricular zone 

IP = intermediate progenitor cell 

VPM = ventral posteromedial nucleus 

Sema3A = semaphoring 3A 

nAChRs = nicotinic acetylcholinergic receptors 

Ach = acetylcholine 

SACs = starburst amacrine cells 

GABA = γ-Aminobutyric acid 

β2-/- = β2 knockout mouse model 

SOM = somatostation 

VB = ventrobasalis nucleus 

S2 = secondary somatosensory cortex 

Rorb = RAR Related Orphan Receptor B 

NMDAR = N-methyl-Daspartate (NMDA)-type ionotropic glutamate receptor (NMDAR) 

ION = infraorbital nerve 

GFP = green fluorescent protein 

tdTomato = tandem Tomato, a red fluorescent protein 
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PBS = phosphate buffered saline 

CAG = CMV early enhancer/chicken β actin (CAG) promoter 

ef1α = human elongation factor-1 alpha 

syn = synapsin promoter 

AAV = adeno-associated virus 

PFA = paraformaldehyde 

NeuN = neuronal nuclear protein 

Olig2 = oligodendrocyte transcription factor 2 

nl = nanoliter 

mL = milliliter 

GC/mL = genome copies per mL 

PO = posterior nucleus 

LP = lateral posterior nucleus (LP) 

vLGN = ventral Lateral Geniculate Nucleus 

iGL = intergeniculate leaflet 

µm = micron 

HPC = hippocampus 

NA = nomenclature aperture 

syn tdT = synapsin-tdTomato virus 

syn Kir2.1 tdT = synapsin-Kir2.1-2A-tdTomato virus 

TeNT = tetanus neurotoxin 

DREADD = Designer Receptors Exclusively activated by Designer Drugs 

hM4Di = 

CNO = clozapine N-oxide 
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