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Abstract 

Homeobox transcription factors are highly conserved in all metazoans. They play an important 

role during development and are involved in the formation of the nervous system. In 

Drosophila melanogaster, 103 homeobox genes have been identified. One of the not very well 

studied homeobox genes is the paired-like homeobox transcription factor Dorsal root ganglia 

homeobox (Drgx). Single-cell RNA-sequencing data of adult brains predicted the expression of 

Drgx in three different glial cell clusters (perineurial, astrocyte-like and ensheathing glia) and 

three different neuronal (T4/T5, Tm1/TmY8 and T2/T3) clusters. In this work, expression of 

Drgx in perineurial glia and T4/T5 neurons was confirmed histologically. Therefore, this study 

focused on the function of Drgx in these two cell types.  

Knockdown of Drgx in perineurial glia resulted in lethality during development. Targeted 

DamID and bulk RNA-sequencing of perineurial glia showed that Drgx regulates many genes 

encoding for transporters that shuttle nutrients from the hemolymph into the brain. This 

explains the observed lethality, which was attributed to nutrient deficiency due to the reduced 

number of transporters. In addition, larval brains exhibited enlarged optic stalks and defects 

in the migration of perineurial glia. This phenotype could also be explained by the TaDa and 

RNA-sequencing data sets, which showed that Drgx controls the expression of many 

extracellular matrix components. These components are crucial for the maintenance of the 

braiń s shape and the migration of perineurial glia. 

In T4/T5 neurons, Drgx is required for correct dendritic wiring. In knockdown brains, T4 

dendrites in the medulla and T5 dendrites in the lobula overgrow their stop layers and connect 

to the wrong neurons. This leads to a loss of optomotor response in adult flies. T4/T5 neuron-

specific targeted DamID and RNA-sequencing data showed that Drgx regulates the expression 

of many cell surface molecules. These molecules are essential for the correct wiring of T4/T5 

neurons and are strongly reduced upon Drgx knockdown. In addition, the two T4/T5-specific 

data sets also showed that Drgx regulates the expression of the known T4/T5 neuron specifier 

Sox102F.   
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1 Introduction 

1.1 Glial cells in the nervous system of Drosophila melanogaster  

1.1.1 Embryonic origin of Drosophila glial cells 

The glial cells in Drosophila are derived from neuroblasts. These neuroblasts divide 

asymmetrically to form a new neuroblast as well as a ganglion mother cell (GMC), which 

becomes postmitotic after another division.  

 
Figure 1. Embryonic glial cell origin 
(A) During gastrulation, the early embryo is separated into a ventral and a dorsal region by the expression of Sog and Dpp. 

(B) After the invagination of the mesoderm, the ectoderm can be separated into the dorsal ectoderm, the ventral 

neurectoderm and the mesectoderm. (C) The dorsal ectoderm gives rise to sensory organ precursors (SOPs), which develop 

into sensory organs and few glial cells in the peripheral nervous system (PNS). The majority of glial cells is created by 

neuroblasts (NB) derived from the neurectoderm and the mesectoderm gives rise to the midline glia (ML) (adapted from 

Altenhein, 2015). 

Neuroblasts delaminate from the neurectoderm during early embryonic development. This 

region develops ventrally during gastrulation (Figure 1A) and can be distinguished from the 

Decapentaplegic (DPP) expressing dorsal ectoderm by the expression of Short gastrulation 

(Sog) (Mizutani et al., 2006). Whereas the neurectoderm-derived neuroblasts are important 

for the construction of the central nervous system (CNS), the dorsal ectoderm mainly 

produces sensory organs precursors (SOP) (Figure 1C). These SOP create sensory organs of the 

peripheral nervous system (PNS) e.g., bristles or chordotonal organs, but also few PNS glia 

(Brewster and Bodmer, 1996). At the end of gastrulation, a third progenitor cells producing 

region can be found, the mesectoderm (Figure 1B). These cells, which were separated by the 

mesoderm before gastrulation, now lay adjacent to each other and build the ventral midline 

(Figure 1C). In the further course of embryonic development, they give rise to the ventral 

midline glia that are important for early axonal scaffolding and pathfinding along and across 

the ventral midline. Interestingly these glial cells do not express the specific glial determinants 
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glial cells missing (gcm) and reversed polarity (repo) and rely on another molecular mode of 

cell fate acquisition, which still needs to be elucidated (Altenhein, 2015).  

 
Figure 2. Specialized neuroblasts give rise to glial cells trough different modes of cell division  
(A) Most neuroblasts (NB) only give rise to neurons, which are created by symmetric cell division of ganglion mother cells 

(GCM). Neuroblasts that produce neurons and glial cells are also called neuro-glioblasts (NGB). Here different groups can be 

identified. (B) In the first group, the NGB gives rise to GMC that produce one glial cell and one neuron simultaneously. (C) In 

the second group, the NGB first only produces neurons and later switches to the production of glial cell during development. 

(D) In the third group, the neuro- glioblast divides symmetrically producing a glioblast, which only gives rise to glial cells and 

a neuroblast that only produces neurons. (E) Finally, it is also possible to find glioblasts that only give rise to glial cells. (F) In 

the Drosophila embryo, only a small number of neuro-glioblast can be found in each segment of the ventral neurogenic region 

(vNR). Procephalic neurogenic region (pNR), dEpi: dorsal epidermis, pc: pole cells, T: second thoracic segment, A: abdominal 

segment (adapted from Altenhein, 2015). 

Most of the neuroblasts generated by the neurectoderm produce only neurons, which in 

Drosophila outnumber the glial cells 9:1, but eight neuroblasts can be identified that give rise 

to glial cells (longitudinal glioblast (LGB), 1-3, 2-5, 2-2, 5-6, 6-4, 7-4 and 1-1) (Figure 2F) (Udolph 

et al., 1993). These eight neuroblasts can be divided into glioblasts that only produce glial cells 

(Figure 2E) and neuro-glioblasts, which produce neurons and glial cells. The first group can be 

characterized by their expression of the glial markers gcm and repo right after their 

delamination from the neurectoderm (Omoto et al., 2016). The LGB belongs to this group and 

gives rise to nine glial cells (Griffiths et al., 2007). The neuro-glioblast can be further subdivided 
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depending on their modes of gliogenesis. Type 1 neuro-glioblasts show no early separation 

between neuronal and glial fate, but instead neurons and glial cells divide as siblings from the 

same GMC (Figure 2B). Such a division mode can be observed e.g., in neuroblast 5-6 (Udolph 

et al., 2001). In type 2 neuro-glioblasts, there is a switch between neurogenesis and 

gliogenesis at some point during proliferation (Figure 2C) as observed in neuroblast 2-5 

(Hilchen et al., 2008). At last, type 3 neuro-glioblasts divide into one glioblast (Figure 2D) 

producing only glial cells and one neuroblast producing only neurons, which can be found in 

neuroblast 6-4 (Akiyama-Oda et al., 1999).  

 
Figure 3. A specific transcriptional network specifies glial cells 
The master regulator that determines glial cell fate is the gene glial cell missing (gmc), which is activated through different 

cues. It acts as a transcription factor and activates the genes pointed (pnt), reversed polarity (repo) and tramtrack (ttk), which 

in turn activate many glial differentiation genes like locomotion defects (loco) or in case of repo and ttk repress neuronal 

genes (adapted from Altenhein, 2015). 

To differentiate into glial cells, a specific genetic program must be triggered since the default 

state of cells in the nervous system is to become a neuron. The master regulator of this 

program is the gene gcm (Figure 3), which encodes a transcription factor with a unique DNA 

binding domain (Hosoya et al., 1995; Schreiber et al., 1997). This gene is conserved in many 

species besides Drosophila like chicken, mouse and human (Kim et al., 1998). The expression 

of gcm is dependent on different determinants such as Notch, Prospero or Huckebein 

(Freeman and Doe, 2001; Griffiths et al., 2007; Iaco et al., 2006; Udolph et al., 2001). 

Moreover, other factors influence the expression of gcm, e.g., the neuro-glioblasts position or 

the temporal window in which the GMC that produces the glial cells appears. But so far, no 

common regulatory pathway has been found that activates gcm in all glial cell linages 

(Altenhein, 2015).  
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The next step in glial fate determination is the expression of the homeobox transcription 

factor repo and the ETS transcription factor pointed (pnt) by Gcm, which in turn start to 

activate  glial specific genes themselves (Figure 3). So far, around one hundred downstream 

genes have been identified in embryonic glial cells which are regulated by this pathway, e.g., 

locomotion defects (loco), nervana 1 (nrv1) and viking (vkg)  (Altenhein et al., 2006; 

Beckervordersandforth et al., 2008; Egger et al., 2002; Freeman et al., 2003). Additionally, Gcm 

also activates the transcriptional suppressor tramtrack (ttk). This suppressor as well as Repo 

act in parallel inhibiting the neuronal ground state (Badenhorst, 2001; Giesen et al., 1997; 

Yuasa et al., 2003).  

Due to the precise genetic mechanisms, each abdominal neuromere contains 50 glial cells as 

well as 3-4 midline glia at the end of embryogenesis. These glial cells can be assigned to four 

main categories: the neuropil-associated, the cortex, the surface glial cells and the peripheral 

nervous system specific wrapping glia. All four types will be discussed in more detail in the 

next chapter (Beckervordersandforth et al., 2008).  

1.1.2 The different types of glial cells found in Drosophila 

As mentioned before, the glial cells in the Drosophila nervous system can be divided into four 

main groups based on spatial distribution and morphology. The neuropil-associated and the 

surface glia can be further divided into subgroups leading to six different glial cell types. These 

six types are the astrocyte-like and the ensheathing glia, which belong to the neuropil-

associated glia, the cortex glia and the wrapping glia as its own groups and the subperineurial 

and the perineurial glia that form the group of surface glia (Figure 4) (Beckervordersandforth 

et al., 2008; Yildirim et al., 2019). 
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Figure 4. The different types of glial cells and their position in the Drosophila nervous system 
(A) The Drosophila larval central nervous system includes the two brain lobes as well as the ventral nerve cord (vnc), which is 

connected to the periphery through segmentally organized nerves (sn). The eye antennal imaginal disc is connected to the 

brain lobes through the optic stalk (os) and develops into the eye and antenna. The red line indicate the positions from where 

the cross sections in (B) and (C) are taken from. (B) In the central nervous system, the neuropil regions, are infiltrated by 

astrocyte-like glial cells (AG) and the individual neuropil regions are separated by ensheathing glia (EG). In the cortex region, 

cortex glial cells (CG) engulf the neuronal cell bodies. The brain is sealed by the septate junction (SJ) building subperineurial 

glial cells (SPG). The SPG build the blood-brain barrier together with the outer most glia the perineurial glial cells (PG). This 

outermost cell layer contacts the neuronal lamina (NL), which is the extracellular matrix found around the nervous system. 

(C) In the peripheral nerves, only three types of glial cells can be found. First the wrapping glia (WG), which sheath the 

different axon fibers, second the SPG and the third group are the PG (adapted frrom Yildirim et al., 2019). 

The two types of neuropil-associated glia are found in the central nervous system where they 

contact the different neuropils. The neuropil are structures in the brain, which contain all the 

dendrites, synapses and axons. The astrocyte-like glia and the ensheathing glia are both 

derived from the same progenitor, the LGB glioblast. The neuropil-associated glial cells 

produced during embryogenesis, are primary glia, which infiltrate, respectively grow around 

the neuropil during larval stages, but die and are replaced by secondary neuropil-associated 

glia during metamorphosis. These secondary glial cells are most likely derived from a few 

mitotically active secondary neuro-glioblasts that produce neuropil precursor cells that 

migrate from the cortex to the neuropil where they further proliferate  (Omoto et al., 2016).  
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Figure 5. Three neuropil associated glia subtypes are found in the Drosophila brain 
(A) The astrocyte-like glia infiltrate the neuropil and are important for neurotransmitter homeostasis. (B) The neuropil 

ensheathing glia surround the different neuropils and (C) tract ensheathing glia, which cover the giant fiber tracts in the brain. 

Both types of ensheathing glia are responsible for the clearance of neuronal debris (adapted from Kremer et al. 2017). 

The astrocyte-like glia invade the neuropil and build a dense ramified mesh inside the different 

neuropils. At the boundaries of the single protrusions, overlaps can be found to ensure the 

complete engulfment of the neuropil (Figure 5A). Thereby one astrocyte-like glia can send 

different processes into different neuropils (Kremer et al., 2017). Their function in the nervous 

system mainly consists of maintaining the neurotransmitter homeostasis. Therefore, they 

express different neurotransmitter transporter e.g., the excitatory amino acid transporter 1 

(EAAT1). At the end of larval development, they also function as microglia and remove the 

neuronal debris from the primary neurons, which die at the end of larval stage and which are, 

like the glial cells, replaced by secondary neurons in the adult fly. During this process the 

primary larval astrocyte-like glia phagocytose neuronal debris and undergo apoptosis before 

getting replaced by the secondary adult astrocyte-like glia (Tasdemir-Yilmaz and Freeman, 

2014). 

The second group of neuropil-associated glial cells, the ensheathing glia, show two different 

morphologies. On the one hand, they compartmentalize the different neuropils, thereby 

adapting a very flat cell body shape (Figure 5B). On the other hand, they also form long parallel 

strand when surrounding axon tracts that connect the different neuropils with each 

other(Figure 5C) (Kremer et al., 2017). Like astrocyte-like glia ensheathing glia are also 

responsible to clear the brain from neuronal debris (Lu et al., 2017), but their function in the 
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regulation of neuronal activity still needs to be elucidated (Yildirim et al., 2019). Otto et al. 

(2018) suggested that these glial cells contribute to the regulation of the glutamate 

concentration in the brain. 

The ensheathing glia are only found in the central nervous system. In the peripheral nervous 

system another axon associated glial cell type is found, the wrapping glia. These glia enwrap 

all sensory and motor axons similar to the non-myelinating Schwann cells in vertebrates 

(Yildirim et al., 2019). During embryogenesis, only three to four wrapping glia are produced 

per nerve from the central nervous system neuroblasts 1-3 and the SOP. During larval 

development they do not proliferate but only increase in size to accompany the growing nerve 

bundles (von Hilchen et al., 2013). They serve the same function in peripheral nervous system 

as the ensheathing glia in the central nervous system (Kremer et al. 2017).  

 
Figure 6. In the Drosophila brain cortex only one glial cell type is found 
The neuronal cell bodies found in the brain´s cortex are surrounded by so-called cortex glia, which are important for the 

metabolic support of the neurons and might modulate neuronal behavior through calcium oscillations (adapted from Kremer 

et al. 2017). 

The neuronal cell bodies in the central nervous system are engulfed by the next group of glial 

cells, the cortex glia. This glial cell type is produced by the neuroblasts 6-4 and 7-4 

(Beckervordersandforth et al., 2008) and builds a mesh-like structure surrounding the 

neuronal cell bodies in a non-overlapping manner (Figure 6). They likely proliferate during 

larval stages and survive into adulthood (Coutinho-Budd et al., 2017). It has been shown that 

these cells directly connect to the astrocyte-like glia. Additionally, cortex glia provide a link 

between the neurons and the subperineurial glial cells on the braiń s surface (Yildirim et al., 

2019).  It is suggested that the cortex glia are important for the metabolic support of neurons 

they surround. Interestingly, they also show activity-dependent calcium oscillations, which 

could lead to modulation of neuronal behavior (Melom and Littleton, 2013). In the 
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development of the optic lobe they contribute to neurogenesis and control neuroepithelial 

cell proliferation as well as neuroblast transition (Morante et al., 2013). 

 
Figure 7. The subperineurial glia form the blood-brain barrier 
The brain is sealed by the subperineurial glia, which are connected with each other via septate junctions. Their main function 

is to act as the blood-brain barrier in Drosophila. Their cell number is fixed after embryogenesis and they only perform 

endoreplication and endomitosis and grow in size to accompany the growing brain (adapted from Kremer et al., 2017). 

The last group of glial cells in the Drosophila nervous system are the surface glia, which can be 

separated into subperineurial and perineurial glia cells. Both cell types together build a barrier 

around the nervous system separating it from the hemolymph, thereby resembling the 

vertebrate blood-brain barrier. This barrier is covering the central as well as the peripheral 

nervous system (Kremer et al., 2017).  

Subperineurial glial cells are derived from neuroblast 1-1 (Altenhein, 2015) and their cell 

number is determined after embryogenesis. To still be able to cover the growing brain these 

cells increase their size and become polyploid through endomitosis and endoreplication 

(Unhavaithaya and Orr-Weaver, 2012). Similar to the cortex glia the subperineurial glial cell 

survive until adulthood, but so far the molecular mechanism underlying their specification is 

not elucidated (Kremer et al., 2017). To tightly seal the barrier around the nervous system 

these cells are connected via pleated septate junctions, which prevents the uncontrolled 

diffusion of hydrophilic molecules into the nervous system (Stork et al., 2008). Next to the 

blood-barrier function, these cells also act as a control element in the reactivation of quiescent 

neuroblasts in response to nutritional signals (Figure 7) (Kanai et al., 2018). 

Lastly, the outermost glial layer surrounding the nervous system is built by the perineurial glial 

cells, which will be discussed further in the next chapters. 
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1.2 Perineurial glia in the Drosophila nervous system 

1.2.1 Development and function of perineurial glia 

The perineurial glia are initially produced during late embryogenesis but only in very low 

numbers that do not cover the entire nervous system (Stork et al., 2008). The exact origin of 

the embryonic perineurial glia is still not fully clarified. They could originate, as the other glia, 

from neuro- glioblasts of the neurectoderm but some early studies suggested their origin to 

be mesodermal since mesodermless mutants also lack perineurial glia (Tobias Stork, 

Bernardos, and Freeman 2012, Edwards, Swales, and Bate 1993). Interestingly perineurial glial 

cells lack the expression of gcm in early larval brains, but they express the glial marker repo. 

Additionally, they are not affected by mutations in gcm (Awasaki et al., 2008). 

 
Figure 8. The outermost glial cell layer consists of perineurial glial cells 
(A) The perineurial glial cells form the outer most layer of the Drosophila nervous system and appear as long thin strips 

oriented along the dorso-ventral axis. (B) On their short axis, long thin extensions embrace the neighboring cells and (B´) on 

their long axis, they form ledge like overlaps with their neighboring cells (adapted from Kremer et al. 2017). 

To be able to cover the adult brain completely, the perineurial glia proliferate extensively 

through symmetric cell division during larval development until the L3 wandering larvae stage. 

The gliogenesis that produces fully developed perineurial glia even continues until midpupal 

stages. This suggests that the function of these glial cells is limited to the adult nervous system 

(Awasaki et al. 2008, Tobias Stork et al. 2008). The proliferation of the perineurial glia in the 

postembryonic brain relies on the Insulin-like receptor (InR)/Target of rapamycin (TOR) 

pathway acting together with the fibroblast growth factor (FGF) signaling. The InR/TOR 

pathway in this case is activated by the insulin-like peptide (DILP) 6. In case of the FGF signaling 

the receptor heartless (htl) together with the ligand pyramus (pyr) act in a non-cell-

autonomously way on glia of the same subtype (Avet-Rochex et al., 2012). A similar 

mechanism also seems to be involved in the growth of the perineurial glial cells in the 

peripheral nervous system. Here it was shown that the IMP dehydrogenase Raspberry (Ras) is 
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regulated through Phosphatidylinositol 3-kinase (PI3K) and Akt kinase (Akt) leading to 

nonautonomous growth by inhibiting Forkhead box, sub-group O (FOXO) (Lavery et al., 2007). 

In the adult nervous system, around 2250 perineurial glial cells exist that envelop the brain 

and ventral nerve cord. In addition, perineurial glia also cover the peripheral nervous system. 

While covering the brain, they form two types of contacts with the neighboring cells. First, 

long thin extensions embrace the neighbors on their short axis (Figure 8B) and second, ledge-

like overlaps on their long axis (Figure 8B´) (Kremer et al., 2017).  

 
Figure 9. Perineurial glial cells migrate into the eye disc during larval development 
(A) During L3 larval stage, the perineurial glial cells (pg) migrate from the optic lobe through the optic stalk into the eye disc. 

They migrate along two subperineurial glial cells (spg) and remain behind the morphogenic furrow (MF). (B) The apically 

migrating pg get into contact with the photoreceptor axons (R1-8) when they reach the end of the spg. As soon as this contact 

happens pg start to differentiate into wrapping glia (wg) that wrap the R axon bundles and extend back into the optic lobe 

(addapted from Rhee et al. 2021). 

Interestingly, perineurial glia never come into contact with neurons (Stork et al., 2008), with 

one exception in the developing eye (Figure 9). Here, the perineurial glial cells in early L3 larvae 

start to migrate from the larval central brain through the optic stock into the eye disc (Figure 

9A). The migration occurs along the two subperineurial glial cells of the eye disc called carpet 

cells and stops when the perineurial glia encounter the developing photoreceptors. Once this 

interaction occurs, the perineurial glia start to differentiate into wrapping glia sending 

protrusions along the receptor axons back into the developing optic lobe, while wrapping the 

single axon tracts  (Bauke et al., 2015; Choi and Benzer, 1994; Kim et al., 2014; Silies et al., 

2007; Xie et al., 2014). The differentiation into wrapping glia only happens to the apically 

migrating perineurial glia, the basally migrating ones are sealed off from the photoreceptors 

by the subperineurial glial cells (Figure 9B). Interestingly the apically and the basally migrating 

perineurial glia are derived from two distinct lineages during second instar larval stage before 

they enter the optic stalk (Tsao et al., 2020). 
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Since the nervous system is completely sealed off from the hemolymph, but still requires 

certain nutrients and ions, one of the main functions of the perineurial glial is to shuttle these 

from the hemolymph into the nervous system via the subperineurial glia (Limmer et al., 2014).  

Surprisingly, the heparin sulfate proteoglycan Dally-like (Dlp) and the BMP homolog Glass 

bottom boat (Gbb) expressed by perineurial glia were shown to be responsible for neuroblast 

proliferation, although perineurial glia are not in contact with neurons in most cases (Kanai et 

al., 2018). 

Due to their position on the surface of the nervous system, perineurial glia do not only contact 

the hemolymph, but also the extracellular matrix (ECM). They are responsible for the 

construction of the ECM and the regulation of their stiffness, which in turn regulates the 

migration ability of the perineurial glial cells (Hunter et al., 2020; Kim et al., 2014; Meyer et 

al., 2014; Skeath et al., 2017). 

1.2.2 The extracellular matrix in the Drosophila brain 

In Drosophila, the ECM around the nervous system is also called neuronal lamina. This 

structure provides mechanical support, shapes the nervous system and enables cell migration. 

It is built by hemocytes during embryogenesis leading to the condensation of the embryonic 

ventral nerve cord (Olofsson and Page, 2005). During larval development, the perineurial glial 

cells restructure the neuronal lamina to accommodate the growing nervous system and to 

support their migration in the eye disc or along peripheral nerves as well as the targeting of 

motor axons. This reshaping depends among others on the secretion of metalloproteases like 

Mmp2, AdamTS-A or AdamTS-B as well as the expression of different integrins or matrix 

components (Meyer et al., 2014; Kim et al., 2014; Skeath et al., 2017; Hunter et al., 2020; Xie 

and Auld, 2011; Miller et al., 2011).  

The ECM consists of four main components: laminin, collagen, nidogen and perlecan (Pozzi et 

al., 2017). These four components form a mesh like structure wherein the laminin creates the 

basis and the collagen network lays on top connected via nidogen and perlecan. The whole 

structure is in contact with the perineurial glia via integrin, dystroglycan and glypican 

receptors found in the glial cell membrane (Figure 10) (Walma and Yamada, 2020).  
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Figure 10. The neuronal lamina builds a mesh-like structure around the nervous system 
(A) The ECM around the nervous system is also called neuronal lamina. It consists of four main components (Laminin, Integrin, 

Perlecan and Collagen) that build a mesh like structure to shape the nervous system and enable cell migration especially of 

the perineurial glia (adapted from Skeath et al., 2017). (B) Collagen IV as well as Laminin consist of different subunits. Only 

one Drosophila gene exists for perlecan and nidogen (adapted from Isabella and Horne-Badovinac, 2015). (C) The ECM is 

connected to the cells via different receptors, which can be separated into three main groups in Drosophila: integrins, 

dystroglycan and glypican (adapted from Broadie et al., 2011). 

The large family of laminins is comprised of heterotrimeric (ʰΣ ʲΣ ʴ) glycoproteins that have 

the ability to produce self-assembled networks. Drosophila possess four different laminin 

chains, two h  laminins (Laminin A (LanA) and Wing blister (Wg)), the ̡  Laminin B1 (LanB1) and 

the  ɹLaminin B2 (LanB2). The three collagen IV subunits (Viking (Vkg), Pericardin (Prc) and 

Collagen type IV alpha 1 (Col4a1)) as well as the collagen XV/XVIII Multiplexin (Mp) build triple-

stranded helical structures that form covalent bonds. In Drosophila only one nidogen (Nidogen 

(Ndg)) and one perlecan, (Terribly reduced optic lobes (Trol)) can be found. In addition to the 

four main components, a large number of accessory proteins have been found to contribute 

to the ECM network, e.g., Thrombospondin (Tsp), Faulty attraction (Frac) and Papilin (Ppn). 

These additional components, together with posttranslational modifications of the core 

proteins, lead to a great structural and functional diversity of the ECM (Broadie et al., 2011; 

Töpfer et al., 2022).  

1.3 Drosophila optic lobe organization and development 

1.3.1 The adult optic lobe of Drosophila  

The adult Drosophila optic lobe consists of four different neuropils with their cell bodies found 

in the periphery. Namely the lamina, the medulla, the lobula and the lobula plate, which 

together hold over 60% of the brain´s neurons. These neuropils are the first center of 
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computation of the visual system and receive their input from 800 ommatidia of the 

Drosophila retina (Figure 11A) (Nériec and Desplan, 2016). Each ommatidium consist of eight 

different photoreceptor cells (R1-8) that signal into the underlying neuropils. Thereby R1-6 

axons send their axons into the lamina following the neural superposition principle, meaning 

that photoreceptor axons, which receive input from the same point of space in the fly´s visual 

field, signal into the same column, called a lamina cartridge. This columnar organization is 

preserved throughout the optic lobe leading to a retinotopic organization (Figure 11B) 

(Breitenberg, 1967; Fischbach and Dittrich, 1989).  

 
Figure 11. Structure of the adult optical lobe of Drosophila 
(A) The adult optic lobe is divided into four major neuropils. Directly under the eye`s retina the lamina (la) can be found and 

underneath the medulla (me), which is the biggest neuropil in the optic lobe. Adjacent to these two the lobula complex is 

found that is divided into the lobula (lo) and the lobula plate (lop). One of the brain`s computation area for visual information 

is named the ventrolateral neuropil (VLNP). (B) The signal transduction of the visual information starts in the retina where 

the photoreceptors are activated and send signals into the la and me where they are further transported into the me, lo and 

lop in a retinotopic manner  (adapted from Nériec and Desplan, 2016). (C) Specific neurons leaving the me, lo and lop connect 

the optic lobe with the central brain and transport the information into higher computational areas triggering certain 

behaviors. (D) Confocal image of the adult optic lobe showing the me, lo and lop as well as part of the central brain. The 

different neuropils are stained with an antibody against DN-Cad (this thesis). Scale bar: 50µm 
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In the lamina the information from the R1-R6 achromatic motion channel (Yamaguchi et al., 

2008) is processed (Zhu et al., 2009) in four different parallel pathways regulated by 4 different 

types of neurons, the L1-L3 and the amc (amacrine cells)/T1 neurons. The most important 

pathway is comprised of L1 and L2 neurons. These two neuronal pathways process motion 

stimuli differently depending on the contrast of the moving pattern. In high contrast pattern, 

they work redundantly whereas in low contrast patterns, they rely on each other. Interestingly 

in patterns with intermediate contrast, they process stimuli of opposite directions. The L2 

mediate front-to-back motion and the L1 back-to-front (La in Figure 11B) (Rister et al., 2007). 

The photoreceptor axons of R7 and R8 together with axons from the lamina cartridge signal 

into the medulla columns. Before entering the medulla, these axonal fibers cross in a 

horizontal plane creating the outer optic chiasm. Despite the crossing, the relative spatial 

information from the retina is retained (Fischbach and Dittrich, 1989; Takemura et al., 2008). 

The medulla neuropil is divided into 10 different layers (M1-M10) with layers M1-M6 referred 

to as the distal medulla and layers M7-M10 as the proximal medulla. These two groups are 

separated by the so-called serpentine layer. This layer consists of axons of different projection 

neurons that enter or leave the medulla (Morante and Desplan, 2008). The incoming signals 

from the lamina neurons and the R7/R8 photoreceptors are first transferred into the distal 

medulla, which then signals into the proximal medulla where the visual information is further 

computed (Fischbach and Dittrich, 1989). This process is dependent on at least 80 different 

neuronal cell types, which can be subdivided into five different main groups. First the Medulla 

intrinsic (Mi) neurons, which exclusively have their axons and dendrites in the medulla 

connecting the different layers (Figure 11B). The Medulla tangential (Mt) cells that run across 

the medulla neuropil close to the serpentine layer and connect different columns with each 

other and with the central brain (Figure 11C). The bushy T-cells send one of its branches into 

the medulla and the other one into the lobula. Next, the transmedullary (Tm) cells, the main 

group of neurons, that connect the different medulla layers with the lobula. At last, the group 

of transmedullary Y (TmY) neurons connect the medulla to the lobula and lobula plate (Figure 

11B) (Raghu et al., 2013). 

The last two neuropils, the lobula and the lobula plate, are often summarized as the lobula 

complex. These two are connected to the medulla thereby creating the second optic chiasm 

(inner chiasm). The lobula is divided into 6 different layers and the columnar structure of the 
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retinotopic organization of the optic lobe can still be observed (Figure 11B) (Fischbach and 

Dittrich, 1989). Here two types of neurons were identified, the Columnar (LC) and the 

tangential-and tree-like (LT) neurons, which both signal into the central brain. Interestingly, 

all of their projections merge into a single fiber tract before connecting to the brain (Otsuna 

and Ito, 2006).  

The last neuropil, the lobula plate, is the output center for the neuronal circuits involved in 

motion processing. It consists of four layers, each receiving motion signals from one of the 

four cardinal directions (front-to-back, back-to-front, upwards, and downwards) (Maisak et 

al., 2013). There are four different classes of neurons connecting the lobula plate with the 

lobula, the translobular plate (Tlp) neurons, the Y cells, T4 and T5 neurons (Figure 11B) 

(Fischbach and Dittrich, 1989). Especially, T4/T5 neurons are important for the motion 

detection and signal to the lobula late tangential cells (LPTCs) that transmit the motion signal 

into the ventrolateral neuropil (VLNP) in the central brain. The VLNP is one of the major 

computational centers for visual input in the brain (Figure 11C) (Nériec and Desplan, 2016).  

1.3.2 Development of the optic lobe 

The optic lobe development of Drosophila starts during embryogenesis at stage 11 when a 

group of cells in the posterior procephalic ectoderm region divides four times and 

differentiates into the optic placode. This structure adopts a V-like shape that possesses an 

anterior and posterior tip. (Green et al., 1993). During the rest of embryogenesis, these cells 

stay quiescent and begin to divide again, only in newly hatched L1 larvae. During these initial 

divisions of the optic placode, the anterior-dorsal tip detaches thereby creating two 

proliferation centers, the inner proliferation center (IPC) and the outer proliferation center 

(OPC) (Figure 12A). Both consisting of symmetrically dividing neuroepithelial cells (Egger et al., 

2007; White and Kankel, 1978). These two centers stay in contact while adapting a U-shape 

and increase their size until late second instar larval stage (Figure 12B-D). At this point, the 

first progeny starts to arise, which separates the OPC and the IPC through the migration of 

cells from the IPC towards the space between the IPC and the OPC, forming a so-called plug 

(Figure 12D). Thereby positioning the OPC superficially and the IPC centrally (Apitz and 

Salecker, 2015; Hofbauer and Campos-Ortega, 1990).  
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Figure 12. The larval optic lobe can be divided into two proliferation centers 
(A-C) In first instar larvae the optic placode, which develops during embryogenesis, starts to divide into two different 

proliferation centers, the inner proliferation center (IPC) and the outer proliferation center (OPC). (D) From the IPC cells start 

to migrate into the space between IPC and OPC and build the plug during late second instar larvae. (E) During third instar 

larvae, the cells start to differentiate. First cells from the OPC develop a neuroblast (NB) fate, which also migrate between 

the ICP and OPC and eventually differentiate into medulla (Me) neurons. (E-F) At the same time OPC cells, produce lamina 

(La) neurons. In mid third instar larvae, the IPC starts to produce neurons of the lobula and lobula plate (Lb). (G) The OPC 

(green) can be found on the edge of the larval brain lobe and the IPC (brown) is positioned in the middle part. Scale bar: 

50µm. The inset diagram shows the position of the confocal plane in the next picture. (H) A frontal confocal section shows a 

close-up of the position of the OPC, IPC and the developing medulla (me) neurons in-between. Scale bar: 20µm. OL = optic 

lobe, CB= central brain, VNC= ventral nerve cord 

(Panels A-F adapted from Nassif et al., 2003), (panels G and H adapted from Egger et al., 2007)  

Starting at early L3 larval stage the first neuroepithelial cells of the medial OPC, facing the 

central brain, start to convert into neuroblasts by losing their columnar shape and adherent 

junctions (Figure 12E). These neuroblasts are the precursors of medulla neurons. They divide 

in an asymmetrical manner resembling a type 1 neuroblasts proliferation pattern creating one 

GMC as well as a neuroblast. The GMC later divides symmetrically creating two postmitotic 

medulla neurons (Egger et al., 2007). This transition is mediated by the Achaete (Ac)-Scute (Sc) 

complex component [ŜǘƘŀƭ ƻŦ ǎŎǳǘŜ ό[ΩǎŎύ and is called the proneural wave (Figure 13) (Yasugi 

et al., 2008). This complex is an important regulator of the transition from an epidermal fate 

into a neuronal fate. It can also be found for example in the embryonic ventral ectoderm or in 

imaginal discs and is antagonized by the Delta-Notch signaling pathway (Artavanis-Tsakonas 
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and Simpson, 1991). The emerged postmitotic medulla neurons align in columns depending 

on their order of birth. Thereby the youngest columns can be found close to the OPC 

neuroepithelium and the older ones are displaced towards the central brain. In these columns, 

the youngest cells are adjacent to the GMCs and the oldest ones are next to the emerging 

neuropil (Figure 13) (Hasegawa et al., 2011). This medulla development is completed 40 hours 

after puparium formation (APF), when all OPC neuroepithelial cells are transformed into 

neuroblasts and eventually neurons and the medulla is positioned under the lamina (Nériec 

and Desplan, 2016).  

 
Figure 13. The OPC gives rise to the medulla and lamina neurons 
During L3 larval stage, the OPC starts to produce medulla neurons as well as lamina neurons. During medulla development, 

a proneural wave transforms the neuroepithelial cells of the OPC into neuroblasts. This transition is mediated by L´sc. These 

neuroblasts divide to self-renew and to generate one GMC. This GMC then produces postmitotic medulla neurons (mn). These 

neurons extant into the central part of the optic lobe and are organized in columns, due to their birth order. At a later stage 

on the other end of the OPC in the lamina furrow (LF) the development of the lobula neurons (L1-L5) starts. Here the 

neuroepithelial cells produce lamina precursor cells (LPC), which terminally differentiate after contact to the ingrowing 

photoreceptors (R1-R8) and become organized in columns as well (adapted from Apitz and Salecker, 2014).  

The second neuropil descending from the OPC is the lamina. During the mid-third instar larval 

stage, the neuroepithelial cells at the lateral end of the OPC are separated from the rest by 

the appearance of the lamina furrow (LF) (Figure 12F) (Hofbauer and Campos-Ortega, 1990). 

Here, the neuroepithelial cells give rise to lamina precursor cells (LPC), a specific neuronal 

progenitor cell type that does not express any neuroblasts markers (Figure 13) (Egger et al., 

2007). These LPCs undergo one final symmetric cell division upon Hedgehog (Hh) release from 

the ingrowing photoreceptors creating undifferentiated lamina neurons (Huang and Kunes, 

1996). This Hh release also leads to the recruitment of these immature lamina neurons into 
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columns adjacent to the photoreceptors (Figure 13) (Sugie et al., 2010). Finally, it is also 

responsible for the maturation of the lamina neurons by leading to the expression of the 

transcription factor dachshund (dac), which in turn leads to the upregulation of the Epidermal 

grows factor receptor (Egfr). This upregulation is responsible for the response to the 

photoreceptor derived Receptor ligand Spitz (Spi) what eventually differentiates the lamina 

neurons (Figure 13) (Huang et al., 1998). 

 
Figure 14. The IPC is divided into four domains and gives rise to neurons of the lobula complex 
(A)The IPC in the developing optic lobe of third instar larvae is divided into four domains. First the interconnected proximal 

IPC (p-IPC) and the surface IPC (s-IPC), which are positioned towards the central brain. The p-IPC is connected to the distal-

IPC (d-IPC) via migratory progenitor streams. The d-IPC is found in the space between the OPC and the p-IPC and is referred 

ǘƻ ŀǎ άǘƘŜ ǇƭǳƎέ. (B) The p-IPC also consists of neuroepithelial cells (NE) and lays under the developing lobula and lobula plate. 

The progenitor cells migrate towards the d-IPC were they mature into neuroblasts (Nb) and produce GMCs, which in turn give 

rise to the C/T neurons building the lobula and the T4/T5 neurons creating the lobula plate. Mn= medulla neurons, ln= lamina 

neurons, LPC= lamina precursor cells. (C) The differentiation into C/T or T4/T5 neurons depends on the age of the neuroblasts. 

Young neuroblasts, which are found close to the Migratory progenitors in the lower d-IPC differentiate into C/T neurons. 

Whereas, older neuroblasts in the upper d-IPC differentiate into T4/T5 neurons.  

(Panels A and C adapted Contreras et al., 2019), (Penal B adapted Apitz and Salecker 2018)  

As already mentioned, the IPC is a second neuroepithelial proliferation center in the larval 

optic lobe (Figure 12). At the late second instar larval stage, the IPC is divided into three 

domains, the proximal, surface and distal IPC (p-IPC, s-IPC and d-IPC) as well as one migratory 

zone where four cell streams connect the p-IPC and the d-IPC (Figure 14A). The d-IPC is defined 

as a C-shaped structure at the lateral part of the optic lobe, separating the OPC and the IPC 

while forming the so-called plug. The s-IPC and the p-ICP are interconnected and assume an 
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asymmetric horseshoe shape. Thereby, the ventral part of the s-IPC grows towards the optic 

lobe surface (Figure 14A)(Apitz and Salecker, 2015).  

The s-IPC produces lobula neurons by directly turning neuroepithelial cells into neuroblasts in 

a not yet completely understood mechanism. Next to the production of lobula neuroblasts, 

the s-IPC is also important for the secretion of Wingless (Wg) to the p-IPC. Wg is responsible 

for the epithelial- mesenchymal transition(EMT)-like process, which transforms the 

neuroepithelial cells into the migratory progenitor cells (Figure 14B and C) (Apitz and Salecker, 

2018). As soon as these progenitors reach the d-IPC, they mature into neuroblasts and switch 

to an asymmetric cell division thereby producing a new neuroblast as well as a GMC (Figure 

14B). In the d-IPC, the neuroblasts can be separated into two groups, depending on their gene 

expression profile and position. Thereby the younger neuroblasts close to the migratory cell 

streams build the lower d-IPC and differentiate into the C/T neurons. These neurons include 

the C2 and C3 neurons as well as the T2, T2a and T3 neurons. Closer to the surface of the optic 

lobe the older neuroblasts of the upper d-IPC can be found which now produce T4/T5 neurons 

due to their change in gene expression (Figure 14C) (Apitz and Salecker, 2015; Mora et al., 

2018; Ngo et al., 2017).  

1.4 T4/T5 neurons in the Drosophila visual system 

1.4.1 The motion vision system of Drosophila melanogaster 

The T4/T5 neurons are the motion selective neurons of the Drosophila visual system. Their 

cell bodies are found adjacent to the lobula plate in the adult optic lobe. The T4 neurons have 

their dendritic connection in the medulla layer M10 where they receive input from neurons 

encoding brightness increments (ON-motion). The dendrites of the T5 neurons, which respond 

to brightness decrement (OFF-motion), can be found in the Lo1 layer of the lobula (Figure 15A, 

B). Both neuron types project their axons back into the lobula plate where they stop in one of 

the four layers (1-4) (Figure 15B). The termination at a specific lobula plate sublayer 

determines the four subtypes of T4/T5 neurons (a-d), each of which responds to only one of 

the four cardinal motion directions. These directions are, front-to-back, back-to-front, 

upwards and downwards (Fischbach and Dittrich, 1989; Maisak et al., 2013). 
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Figure 15. Organization of the T4/T5 neurons in the adult optic lobe 
(A) The T4/T5 neurons possess a very specific shape, with their cell bodies extending long dendritic excrescences into the 

medulla or the lobula from where the axons grow back into the lobula plate. (B) The T4 neurons have their dendritic 

connections in the medulla layer M10 and the T5 dendrites can be found in the Lo1 layer of the lobula. The axon terminals of 

T4 as well as T5 can be found in one of the four lobula plate layers defining the four different neuron types a, b, c and d. (C) 

The confocal image shows T4/T5 neurons in green with their cell bodies adjacent to the lobula plate (lop) and their dendritic 

connections into the medulla (me) and the lobula (lo). (Schematics (A) and (B) adapted from Kurmangaliyev et al., 2019), 

(Picture (C) this thesis) 

The importance of T4/T5 neurons for motion vision has first been proven by Bahl et al. (2013). 

During their experiments, they blocked the T4/T5 neurons by expressing a temperature 

sensitive shibire (shits1) allele in these neurons with the UAS/Gal4 system. This set-up leads to 

a suppression of neurotransmission in the T4/T5 neurons at the permissive temperature and 

therefore to a block of neuron function. When testing these flies for their optomotor response 

they did not show a turning response upon the rotation of an arena showing black and white 

stripes, whereas control flies followed the arenàs movement (Figure 16A). In further 

experiments they could also show that, although these flies were not able to see motion, they 

were still capable to fixate a black bar (Bahl et al., 2013). 
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Figure 16. Blocking neurons in the motion detection pathway abolishes the optomotor response of Drosophila 
(A) Positioning of a fly in an arena with a moving black and white stripe pattern in front of it. Control flies try to follow the 

moving pattern. Flies, where T4/T5 neurons are blocked, do not show this response (adapted from Bahl et al., 2015). (B) The 

optomotor information gets transported in two parallel pathways from the ŦƭȅΩǎ retina to either the T4 (On-pathway) neurons, 

which react to brightness increment or the T5 (Off-pathway) neurons that get activated by brightness decrement. In the Off-

pathway, the photoreceptors signal to L2-L4 neurons in the lamina, whereas in the On-pathway the signal gets transported 

to L1 and L5. The Off-pathway signal is then transported from the medulla to the T5 dendrites in the lobula by different Tm 

neurons. T4 dendrites are positioned in the medulla and receive the signal either from Mi or Tm neurons. Both T5 and T4 

neurons signal to the same neurons in the lobula plate, the LPTC (Scheme adapted from Borst et al., 2020). 

By blocking other neurons in the optic lobe in Drosophila ŀƴŘ ǘŜǎǘƛƴƎ ǘƘŜ ŦƭȅΩǎ ƻǇǘƻƳƻǘƻǊ 

response, it was possible to generate a model of the neuronal circuits for motion vision. This 

model consists of two parallel computed pathways (Figure 16B). In the off-motion pathway 

leading to the T5 neurons the photoreceptors R1-6 signal to the Lamina neurons L2, L4 and 
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L3, which transport the signal into the medulla connecting to different medulla neurons (Tm1, 

Tm2, Tm4 and Tm9). These medulla neurons connect to the T5 dendrites in the lobula. The T4 

On-motion pathway also starts with the photoreceptors R1-6, which signal to the lamina 

neurons L1 and L5. In the medulla, the neurons Mi1, Tm3 and Mi4 receive the signal from the 

lamina and transport it to the T4 dendrites in the medulla. Both pathways signal to LPTCs in 

the different lobula plate layers depending on their preferred direction. At the same time, 

they also signal to lobula plate intrinsic neurons, which in turn are able to inhibit the LPTCs in 

the adjacent layer. The T4 and the T5 pathway are connected through Mi9 neurons, which 

receive input from the T5 pathway and transport it to the T4 neurons. The decision which of 

the two pathways is turned on depends on the contrast polarity. While information about 

brightness increment turns on the T4 pathway, brightness decrement leads to the excitation 

of the T5 pathway (Borst et al., 2020). 

1.4.2 Development of T4/T5 neurons 

As mentioned above the T4/T5 neurons originate from cells in the d-IPC, which in turn are 

derived from the p-IPC. The differentiation process starts, when cells of the OPC start to 

express and secret Wingless (Wg) which in turn starts the expression of wg in the s-IPC. These 

two Wg sources then lead to the activation of decapentaplegic (dpp) in the ventral and dorsal 

part of the p-IPC. The expression of dpp is then responsible for the repression of the default 

expression of brinker (brk) in the ventral and dorsal p-IPC, whereas brk is still expressed in the 

central p-IPC thereby creating two different p-IPC populations (Figure 17) (Apitz and Salecker, 

2018).  
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Figure 17. T4/T5 developmental scheme in L3 larval optic lobe 
The development of T4/T5 neurons starts in the pIPC where part of the cells expresses dpp upon Wg signaling from the OPC 

via the sIPC. The cells which do not receive the Wg signal stay in the default stage and express brk. These progenitor cells 

migrate to the dIPC where in a first competence window Tll negative neuroblasts divide into GMCs, which express pros, and 

ase. These GMCs then produce the so-called C/T neurons. During the second competence window, the Tll positive neuroblasts 

express ato and dac and first divide into two GMCs. Thereby, dac is repressed by the expression of Omb, which is only active 

in the GMCs that are derived from the Dpp positive progenitors. This differential expression of dac leads to the decision 

between a/b and c/d T4/T5 neurons. The decision between the single subtypes as well as the decision between T4 and T5 

depends on the N status of the cell. 

From both populations migratory cells emerge via EMT and move towards the d-IPC. 

Additionally, they start to express Dichaete (D). As they reach the d-IPC, they start to mature 

into neuroblasts and switch to an asymmetric cell division to self-renew and to produce GMCs 

(Figure 17).  

Due to a temporal relay, two different competence windows produce different progeny during 

this process. The neuroblasts in the lower d-IPC start to express asense (ase), which leads to 

the generation of Prospero (Pros) positive GMCs that give rise to the different C/T neurons 

(Pinto-Teixeira et al. 2018). While the neuroblasts in the d-IPC move further away from the 

migratory streams and closer to the upper d-IPC, D promotes the expression of tailless (tll) 

which in return leads to a downregulation of ase as well as an expression of atonal (ato) and 

dachshund (dac). This switch in expression closes the first competence window and opens the 

second since these neuroblasts now give rise to the GMCs producing T4/T5 neurons (Apitz and 

Salecker, 2015). In this step, the neuroblasts divide terminally, generating two GMCs, which 

divide once creating two post mitotic T4/T5 neurons (Figure 17) (Pinto-Teixeira et al. 2018). 
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The eight different types of T4/T5 neurons are determined in two steps during this 

developmental process in the d-IPC. In a first decision, the fate between T4/T5a,b and T4/T5c,d 

is made. Here, the expression of dpp, in the p-IPC is the crucial step for this decision. Dpp leads 

to the expression of optomotor blind (omb) in the ventral and dorsal p-IPC cells as well as in 

their progenies. Omb in a next step acts as a suppressor of dac during the second competence 

window leading to GMCs which do not express dac and therefore obtain a T4/T5c,d fate. The 

progenitors of the other p-IPC cells that do not express dpp, keep the expression of dac and 

obtain a T4/T5a,b fate. The decision between the different subtypes (a or b, c or d) depends on 

the Notch (N) status of the GMC generated during the terminal neuroblasts division. Here one 

of the generated GMCs inherits the active N-pathway whereas the second one inherits the N 

inhibitor Numb. Thereby the GMC with N produces either T4a/T5a or T4d/T5d neurons and 

respectively, the GMC without N produces T4b/T5b or T4c/T5c neurons. The last decision 

between T4 or T5 neurons is also depending on the N status of the produced neuron. Here the 

absence of the N-pathway leads to the development into T4 neurons and the T5 neurons are 

characterized by the presence of the N-pathway (Figure 17) (Apitz and Salecker, 2018; Pinto-

Teixeira et al., 2018). The fully differentiated T4/T5 neurons start to express abnormal 

chemosensory jump 6 (acj6), which makes it a great marker for these neurons (Mora et al., 

2018). 

 
Figure 18. Important further genes for the terminal differentiation of T4/T5 
The differentiation of T4/T5 neurons depends on many different genes. First, the main regulators important for the common 

T4/T5 program setting them apart from other developmentally related neurons. Afterwards a variety of different other 

marker genes become important, regulating the decision between the different T4/T5 neuron types (adapted from 

Kurmangaliyev et al., 2019).  
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The differentiation of T4/T5 neurons involves a lot more genes than the few mentioned above. 

Other genes that are involved in this process have been recently identified via single-cell RNA-

sequencing (RNA-seq) and include Lim1, grn, Drgx, Sox102F and SoxN (Figure 18) 

(Kurmangaliyev et al., 2019). In other recent studies, the involvement of the Sox family 

transcription factors Sox102F and SoxN has been investigated further. These two transcription 

factors are important for the regulation of the dendritic and axonal innervation patterns of 

T4/T5 neurons and the proper formation of the lobula plate (Contreras et al., 2018; Schilling 

et al., 2019).  

1.5 Homeobox genes  

Homeobox genes can be found in all metazoa, from sponges to vertebrates as well as in plants 

and fungi, but they were first discovered in Drosophila. Due to the sequencing of whole 

genomes, it is known that in protostome species, about 100 homeobox genes are present and 

most vertebrae normally have around 250 of them. In Drosophila 103 homeobox genes have 

been identified. In animals, these genes are already important during the earliest stages of 

development and are crucial for patterning, in particular the famous Hox genes are involved 

in this process, but many of them are also essential during nervous system development 

(Bürglin and Affolter, 2016).  

 
Figure 19. Different levels of conservation can be found in the Drosophila homeobox sequences 
The comparison of all Drosophila homeodomains revealed different highly conserved amino acid positions. For example the 

Leucine (L) at position 16 or the phenylalanine (F) at position 49. The height of the bars indicates how strong the conservation 

is (the higher the stronger). The letters in the bars name the amino acid the bar stands for and open bars indicate gap region, 

which were introduced ǘƻ ŀŎŎƻƳƳƻŘŀǘŜ ƭƻƴƎŜǊ ƘƻƳŜƻŘƻƳŀƛƴǎΦ ¢ƘŜ άŀōŎέ ƛƴŘƛŎŀǘŜǎ ǘƘŜ ǘƘǊŜŜ ŜȄǘǊŀ ǊŜǎƛŘǳŜǎ ŦƻǳƴŘ ƛƴ ǘƘŜ 

homeodomains of the TALE super family and the gray boxes show the position of the three alpha helixes. The most common 

amino acid sequence is written on the bottom. (adapted from Bürglin and Affolter, 2016)  
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The homeobox was first recognized as a repetitive DNA sequence found in the homeotic genes 

of the bithorax and Antennapedia complex (McGinnis et al., 1984). This sequence consists of 

180bp and encodes for a globular 60 amino acid DNA binding-domain called the 

homeodomain (Figure 19). Due to this DNA binding affinity the homeodomain genes were 

early on identified as transcription factors (Affolter et al., 1990). They favorably recognize DNA 

ǎŜǉǳŜƴŎŜǎ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ǘŜǘǊŀƴǳŎƭŜƻǘƛŘŜ рΩ-TAAT-оΩ (Gehring et al., 1994; Kissinger et al., 

1990). 

The basic homeodomain consists of 3 alpha helices (Otting et al., 1988) with different 

conserved positions creating the hydrophobic core, which are for example leucine (L, 16), 

phenylalanine (F, 20), tryptophan (W,48) and phenylalanine (F,49). Even so, these amino acids 

are found in most of the homeodomains, they can be substituted by other amino acids with 

similar properties (Bürglin and Affolter, 2016). Another important residue can be found at 

position 50, which is necessary for sequence specific DNA binding and differs between the 

different classes of homeodomain proteins (Gehring et al., 1994) Also the Arginine often found 

at position 5 supports the DNA binding (Rohs et al., 2009) (Figure 19).  

 
Figure 20. Drosophila has 103 homeodomain proteins 
(A) In Drosophila 103 different homeodomain protein can be found, which can be divided into different classes, one superclass 

and 6 subclasses. Most of the proteins belong to the Antennapedia (ANTP) or the paired-like (PDR-like) class. Two classes 

(HNF and SATB), which are found in other animals are missing in Drosophila. (B) The classification of the different classes of 

homeodomain proteins depends among others on the presence of different additional domains flanking the homeodomain. 

(adapted from Bürglin and Affolter, 2016)  
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The three alpha helixes are the main binding properties and bind to the major groove of the 

DNA. This binding is supported by the N-Terminus, where position 5 is located, which binds to 

the minor grove. Due to the similar binding sequence as well as the similar residues found in 

the homeodomain, the binding specificity depends on further mechanisms. This includes 

additional flanking domains like for example the PAIRED, POU, PROS domains or multiple 

homeodomains. Additionally, the binding of different cofactors like Homothorax (Hth) and 

Extradenticle (Exd), as well as the structure of the DNA, also contribute to an increased binding 

specificity (Mann and Affolter, 1998; Mann et al., 2009). 

Due to the differences found in the conserved positions especially on position 5 and 50 as well 

as the presence of additional domains, the homeobox genes can be divided into different 

classes. In Drosophila 15 classes, five subclasses and one superclass can be found, whereas in 

total there are 16 classes, six subclasses and one superclass. This indicates that during the 

evolution of Drosophila, some of the classes and subclasses have disappeared. The two biggest 

classes in Drosophila are the Antennapedia (ANTP) with 45 genes and the paired-like (PRD-

like) class with 19 genes. Since the PRD-like class will be important during the course of this 

study, it will be described in more detail (Bürglin and Affolter, 2016) (Figure 20A). 

The paired-like class can be distinguished from the paired homeobox genes because it lacks 

the paired (PRD) domain and only encodes the homeodomain as the major conserved domain. 

In the homeodomain, either a glutamine or a lysine residue can be found at position 50. A 

similarity between the paired-like and the paired class is the presence of the engrailed 

Homology 1 (EH1) motif towards the N-terminus and/or the otp/aristaless/rax (OAR) motive 

near the C-terminus found in most of the proteins in this class (Galliot et al., 1999) (Figure 

20B). Some examples for genes in this group are repo, homeobrain (hdn) and Dorsal root 

ganglia homeobox (Drgx). 

1.6 The paired-like homeobox transcription factor Drgx 

As mentioned above Drgx belongs to the PRD-like homeobox transcription factors. This was 

determined by sequence comparison with other PRD-like homeobox genes in Drosophila, 

showing that Drgx possesses a homeodomain as well as an OAR motif (Figure 21B). Due to a 

92% similarity in the homeobox sequence with the homeobox of the human DRGX (Holland et 

al., 2007), it was renamed Drgx from its former CG number (CG34340) (Javeed et al., 2015). It 
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also has one orthologue, Prrxl1 (paired related homeobox protein-like 1) or DRG11 (Dorsal 

root ganglia), in mice. Here, expression starts during embryonic development and is restricted 

to the nervous system. In the nervous system, expression occurs in peripheral ganglia (e.g. the 

dorsal root ganglia) as well as in brain and spinal cord areas related to the processing of 

somatosensory and viscerosensory information (Rebelo et al., 2007). Prrxl1 in mice is 

important during the development of neurons that form nociceptive circuits and leads to 

attenuated sensitivity to noxious stimuli (Chen et al., 2001; Rebelo et al., 2010). In mice and 

zebrafish, Prrxl1/DRG11 regulates the expression of Repulsive Guidance Molecule b 

(RGMb)/DRAGON, a secreted signaling protein, which is involved in migration and adhesion 

of neurons and nonςneuronal cells (Conrad et al., 2010; Samad et al., 2004). 

 
Figure 21. Drgx encodes for a PRD-like homeobox transcription factor 
(A) The Drgx gene encodes for two different transcripts, which only differ in the length of the 3´ UTR (Drgx-F and Drgx-E) and 

are built up by seven exons and six introns. (B) Drgx belongs to the group of PRD-like homeobox transcription factors that 

typically lack the paired domain but they possess a homeobox and in this case an OAR-domain. 

In Drosophila, two different transcripts Drgx-F and Drgx-E can be found, differing only in the 

length of the 3'-untranslated region (UTR) (Figure 21A). RNA in situ hybridization has shown 

that Drgx is already expressed in the Drosophila embryo especially in the developing central 

nervous system (Hammonds et al., 2013). Expressing and tagging Drgx with the Hostile 

takeover (Hto) system in clonal patches of follicle cells (FC) showed a nuclear localization of 

the protein and the expression in larval salivary glands showed that this Drgx construct binds 

in a sequence specific manner to DNA of the polytene chromosomes (Javeed et al., 2015).  

Expressing Drgx ectopically in the follicle cells with the Hto system led to a failed translocation 

of these cells during oocyte development, and in oocyte follicle cells a high disorganization in 

the actin cables was observed. In addition, it seemed as if the cells displayed an increased 



Introduction 

37 
 

adhesion towards the neighboring cells (Javeed et al., 2015). It was also found that in flies a 

knockdown of Drgx leads to the alteration of dendrite arborizations and causes muscle defects 

(Parrish et al., 2006).  

 
Figure 22. Drgx is expressed in different neuronal and glial cell populations 
tSNE plot of SCope showing Drgx expression in the adult brain of Drosophila based on single-cell RNA-seq from Davie et al. 

(2018). According to this dataset, Drgx is found in T4/T5, Tm1/TmY8, and T2/T3 neurons, as well as in ensheathing, astrocyte-

like, and perineurial glial cells. 

The expression of Drgx in the adult brain was lately analyzed by single-cell RNA-seq and can 

be visualized using the online tool SCope (Davie et al., 2018). SCope is able to visualize single-

cell RNA-seq data sets by showing the identified cell clusters in a tSNE plot in which you can 

visualize the expression of your gene of interest. According to this analysis, Drgx expression is 

especially found in three different glial cell populations, namely ensheathing glia, astrocyte-

like glia, and perineurial glia as well as in three groups of neurons, namely T4/T5, Tm1/TmY8, 

and T2/T3 (Figure 22). Based on single-cell RNA-seq data as well, another study has shown 

that Drgx acts as a selector transcription factor that specifies the fate of the trans-medullar 

Tm1 neurons by overriding the Tm4 ground state (Özel et al., 2022). 

1.7 Aim of the study 

The development of the nervous system depends among others on the correct expression of 

transcription factors in a spatial and temporal pattern. So far, not all transcription factors 
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involved in this process are described, but this is essential to fully understand nervous systems 

development.  

Therefore, this study aims to describe the role of the PRD-like homeobox transcription factor 

Drgx specific to the nervous system, which is poorly understood. First, the expression pattern 

in larval and adult flies should be analyzed. For this analysis, a Drgx-Gal4 as well as a gene- and 

a protein-trap line will be created through recombination mediated cassette exchange 

(RMCE). The Drgx-Gal4 line as well as other Gal4-drivers will be used to characterize the RNAi 

mediated Drgx knockdown phenotypes.  

Since Drgx is predicted to be a DNA binding transcription factor its DNA binding sites as well 

as its regulated genes need to be found. For this purpose, the targeted DamID (TaDa) method 

will be applied in a first approach. This method relies on the methylation property of the 

bacterial Dam protein, which marks the protein of interest´s binding sites in the genome. With 

the help of these binding sites, a binding motive can be generated and potential Drgx target 

genes will be identified. To analyze the function of Drgx further, bulk RNA-seq will be 

performed. To this end, fluorescence-activated cell sorting (FACS) will be performed to 

recover sufficient amounts of Drgx-expressing cells from individual brain cell suspensions. 

With this RNA-seq a list of differentially expressed genes will be produced. Both experiments 

together can help to identify Drgx regulated genes and explain the observed phenotypes.  
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2 Results 

2.1 Initial Analysis of the transcription factor Drgx  

2.1.1 Transcriptomic data show that Drgx is expressed in neurons and glial cells 

At the beginning of this thesis, the goal was to find a transcription factor, which is particularly 

expressed in glial cells. Therefore, the neuronal and the glial specific transcriptome datasets 

of adult Drosophila brains generated during my master thesis were analyzed and compared. 

These two datasets were generated using the TaDa method. This method can easily find 

binding sites of DNA-associated proteins due to the methylation property of the bacterial Dam 

protein. To do this, Dam is fused to a protein of interest, which in the case of the 

transcriptomic datasets is the RNA polymerase II (Pol II), and the methylated DNA fragments 

are isolated and later sequenced (Gizler, 2018). 

In this analysis, the top 3000 genes were evaluated and the most interesting one found during 

this analysis in the glial transcriptome was Drgx. In this dataset Drgx had a low false discovery 

rate (FDR) of 9,68E-20 representing a strong expression in glial cells. In neurons the FDR of 

Drgx was very high (FDR=12,5) indicating very low to no expression. In addition, when looking 

at the bedgraph signal an enrichment of methylated DNA can be found in the glia specific 

transcriptome when compared to its control. Despite the high FDR such an enrichment can 

also be seen in the neuronal transcriptome but to a lesser extent (Figure 23).  

 
Figure 23. The paired-like homeobox transcription factor Drgx is expressed in neurons and glial cell 
TaDa transcriptomic analysis revealed that the transcription factor Drgx is expressed in both glial cells (lower graph; log2 fold 
change 0.92, FDR= 9,68E-20) and neurons (upper graph; log2 fold change 0.09, FDR= 12,5).  
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To evaluate the expression of Drgx, we used the adult brain data set comprised of 57K 

sequenced cells created by Davie et al. (2018). As already mentioned above (chapter 1.6), Drgx 

is expressed in three different glial cell populations and in three groups of neurons (Figure 22). 

These results confirmed our initial transcriptomic TaDa findings and led to the decision to 

consider Drgx as our gene of interest. 

2.1.2 Different fly lines were used to study Drgx expression and function 

In this thesis, the lines MiMIC (Minos mediated integration cassette) 11472 as well as MiMIC 

06689 were used. MiMIC 11472 is inserted upstream of the translation start site in the 

orientation of the reading frame (Figure 24). It was used to generate a Drgx-Gal4 line and a 

gene trap expressing a cherry fluorophore (Drgx-Cherry). This was achieved by RMCE, in which 

the GFP of the MiMIC construct is exchanged for another construct, in this case either Gal4 or 

Cherry.  

 
Figure 24. Different Drgx specific fly lines were used during this thesis 
For Drgx, two transcripts can be found that differ only in the 3'-UTR. The two important MiMIC lines are MiMIC 11472 and 

MiMIC 06689, with MiMIC 11472 integrated upstream of the start site (Start) in the reading frame of the gene. The second, 

MiMIC 06689, is located opposite the reading frame in intron 5. The available RNAi line (HMC04912) targets a sequence in 

exon 7. 

The second MiMIC line, MiMIC 06689, is inserted in the fifth intron opposite the reading frame 

of Drgx (Figure 24). This MiMIC line was used to create the GFP-expressing protein trap line 

(Drgx-GFP) again using the RMCE technique.  

In addition to the two MiMIC lines, an RNA interference (RNAi)-mediated knockdown line, 

referred to as UAS-Drgx-IR, is also available and was extensively used during this thesis. This 

RNAi line targets a sequence in the last exon of Drgx (Figure 24).  

2.1.3 Drgx shows a broad expression in the whole larval and adult nervous system 

Next, the expression pattern of Drgx was analyzed in larvae and in adult Drosophila. For this 

purpose, UAS-GFP.nls was crossed with Drgx-Gal4 to label all Drgx-expressing cells with 
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nuclear GFP. Expression of Drgx is found only in the larval and adult nervous system. As seen 

in the larval images, most GFP-positive cells are located in the brain and ventral nerve cord. 

However, GFP signals were also found on nerve fibers (see arrowheads) in the PNS. In larvae, 

Drgx expression is also very pronounced in the eye disc (see arrow). The adult brain shows a 

similar expression pattern as the larval brain. Here, Drgx expressing cells can also be found in 

the whole brain and on the nerve fibers of the PNS (arrowhead) (Figure 25A).  

 
Figure 25. Drgx expression in larval and adult brains show very similar pattern 
(A) Drgx-Gal4/UAS-GFP.nls shows a very broad expression pattern in both larval and adult nervous systems. Its expression is 
found in the central nervous system, in the eye disc (arrow) and nerve fibers (arrowheads). (B) Restriction of Drgx-Gal4 
expression to glial cells with Elav-Gal80 still shows expression throughout the brain, eye discs (arrow), and nerve fibers 
(arrowheads). In the larval optic lobe, potential neuroblasts can be seen (asterisk). In the adult optic lobe, giant glial cells 
become visible (dashed arrow). (C) The neuronal Drgx pattern generated with Drgx-Gal4/UAS-CD8-GFP; Repo-Gal80 can be 
observed in larval optic lobes and the ventral nerve cord. In the adult brain, a Drgx-positive cell cluster is visible in the central 
brain (double arrow) additional to the expression in the optic lobe. Scale bars: 100µm 

Since the single-cell RNA-seq study by Davie et al. (2018) showed that Drgx is expressed in 

both glial cells and neurons, it was interesting to not only examine the overall Drgx expression 

pattern, but also to distinguish between glial cells and neurons. To separate glial expression 

from neuronal expression, the Gal4 repressor Gal80 was used. Gal80 expression was restricted 

to either neurons with an elav promoter sequence or glial cells with a repo promoter 

sequence.  
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Therefore, the use of Drgx-Gal4 together with Elav-Gal80 crossed with UAS-GFP.nls labels only 

the Drgx-expressing glial cells with a nuclear GFP signal (Figure 25B). In larvae, Drgx can be 

seen to be broadly expressed throughout the brain as well as in the ventral nerve cord. This 

restriction showed that the signal observed in the eye discs and nerve fibers in the whole 

expression pattern results from Drgx expressing glial cells. In the larval optic lobe, a distinct 

cluster of cells is visible (asterisk), which can also be found in the whole expression pattern as 

well as in the neuronal expression pattern. This suggests that these cells might be neuroblasts, 

which do not yet express the neuronal marker elav and therefore also not the Elav-Gal80 

repressor. Due to their position, it can be assumed that they are cells of the pIPC and the dIPC. 

In adults, the GFP-positive cells also cover the entire nervous system. Here it can also be 

observed that the signal found on the nerve fibers attached to the brain originated from Drgx 

expressing glial cells. In the optic lobe, a row of giant glial cells can now be seen (dashed 

arrow), which was previously covered by the neuronal signal. 

Conversely, expression of membrane-bound CD8-GFP was restricted to neurons using Drgx-

Gal4 in combination with Repo-Gal80. In neurons, Drgx expression is found primarily in optic 

lobes in both the larval and the adult brain. In the larval brain, Drgx positive neurons can be 

observed in the developing optic lobes and in the ventral nerve cord. The Drgx expressing 

neurons in the adult brain cover the optic lobes completely. In the adult brain, Drgx expression 

is also found in two distinct clusters in the central part of the brain (two-sided arrow) which 

in the whole expression projection were hidden by the vast number of glial cells covering the 

brain (Figure 25C). 
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Figure 26. The expression of the Drgx gene and protein trap resemble the Drgx-Gal4 expression 
(A) The Drgx-Cherry gene trap shows expression in the larval optic lobe (asterisk) as well as in the eye disc (arrow), on top of 

nerve fibers (arrowhead) and in the ventral nerve cord. Additionally, Drgx positive cells can be found on the edges of the 

brain. In the adult brain, the strongest expression in the Drgx-Cherry line was seen in the optic lobe, but also in the central 

brain, expression can be observed. The fluorophore in this line is especially found in the cytoplasm. (B) The Drgx-GFP protein 

trap shows a similar expression pattern as the Drgx-Cherry line in the larvae as well as the adult, but in this case, the signal 

localization is nuclear. Both lines resemble the Drgx-Gal4. Scale bars: 100µm 

The Drgx-Gal4 expression pattern was verified using the generated gene and protein trap lines 

derived from MiMIC lines 11472 and 06689. The Drgx-Cherry line has a very similar expression 

pattern compared to the Drgx-Gal4 line, with the exception that glial Drgx expression is less 

pronounced in adult flies (Figure 26A). The Drgx-GFP protein trap yielded the same results as 

the cherry insertion. In contrast to the Drgx-Cherry construct, its signal was found in the 

nucleus, which coincides with the assumption of Drgx being a transcription factor. Overall, the 

expression patterns of Drgx-GFP in larval and adult flies are very similar to those of the Drgx-

Gal4 line. Glial expression in adult flies is again not as strong as in the Gal4 line, resulting in a 

more dominant Drgx expression pattern in the optic lobes (Figure 26B). Additionally, when 

comparing the Drgx-Cherry expression with the Drgx-GFP expression it is noticeable that Drgx-

Cherry is localized in the cytoplasm and the Drgx-GFP in the nucleus. This is due to the 
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insertion site of the original MiMIC line, which was in case of the Drgx-Cherry line in front of 

the translation start side leading to a translation termination before the Drgx sequence 

(MiMIC 11472, Figure 24). The MiMIC, which was used to create the Drgx-GFP (MiMIC 06689, 

Figure 24), was inserted to the end of the Drgx gene sequence. This led to a fusion between 

Drgx and GFP and therefore to the nuclear localization of the fusion protein due to the nuclear 

localization sequence of Drgx. 

2.1.4 Drgx knockdown phenocopies the MiMIC mutant phenotype 

The loss of function phenotype, which was observed for Drgx, could be seen in the MiMIC line 

11472. This MiMIC line represents at least a hypomorphic mutant, if not a null mutant due to 

its insertion Ǉƻǎƛǘƛƻƴ ƛƴ ǘƘŜ рΩ¦¢w. It showed a homozygous lethal phenotype in which the flies 

died during the larval stage. A similar phenotype was also observed for the Drgx-Gal4, the 

Drgx-Cherry and the Drgx-GFP lines, which all showed lethality at a late pupal stage. The 

second MiMIC line 06689 did not show any similar phenotype and was homozygous viable 

because of its insertion in opposite direction of the Drgx reading frame. 

In an initial knockdown experiment, it was important to verify if this observed mutant 

phenotype could be phenocopied with the UAS-Drgx-IR line. Therefore, the RNAi line was 

crossed with four different Gal4 driver lines and as a knockdown control, UAS-Cherry-IR flies 

were crossed with the same Gal4 lines (Table 1). 

 
Table 1. Initial knockdown experiments show lethality with different general driver lines and with Drgx-Gal4 

The ubiquitous knockdown of Drgx with Actin-Gal4 resulted in late pupal stage lethality, with 

only 12% of Drgx knockdown flies surviving compared to 99.9% in the control knockdown with 

UAS-cherry-IR. When using the glial cell-specific driver line Repo-Gal4 or the Drgx-Gal4, flies 

also died at the late pupal stage, but this time no survivors were recovered. Interestingly, 

when using the neuron-specific driver Elav-Gal4, flies reached the adult stage apparently 

without any externally visible phenotype (Table 1). 
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2.2 Drgx expression in glial cells and analysis of its knockdown phenotype 

2.2.1 Drgx expression overlaps with perineurial glial cells 

After the observation of the Drgx knockdown phenotypes, which seem to be glial specific, the 

expression pattern of Drgx was compared with the predicted cell clusters found in SCope. Here 

one cell type appeared to match the observed expression pattern very well: the perineurial 

glial cells. 

 
Figure 27. Drgx co-localizes with perineurial glia  
In larval brains, Drgx expression visualized by Drgx-Cherry is found in perineurial glial cells. This cell type was labeled by 
GFP.nls expression (UAS GFP.nls) driven by 46F-Gal4. Co-localization is found in perineurial glial cells surrounding the brain 
(arrows, A) and in those found in the eye disc (arrowheads, B), as well as in perineurial glia found on nerve fibers (asterisks, 
C). Scale bars: 50µm (A,B), 25µm (C). 

Therefore, an initial experiment attempted to find an overlap between the perineurial glial 

cells and the Drgx-positive cells. To achieve this, the driver line 46F-Gal4, specific for 

perineurial glial cells, was combined with UAS-GFP.nls to express nuclear GFP in all perineurial 

glial cells. These flies were then crossed with Drgx-Cherry flies to find an overlap between the 

two expression patterns. In this experiment, the focus was only on the expression of Drgx in 

larvae, because the knockdown experiment suggests that the expression of Drgx in larval glial 

cells is crucial. In addition, the cherry fluorescence shows a stronger signal in the larval brain 

than in the adult brain, suggesting that glial Drgx is more intensely expressed during larval 

stages (Figure 27A). Therefore, larval brains of the 46F-Gal4; UAS-GFP.nls cross with Drgx-

Cherry were dissected and stained with anti-RFP before confocal imaging. An overlap between 

perineurial glial cells and Drgx expression was observed in these images (Figure 27). This 

overlap was found not only in the outermost cell layer surrounding the brain (arrows, Figure 

27A) but also, in the eye disc and optic stalk (arrowheads, Figure 27B). In the peripheral 
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nervous system, perineurial glial cells overlap with Drgx expression on the nerve fibers 

(asterisks, Figure 27C). 

2.2.2 Drgx expression in other glial cells can only be proven for ensheathing glia 

The single-cell RNA-seq data set of Davie et al. (2018) predicted, that Drgx is expressed not 

only in perineurial glial cells, but also in astrocyte-like glial cells and ensheathing glial cells 

(Figure 22). These two cell populations form the group of neuropil glial cells (Omoto et al., 

2015). 

 
Figure 28. Knockdown of Drgx in other glial cell populations didn´t affect life expectancy 
(A) Knockdown of Drgx with the Neuropile-Gal4 driver line resulted in a slight reduction in longevity of approximately 10 days, 
(A`) but no overlap was found between this Gal4 line and Drgx-cherry in larval and (A``) adult brains. (B) The Astrocyte-Gal4 
line showed only a difference of about five days in the lifespan of cherry knockdown and Drgx knockdown flies. (B̀ ) Again, no 
overlap was found with Drgx-Cherry in larval and (B̀ `) adult brains. (C) Drgx knockdown and cherry knockdown control flies 
showed no differences in lifespan with the Ensheathing-Gal4 line. (C̀ ) With the Ensheathing-Cal4 line, it was possible to find 
an overlap in a few cells of the larval ventral nerve cord and (C̀ )̀ at the edge of the adult optic lobe.  Scale bars: 100µm (A -́
B``), 50µm (D', D` )̀. 
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Three different driver lines for these cell populations were available to be tested. Namely, the 

so-called Neuropile-Gal4 (Nrv2-Gal4), the Astrocyte-Gal4 (R86E01-Gal4), and finally the 

Ensheathing-Gal4 (R75H03-Gal4). Because knockdown of Drgx with the pan-glial driver Repo-

Gal4 resulted in pupal lethality, these different lines were tested for similar phenotypes. 

Therefore, all three lines were crossed with either UAS-Drgx-IR or UAS-Cherry-IR. In these 

crosses, no visible phenotype was detected after knockdown of Drgx, and the flies developed 

normally as the UAS-Cherry-IR controls. Based on these results, a new theory emerged, that 

Drgx might not be important during development in the case of neuropil glia, but only during 

adulthood and aging.  

To test this theory, lifespans were performed with the three different driver lines, repeating 

the crosses from before. In the case of the Neuropile-Gal4, the control flies live slightly more 

than 90 days, while the Drgx knockdown flies have a life expectancy of marginally more than 

80 days, but this small difference in life expectancy is not significant (Figure 28A). A similar 

result was also observed in the life span with the Astrocyte-Gal4 driver, where the control flies 

live up to day 100 and the Drgx knockdown flies reach day 95. This difference is also not 

significant (Figure 28B). The shortest lifespan was observed in the Ensheathing-Gal4 lineage 

with a lifespan of approximately 70 days for both control and Drgx knockdown flies (Figure 

28C). Taken together, this suggests that Drgx is not involved in regulating lifespan in these 

cells. 

After these chastening results, the next step was to see if the RNA-seq results from SCope 

could be verified histologically with our driver lines. To test this, the three lines were crossed 

with our Drgx-Cherry gene trap combined with a UAS-GFP.nls to see if the expression pattern 

of Drgx overlapped with the expression of the Gal4 lines. For this purpose, larvae and adult 

brains of the crosses were dissected and stained with an antibody against RFP. Unfortunately, 

both Neuropile-Gal4 (Figure 28A' and A'') and Astrocyte-Gal4 (Figure 28B' and B'') diver lines 

did not show colocalization with Drgx-Cherry in either larval or adult brain. In Ensheating-Gal4, 

some cells overlap in the larval ventral nerve cord as well as on the outer layer of the adult 

optic lobe (arrows, Figure 28C̀  and C̀ )̀. The observed lack of overlap of Neuropile-Gal4 and 

Astrocyte-Gal4 and the very limited overlap with Ensheating-Gal4 may explain why the 

knockdown of Drgx did not produce an observable phenotype. 
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2.2.3 Phenotypical analysis of the Drgx function in perineurial glial cells 

As Drgx expression was found in perineurial glial cells (Figure 27), it was tested whether the 

lethal phenotype observed upon knockdown of Drgx with Repo-Gal4 could be recreated with 

a driver line specific for perineurial glial cells. This was tested with two different perineurial 

glial cell-specific driver lines, R85G01-Gal4, referred to only as Perineurial-Gal4, and the 

previously used 46F-Gal4. In both cases, knockdown of Drgx during development resulted in 

lethality at the late pupal stage. It was observed that the Perineurial-Gal4 driver line was 

weaker, as 8-10% of flies survived the knockdown and reached the adult stage. The 

knockdown with the 46F-Gal4 driver showed the same lethality as the Repo-Gal4 line, where 

all flies died at late pupal stage. These late pupae were removed from their pupal cases to look 

for external malformations, but none were found.  

To further analyze this knockdown phenotype, UAS-GFP.nls; Perineurial-Gal4 flies were 

crossed with UAS-Drgx-IR flies or with UAS-Cherry-IR as control. The wandering L3 larvae from 

these crosses were collected and the dissected brains were stained with anti-horse radish 

peroxidase (HRP) to produce background staining. In the control, it can be seen that the optic 

stalk normally is a very thin connection between the larval brain and the eye disc (Figure 29A). 

It serves as a structure for the migration of various cell types as well as axons, like for example, 

for the perineurial glial cells that migrate along the stalk into the eye disc, or for the 

photoreceptor axons that grow back into the brain (Murakami et al., 2007). The knockdown 

brains showed a very severe phenotype characterized by a strongly enlarged optic stalk (Figure 

29B). Additionally, fewer GFP-labeled perineurial glial cells were found in the eye disc of the 

knockdown brain than in the control group.  
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Figure 29. Drgx knockdown in perineurial glial cells leads to phenotypical changes in larval and adult brains 
(A) Perineurial glial cells are labeled with nuclear GFP. Brains from control larvae (UAS-Cherry-IR) show that perineurial glial 
cells cover the entire brain and are found in the optic stalk and eye disc. (A )́ After knockdown of Drgx, the perineurial 
distribution is disrupted and significantly fewer glial cells are visible in the eye disc. In addition, the larval optic stalk is enlarged 
(arrow). (B) In the adult brain, perineurial glial cells are evenly distributed throughout the brain. (B`) In the Drgx knockdown 
brain, the optic lobes are no longer covered with perineurial glia (arrowhead) and the glia remaining in the brain have a very 
weak GFP signal. These remaining cells also tend to cluster (asterisk). (C) Counts of perineurial glial cells in larval and adult 
brains with and without Drgx knockdown show a tendency of reduced numbers of these cells after Drgx knockdown especially 
in the adult brain. Scale bars: 40µm (A, A´), 100µm (B, B´). 
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As mentioned earlier, it was possible to generate Drgx knockdown surviving flies when the 

Perineurial-Gal4 driver line was used, making it possible to dissect adult brains. Adult brains 

were stained with anti-NC82 to visualize neuropils. As seen in the control brain, these 

perineurial glia are very evenly distributed throughout the brain and cover the entire surface 

(Figure 29B). In the Drgx knockdown, a highly disrupted distribution of these cells was 

observed. This led to a loss of coverage of the brain by perineurial glial cells, especially on the 

surface of the optic lobes. The perineurial glial cells that remained on top of the optic lobes 

showed very weak GFP signal. In the central brain, the perineurial glial cells were still 

observed, but again the GFP signal was much weaker than in the control brains (Figure 29B´). 

To determine whether the phenotype was due to a distribution problem of perineurial glial 

cells or whether these cells simply died during development, the number of perineurial glia 

was counted. An average of 895.8 perineurial glia cells were detected in larval brains in the 

control line (n=4), whereas the Drgx knockdown line (n=5) had an average cell count of 702.8 

cells (Figure 29C). There seems to be a slightly higher number of perineurial glial cells in the 

larval control group than in the knockdown group, but this difference is not significant. In the 

adult brain, it seems as if the number of perineurial glial cells was reduced after knockdown 

of Drgx. In the control brains (n= 12), an average cell number of 1341.5 was found, whereas 

in the knockdown brains (n= 12), only an average of 673.7 cells were counted (Figure 29C). 

Unfortunately, the error bars are very high, especially for the knockdown. This is because 

ImageJ was unable to count each perineurial glial cell reliably as a single cell, as they were 

highly clustered in the central brain of adult Drgx knockdown brains. 

2.2.4 Glial cell specific Drgx knockdown does not increase apoptosis in larval brains 

One possible explanation for the observed decrease in perineurial glial cells after knockdown 

of Drgx could be increased apoptosis in these cells. To test this, the caspase-specific apoptosis 

sensor GC3Ai was used (Schott et al., 2017). For this purpose, the control fly line UAS-GC3Ai; 

UAS-Cherry-IR or the knockdown line UAS-Drgx-IR; UAS-GC3Ai were crossed with the Drgx-

Gal4 line. The larval brains of these crosses were dissected and scanned directly without 

antibody staining.  
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Figure 30. The apoptosis sensor GC3Ai showed a slight increase in apoptosis upon Drgx knockdown 
(A) The caspase-dependent apoptosis sensor GC3Ai with the Drgx-Gal4 line shows that apoptosis occurs in the L3 larval brain 
already under control conditions with UAS-Cherry-IR. (À) Knockdown of Drgx with the Drgx-Gal4 line increases apoptosis. An 
increase is observed in the larval optic lobe (arrow), eye disc (asterisk), and ventral nerve cord (arrowhead). (B) When the 
GC3Ai construct is driven only in glial cells with the Drgx-Gal4; Elav-Gal80 driver, no apoptosis is observed in the larval control 
brain. (B̀) Knockdown of Drgx induces apoptosis in the central larval brain (bold arrow). Scale bars: 100µm. 

In the control group (Figure 30A), apoptosis already occurs in the larval brain, especially at the 

position of the developing optic lobes. However, no apoptosis is seen in the areas where the 

perineurial cells are located, which include the eye disc and brain surface. In the knockdown 

brain (Figure 30A'), an increase in apoptosis was detected. This increase was concentrated in 

the optic lobe, which already showed apoptosis in the control brain (arrow). New areas where 

apoptosis occurred were in the eye disc (asterisk) and in the ventral nerve cord (arrowhead).  

Now, to determine whether the observed increase in apoptosis was due to Drgx knockdown 

in glial cells, the driver line Drgx-Gal4; Elav-Gal80 was used. This glia-specific Drgx driver line 

was also crossed with UAS-GC3Ai; UAS-Cherry-IR for the control and with UAS-Drgx-IR; UAS-

GC3Ai for the experimental cross. This time, no apoptosis was observed in the control brain 

(Figure 30B). Some apoptosis signal can be observed in the larval central brain in the Drgx glia-
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specific knockdown (bold arrow, Figure 30B'), but overall much less than previously in the 

whole Drgx expression line (Figure 30A´). However, the observed increase in apoptosis was 

again not found in areas where perineurial glia are found. This suggests that the absence of 

perineurial glial cells observed in the adult knockdown brains using the Perineurial-Gal4 driver 

line is not due to caspase-mediated apoptosis in the larval brain. 

Follow up experiments by Katharina Schneider during her master thesis revealed that the 

observed increase in apoptosis upon Drgx knockdown is attributable to the downregulation 

of Drgx in neuroblasts and T4/T5 neurons, which also express Drgx (Schneider, 2021). 

2.2.5 Drgx knockdown in perineurial glial cells does not increase cell proliferation 

After observing the enlarged optic stalk upon perineurial glial cell specific Drgx knockdown it 

is reasonable to assume that this phenotype resulted from increased proliferation of these 

cells. The perineurial glia are one of the few glial cells that proliferate after the embryonic 

stage. This proliferation is necessary to ensure complete coverage of the adult brain (Awasaki 

et al., 2008; Stork et al., 2008). One way to label proliferating cells is to use an antibody against 

phosphorylated histone H3 (pH3). pH3 is required for chromatin condensation during meiosis 

and mitosis and is therefore an excellent marker for cell proliferation (Hans and Dimitrov, 

2001). 

For this experiment, the driver line 46F-Gal4; UAS-GFP.nls was crossed with the control 

knockdown UAS-Cherry-IR and the experimental knockdown UAS-Drgx-IR. Brains of 

wandering L3 larvae were dissected from these crosses before staining them with anti-pH3. 

Perineurial nuclei are labeled with nuclear GFP from the GFP.nls construct. In the control 

brain, it is observed that many cells in the brain hemispheres are pH3-positive. pH3-positive 

cells were also found in the ventral nerve cord and eye discs (arrow). Surprisingly, almost none 

of the pH3 staining overlapped with the labeled perineurial glial cells, neither in the brain nor 

in the eye disc (Figure 31A). In the knockdown brains, the location of the pH3-positive cells 

was somewhat different. Here, many dividing cells were found in the enlarged optic stalk and 

eye disc and fewer cells were found in the brain. The number of pH3-positive cells in the 

ventral nerve cord was also increased. As in the control group before, the observed pH3 

staining was not consistent with GFP-positive perineurial glial cells (Figure 31B).  
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Figure 31. Perineurial glia cell Drgx knockdown does not change the proliferation rates in larval brains 
(A) In the control brain (46F-Gal4; UAS-Cherry-IR, UAS-GFP.nls), perineurial glia are labeled with GFP.nls, and dividing cells 
are stained with pH3. Many dividing cells are found in the larval brain, but cell division also occurs in the ventral nerve cord 
and eye disc. (B) In the Drgx knockdown, the perineurial glial cells are again labeled with GFP.nls and the dividing cells by pH3. 
This time, the distribution pattern of dividing cells is shifted. Many pH3-positive cells are now found in the enlarged optic 
stalk (arrow), where there were no dividing cells before, and there are also more dividing cells in the ventral nerve cord. (C) 
Examination of individual confocal images shows that the total amount of pH3-positive cells did not change after knockdown 
of Drgx, but the position of these cells was shifted. Scale bars: 100µm 
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When comparing the control brain (Figure 31A) with the Drgx knockdown brain (Figure 31B), 

it appeared that the rate of pH3 was elevated. However, going through the confocal stacks 

frame-by-frame shows that the number of pH3-positive cells has not increased, but that the 

position of these cells has changed toward the optic stalk and ventral nerve cord (Figure 31C). 

As shown by pH3 staining, most perineurial glial cells in wandering L3 larval stages did not 

divide. Therefore, the cell cycle stage of Drgx-positive cells and in Drgx-positive glia in 

particular, was investigated in a next experiment. One way to study the cell cycle in flies is the 

Fly-FUCCI (fluorescent ubiquitination- based cell cycle indicator) system (Zielke et al., 2014). 

This system relies on two cell cycle markers, E2F and CycB, whose degrons are fused with 

different fluorescent proteins, resulting in a specific signal at each cell cycle stage. For this 

experiment, the E2F degron was fused to GFP and the CycB degron was fused to an RFP 

protein. In this combination, cells showing only a GFP signal were either at the end of M phase 

or in G1. Cells that are only red and thus express only the CycB-RFP were in S phase, and cells 

that expressed both fusion proteins were in G2 or the beginning of M phase.  

The driver lines Drgx-Gal4 and Drgx-Gal4; Elav-Gal80 were used to express the UAS-Fly-FUCCI. 

First, the cell cycle stages of all Drgx-expressing cells are shown, and then only the cell cycle 

stages of Drgx-expressing glial cells. Prior to the experiment, the UAS-Fly-FUCCI construct was 

combined with UAS-Drgx-IR for the knockdown experiment. For the control, the driver lines 

were crossed with the UAS-Fly-FUCCI only. In the control image of the whole Drgx-Gal4 line 

(Figure 32A`), many cells in the brain expressed only the GFP-E2F construct and were therefore 

assigned to late M phase or G1 phase. There was also a very dominant cluster of cells in S 

phase, which expressed only the RFP-CycB. A smaller number of brain cells also expressed 

both constructs and appeared white in the merged image, suggesting G2 or early M phase. In 

the eye disc and optic stalk, all three conditions were found, but the cell cycle stages were 

more evenly distributed here (Figure 32A`). A look at the Drgx knockdown shows that most of 

the cells here were green and therefore in late M or G1 phase. The prominent red cell cluster, 

which is in S phase, was still observed in the brain, but no other red cells. In the eye disc, only 

a small number of cells were found, that were either green (late M or G1 phase) or white (G2 

or early M phase) but never just red (S phase) (Figure 32A``). 
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Figure 32. The Fly-FUCCI system reveals that the cell cycle stages shift upon Drgx knockdown 
(À ) Expression of the Fly-FUCCI system with the Drgx-Gal4 driver in the brain of the control L3 wandering larva shows cells in 
the different cell cycle stages in green (late M/G1 phase), magenta (S phase), and white (G2/early M phase). A distinct S phase 
cluster is seen in the optic lobe (asterisk). (A`̀ ) In the Drgx knockdown brain, mainly green cells are seen as well as some white 
cells. This indicates that most cells are in late M/G1 phase or G2/early M phase. Almost all the cells in S phase are part of the 
cell cluster (asterisk) already observed in the control brain. (B̀ ) Restricting Fly-FUCCI expression with Drgx-Gal4, Elav-Gal80 
to the Drgx-positive glial cells gives a similar picture as in the control. Cells in all three colors are observed along with the 
highly visible S phase cluster (asterisk) (B`̀). Knocking down Drgx in glial cells also increased the number of cells found in late 
M/G1 phase, as indicated by a predominance of green signal. Again, almost no cells other than the aforementioned S phase 
cluster (asterisk) were observed in this phase. Scale bars: 50µm. 



Results 

56 
 

The images of the control and Drgx knockdown brains with the glial-specific driver line Drgx-

Gal4; Elav-Gal80 (Figure 32B) showed very similar results to those obtained with the Drgx-Gal4 

line. In the control, cells of all three possible color combinations were found as well as the 

very prominent red S phase cluster in the brain. This time, a slightly higher number of cells 

expressed GFP-E2F and RPF-CyCB together, placing them in G2 or early M phase (Figure 32B'). 

For the knockdown, again almost none of the cells showed only red fluorescence except for 

this S phase cluster. All other cells were either green, thus in late M phase or G1, or showed 

red and green fluorescence together (G2 or early M phase). Notably, as also observed in the 

Drgx-Gal4 line, there are fewer fluorescent cells in the eye disc, all of which are either green 

or white (Figure 32B''). These results indicate that the Drgx-expressing cells as well as the Drgx-

positive glial cells arrest in G1 phase after knockdown of Drgx, following mitosis. 

2.2.6 Glial cell specific Drgx knockdown does not affect the photoreceptor development 

Because of the severe structural changes that occurred in the larval optic stalk and, to a lesser 

extent, in the larval optic lobe after glia specific Drgx knockdown, the question arose whether 

these changes also affect photoreceptor development. Drosophila photoreceptors begin to 

develop at the L3 larval stage. This development begins in the eye disc, and then their axons 

migrate back into the larval optic lobe, where they terminate in the desired neuropil layer. 

This targeting is well studied and depends not only on the expression of specific cell surface 

proteins such as Flamingo (Fmi), Golden goal (Gogo), and Cadherin-N (N-Cad), but also on the 

proper interaction between the photoreceptors and the glial cells of the eye disc (Mencarelli 

and Pichaud, 2015; Tavares et al., 2015). 

To test whether photoreceptor development is affected by glial Drgx knockdown, Drgx-Gal4; 

Elav-Gal80 flies were crossed with UAS-Drgx-IR; UAS-GFP.nls and UAS-GFP.nls; UAS-Cherry-IR, 

respectively, and the brains of wandering L3 larvae were dissected. Subsequently, brains were 

stained with an antibody against the photoreceptor-specific cell adhesion gene chaoptin 

(Chp).  
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Figure 33. The photoreceptor axons are unaffected by the glial cell specific Drgx knockdown 
(A) Photoreceptor axons visualized with the photoreceptor-specific marker Chp show a highly organized pattern in the L3 
larval optic lobe of the control (UAS-Cherry-IR) in the maximum projection confocal images. These axons arise from the 
photoreceptor in the eye disc and grow through the optic stalk into the larval optic lobe. Here they either terminate in the 
developing lamina (La) or continue to grow downward into the developing medulla (M). Next to the medulla is the Bolwig's 
nerve (Bn), the larval optic nerve. The glial cell nuclei are stained green with the driver Drgx-Gal4; Elav-Gal80. In addition to 
the perineurial glial cells, two neuroblast cell clusters are found. (B) The same structures were also found in maximum 
projection confocal images of the Drgx-knockdown larvae optic lobe and eye disc. Although the photoreceptor axons are not 
as tightly bundled as in the control group (arrow), they still grow into and terminate in the right neuropil. The previously 
identified neuroblast cell clusters are still visible, but they slightly lose their defined pattern, and a smaller number of 
perineurial glial cells were found in the eye disc. Scale bars: 50µm.  

The Chp staining of the control revealed the orderly structure of photoreceptors in the eye 

disc projecting their axons back into the larval optic lobe (Figure 33A). In the optic stalk, these 

axons were tightly bundled (arrow, Figure 33A) before fanning out again in the developing 

optic lobe. Here they terminated in different neuropil layers. The axon terminals of 

photoreceptors R1-R6 terminated in the developing lamina (lamina plexus), and the axon 

terminals of R7 and R8 traversed the lamina to form a regular retino-topic array in the 

developing medulla. Adjacent to the axon terminal of R7 and R8, the Bolwig's nerve could be 

seen. In addition, the UAS-GFP.nls signal in the developing larval optic lobe shows a distinct 

pattern that represents neuroblasts (asterisks, Figure 33A), which do not yet express the 

neuronal marker elav. 
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In the knockdown brain, all the structures described above were still present (Figure 33B). In 

the optic stalk, the developing photoreceptors showed the normal structured arrangement 

and did not appear to be affected by the reduced number of glial cells in the optic stalk. The 

photoreceptor axons in the optic stalk grew normally, but because of the increased size, they 

were no longer densely packed. Nevertheless, the photoreceptor axon terminals still 

terminated in the right neuropil layers, the lamina plexus, and the medulla, and the Bolwig´s 

nerve can be seen as well. Overall, it appeared that the Chp staining was slightly weaker after 

the knockdown of Drgx, but this could be because the structures were more dispersed than in 

the control group. The neuroblast cell clusters observed in the control were also visible in the 

knockdown brain (asterisks, Figure 33B). The neuroblast cluster on the right was still adjacent 

to the lamina plexus, but it extended further down the optic lobe and covered the R8 axon 

terminals in the medulla, which are normally located in the space formed between the two 

neuroblast clusters. The neuroblast clusters still showed a horseshoe pattern in the Drgx 

knockdown, but it appeared as if the cells were more compressed, which was also true for the 

other Drgx positive cells in the entire larval optic lobe. This compression is a result of the 

increased number of glial cells in the optic lobe due to the Drgx knockdown. At the same time, 

less glial cells can be observed in the eye disc (Figure 33B). 

In conclusion, Chp staining shows that Drgx knockdown does not affect photoreceptor 

development. 

2.3 Drgx is a key transcription factor in the development of T4/T5 neurons 

2.3.1 Neuronal Drgx expression is found in T4/T5 neurons  

After observation of the neuron specific Drgx pattern generated with the Drgx-Gal4, Repo-

Gal80 line a second Drgx expression cluster from SCope, T4/T5 neurons, became subject of 

investigation. This was due to the strong similarity between the position of T4/T5 neurons and 

the neuronal expression pattern of Drgx. Therefore, a potential overlay between these cell 

types and Drgx expression was examined.  
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Figure 34. Drgx expression can be found in T4/T5 neurons 
Neuronal co-localization is found between Drgx and T4/T5 neurons of larvae (A) and adults (B). T4/T5 neurons are labeled 

with R23G12-Gal4 line in combination with UAS-CD8-GFP and Drgx expression is shown with Drgx-Cherry. Scale bars: 50µm 

For this purpose, R23G12-Gal4, a T4/T5-specific driver line, was used. Thus, a UAS-CD8-GFP; 

R23G12-Gal4 strain was generated and crossed with Drgx-Cherry to label the T4/T5 neuron 

while tracking Drgx expression. For this experiment, the brains of larvae and adult flies were 

dissected because the Drgx-Cherry line showed similar neuronal fluorescence signal at both 

stages (Figure 26A). After dissection, brains were stained with anti-RFP and confocal images 

were obtained. The larval expression of UAS-CD8-GFP with R23G12-Gal4 showed an overlay 

with the Drgx-Cherry staining, indicating that Drgx is expressed in larval T4/T5 neurons (Figure 

34A). In the adult brain, the driver line in combination with UAS-CD8-GFP clearly labels the cell 

bodies of T4/T5 neurons over the lobular plate and their dendritic connections into the 

medulla and lobula. The cytoplasmic Drgx-cherry signal is found in the T4/T5 neuron cell 

bodies (Figure 34B). The larval and adult overlap of Drgx signal with T4/T5 neurons proves at 

the histological level that Drgx is expressed in this cell type. 

Next, it was also important to see if Drgx is only found in differentiated neurons or if the 

expression already starts in neuroblasts. Therefore, the larval brains of Drgx-GFP flies were 

dissected and stained with anti-Dac to mark the T4/T5 neuroblasts. Dac is a marker for these 
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neuroblasts and their offspring, which is expressed during the second competence window 

during the T4/T5 neurons development (see Chapter 1.4.2). 

 
Figure 35. Dac staining of the larval optic lobe overlaps with Drgx-GFP 
Part of the cells stained with anti-Dac in the developing third instar larval optic lobe overlap with the expression of Drgx-GFP 

(blue circles and arrowheads) indicating the expression of Drgx in T4/T5 neuroblasts in the dIPC (blue circles) and 

differentiated T4/T5 neurons (arrowheads). Drgx-GFP positive cells that do not express Dac are seen at the top of the optic 

lobe, representing potential C/T neurons (arrow). The Dac staining also revealed cells, which are Dac positive but Drgx 

negative. These cells belong to the LPCs in the OPC (yellow box). Scale bar: 50µm.  

The Drgx expression overlaps with the Dac staining on the one hand in the differentiated T4/T5 

neurons (arrowheads, Figure 35) and on the other hand, with T4/T5 neuroblasts in the dIPC 

(blue circles, Figure 35). This shows that Drgx is already expressed early on in the development 

of the T4/T5 neurons. Drgx expression was also found in cells that didn´t express Dac (arrow, 

Figure 35). These cells might be part of the C/T neurons, which originate from the same 

progenitor cells as T4/T5 neurons. This matches the single-cell RNA-seq of Davie et al., 2018 

that predicted expression of Drgx in T2/T3 neurons. The Dac staining also showed cells, which 

are only Dac positive (yellow boxes, Figure 35). The position suggests that these cells belong 

to LPCs in the OPC. 

2.3.2 T4/T5 neuron specific driver lines 

As described in the previous chapter, Drgx is expressed in T4/T5 neurons, which raises the 

question of the function of Drgx in these neurons. T4/T5 neurons are a class of very well 

studied neurons, which was one of the reasons that these cells were used to understand the 

function of Drgx. Initially, four different T4/T5-specific Gal4 driver lines were selected, namely 

R23G12-Gal4, R9B10-Gal4, R39H12-Gal4, and R40E11-Gal4, which were used for further 

experiments. Although all of these lines drive expression in T4/T5 neurons, they show slightly 

different expression patterns and expression timing (Jenett et al., 2012). 
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Figure 36. Expression pattern of T4/T5 neuron specific enhancer Gal4 lines used in this thesis 
The different Gal4 enhancer lines that were used as T4/T5 neuron-specific driver lines differed in both their expression pattern 

as well as their expression strength. (A) The best-fitting line with strong expression in larvae and moderate expression in 

adults was R23G12-Gal4, which was therefore used most frequently. (B) The expression of R9B10-Gal4 is very similar to the 

first line, but its expression in adult brains is very weak. (C) Expression of R39H12-Gal4 starts very late and only in a few T4/T5 

neurons in the L3 larva. In the adult brain, the line expresses strongly in the T4/T5 neurons, but the expression pattern involves 

more cells in the optic lobe besides the T4/T5 neurons. (D) Finally, the R40E11-Gal4 line has the broadest expression pattern 

and includes neurons in the larval ventral nerve cord and adult central brain. Images are from the FlyLight website of the 

Janelia Research Campus (Jenett et al., 2012). All Gal4 lines were crossed with UAS-CD8-GFP to reflect their expression 

pattern. 

The most commonly used driver line in this thesis was R23G12-Gal4 because it has an 

expression strongly restricted to T4/T5 neurons. This driver line is also highly active in larvae 

and shows moderate expression in adults as well (Figure 36A). R9B10-Gal4 expression is also 

very limited. It´s expression starts in primarily postmitotic T4/T5 neurons (Apitz and Salecker, 

2018). However, the expression in adult brains is weak (Figure 36B). R39H12-Gal4 was the 

driver line with the latest onset of expression, occurring only at the L3 larval stage (Schilling et 

al., 2019). Additionally, it is expressed in neurons other than T4/T5 neurons in the larval 

ventral nerve cord and adult optic lobes (Figure 36C). The last driver line, R40E11-Gal4, shows 

the broadest expression pattern in larval and adult brains, including many neurons other than 

T4/T5 neurons (Figure 36D). Here the expression starts at late third instar (L3) larval stage in 

maturing T4/T5 neurons of all subtypes (Schilling et al., 2019). The expression data were all 

obtained from the FlyLight website of the Janelia research campus.  
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2.3.3 Knocking down Drgx in T4/T5 neurons leads to severe morphological changes in the 

adult optic lobe 

Since the initial knockdown experiments with Elav-Gal4 (Table 1) did not yield an externally 

visible phenotype, the first task was to investigate this further. For this purpose, the early 

T4/T5 driver R23G12-Gal4 and the late driver R39H12-Gal4 as well as the Drgx-Gal4; Repo-

Gal80 were crossed with UAS-Drgx-IR; UAS-CD8-GFP. In a control cross, UAS-CD8-GFP; UAS-

Cherry-IR was used. The adult brains of all crosses were then dissected and stained with 

antibodies against GFP and N-Cad. N-Cad is a calcium-sensitive adhesion protein used for 

neuropil visualization (Figure 37-Figure 39).  

 
Figure 37. The T4/T5 specific knockdown of Drgx with the Drgx-Gal4; Repo-Gal80 drastically changes the adult optic lobe 
In the adult optic lobe, Drgx-positive neurons are visualized by expressing UAS-CD8-GFP with the Drgx-Gal4; Repo-Gal80 
driver line, and the neuropils (lobula (lo), lobula plate (lop), and medulla (me)) are stained with N-Cad. (A) In the control, UAS-
Cherry-IR is used, showing the ordered pattern of T4/T5 neurons as well as potential TmY1/Tm8 neurons (arrowhead). The 
cell bodies of the T4/T5 neurons are located directly over the lobular plate, whereas the TmY1/Tm8 neurons are localized 
near the me. The dendritic connections of the T4/T5 neurons extend into the lo and me. (B) In the knockdown optic lobe 
(Drgx-IR), the ordered structure observed in the control group is lost. The lop has almost completely disappeared (asterisks), 
and the dendritic connections of the T4/T5 neurons overgrow their assigned layers in the lo and me (arrows). TmY1/Tm8 
neurons also show severe defects but are not of further interest. Scale bars: 50µm. 

The Drgx knockdown with Drgx-Gal4; Repo-Gal80 resulted in severe structural changes in the 

adult optic lobe compared with the control brain. The control shows the highly structured and 

well-organized pattern of T4/T5 neurons (Figure 37A). As explained earlier, the cell bodies of 

the T4/T5 neurons are located just above the lobular plate and their dendrites extend into the 
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lobula and medulla. In this control image, other Drgx-positive neurons are also seen with cell 

bodies above the medulla and dendritic connections into the medulla (arrowhead, Figure 

37A). These neurons could belong to the TmY1/Tm8 group for which SCope also predicts Drgx 

expression, but in this work, I will focus only on the T4/T5 neurons. In the knockdown optic 

lobe, this previously observed ordered structure is lost (Figure 37B). The most serious effect 

was observed in the lobule plate, which was almost completely absent. Only small pieces were 

left, some of which had grown together with the lobula (asterisk, Figure 37B). In addition, the 

precise alignment of the T4/T5 dendrites with their predetermined layers in the medulla and 

lobula was lost. Instead, they completely overgrow these layers (arrows, Figure 37B). 

Moreover, the TmY1/Tm8 neurons also showed defects in their dendritic connections, and 

many of them were completely missing. 

 
Figure 38. R23G12-Gal4 mediated Drgx knockdown leads to similar changes in the optic lobe as with Drgx-Gal4; Repo-Gal80 
(A)In the adult optic lobe, R23G12-Gal4 drives only in T4/T5 neurons, as shown in the control cross with UAS-CD8-GFP; UAS-
Cherry-IR in the top row. Neuropil structures (lobula (lo), lobula plate (lop), and medulla (me)) are visualized by N-Cad 
antibody staining. (B) In the knockdown cross (UAS-Drgx-IR; UAS-CD8-GFP) in the bottom row, the ordered structure of T4/T5 
neurons is broken down, similar to the phenotype observed with Drgx knockdown in Drgx-Gal4; Repo-Gal80. With R23G12-
Gal4, dendrites also overgrow their target layers in the lo and me (arrow) and the size of the lop is reduced as well. In addition, 
the lop fuses with the lobula (asterisk). Scale bars: 50µm. 

A similar result was found using the early T4/T5 driver line R23G12-Gal4. In the control, the 

T4/T5 neurons were well organized and extended their dendrites into the correct lobula and 

medulla layers (Figure 38A). The knockdown phenotype found with this driver line showed a 
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similar result to that observed previously (Figure 38B). Again, the lobula plate was drastically 

reduced (asterisk, Figure 38B). The small parts that remained of the lobula plate fuse back to 

the lobula. Moreover, the dendrites again grow into deeper layers of the corresponding 

neuropil (arrows, Figure 38B). 

 
Figure 39. The Drgx knockdown with the late T4/T5 driver line R39H12-Gal4 did not affect the lobula plate size 
Expression of R39H12-Gal4 does not begin until the late L3 larval stage and results in no size reduction of the lobula plate 
upon Drgx knockdown. (A) Control cross of R39H12-Gal4 with UAS-CD8-GFP; UAS-Cherry-IR shows that this driver line is not 
only expressed in T4/T5 neurons. This additional expression looks similar to Drgx-Gal4; Repo-Gal80, suggesting that these 
may be TmY1/Tm8 neurons (arrowhead). (B) In the Drgx knockdown, the lop looks like the control, but the dendrites still 
grow beyond their desired stop layer in the lo and the me (arrows). Again, the neuropils (lobula (lo), lobula plate (lop), and 
medulla (me)) are stained with N-Cad. Scale bars: 50µm. 

In the late T4/T5 driver line R39H12-Gal4, the same organized pattern of T4/T5 neurons was 

found in the control optic lobe (Figure 39A). As mentioned in chapter 2.3.2, this line 

additionally expresses in other neurons of the optic lobe. Comparing the position of these 

additional labeled cells with the potential TmY1/Tm8 neurons found in the Drgx-Gal4; Repo-

Gal80 optic lobe (Figure 37), a great similarity is seen. This time, Drgx knockdown did not 

change the size of the lobule plates, as with the other driver lines (Figure 39B). However, the 

dendrites of the T4/T5 neurons in the lobula and medulla still grow beyond their 

predetermined layers (arrows,Figure 39). 
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The reduction in lobula plate size observed upon knockdown of Drgx in T4/T5 neurons was 

further investigated in the master thesis of Katharina Schneider. She compared the size of the 

lobula plate with the size of the medulla in paraffin sections of adult flies. The knockdown was 

driven with the pan-neuronal driver line Elav-Gal4 and the T4/T5-specific driver line R9B10-

Gal4. With both lines, she found a significant reduction in lobule plate size compared with the 

control group. In the case of the pan-neuronal Drgx knockdown, the reduction was about 

threefold and when using the T4/T5-specific driver R9B10-Gal4, the reduction was about 

twofold. She also observed a visible reduction in the number of T4/T5 cells in adult brains in 

Drgx knockdown using R9B10-Gal4 (Schneider, 2021). 

2.3.4 The neuronal Drgx knockdown phenotype is morphologically visible in the pupal 

stage 

Since knockdown of Drgx in T4/T5 neurons resulted in such severe structural changes in the 

adult optic lobe, it was interesting to see when these changes begin during development. To 

investigate this, the same three different driver lines were used to knockdown Drgx, first the 

Drgx-Gal4; Repo-Gal80 line and then the early expressing line R23G12-Gal4 and the late 

expressing line R39H12-Gal4. These were again crossed with UAS-Drgx-IR; UAS-CD8-GFP for 

the knockdown and with UAS-CD8-GFP for control. 

As the earliest developmental stage, the optic lobes of migrating L3 larvae were analyzed. For 

this purpose, the brains of control and Drgx knockdown larvae of all three driver lines were 

dissected. The brains of all six crosses were stained with anti-GFP and anti-N-Cad. Comparing 

the developing optic lobe of the control (Figure 40A-C) and knockdown lines (Figure 40A -̀C`), 

no significant structural changes can be seen in any of the three driver lines. These images 

also nicely show the expression differences between the three driver lines in the larva. Here, 

the Drgx-Gal4; Repo-Gal80 line shows the broadest expression, driving GFP not only into 

developing T4/T5 neurons but also in neuroblasts of the surrounding dIPC (Figure 40A). The 

R23G12-Gal4 line shows GFP expression late T4/T5 neuroblasts and in developed T4/T5 

neurons (Figure 40B) and the R39H12-Gal4 line, the latest of the three lines, shows expression 

only in the already differentiated T4/T5 neurons, thus exhibiting the narrowest expression 

pattern (Figure 40C). 
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Figure 40. T4/T5 specific Drgx knockdown in larvae does not lead to structurally visible phenotypes 
Here, control images (UAS-CD8-GFP; UAS-Cherry-IR) show larval T4/T5 neurons in the developing optic lobe. (A) The broadest 

expression is observed with Drgx-Gal4; Repo-Gal80, showing that neuronal Drgx is expressed in T4/T5 neuroblasts and 

neurons. (B) The R23G12-Gal4 driver line expresses late T4/T5 neuroblasts and in differentiated T4/T5 neurons and (C) 

R39H12-Gal4 shows a very restricted expression pattern only in the developed T4/T5 neurons. Crossing all three driver lines 

with UAS-Drgx-IR; UAS-CD8-GFP did not result in any visible change in T4/T5 appearance (A -́C`). In all images, background 

staining with N-Cad clearly highlights the neuropils. Scale bars: 50µm. 

Because Drgx knockdown did not result in severe structural alteration of larval optic lobes, the 

next developmental stage examined were pupae 24 hours after puparium formation (APF). 

The optic lobes of these pupal brains were stained again with anti-GFP and anti-N-Cad before 

confocal imaging.  

24 hours AFP, the pupal optic lobe already resembles the organization of the adult optic lobe, 

as seen in the controls of all three driver lines (Figure 41). The T4/T5 cell bodies are positioned 

above the lobular plate and their dendrites extend into the lobula and medulla. In the Drgx-

Gal4; Repo-Gal80 (Figure 41A) and R39H12-Gal4 (Figure 41C) images, the presumed 

TmY1/Tm8 neurons are also present. In contrast to the larval optic lobe, severe structural 

changes are now observed.  
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Figure 41. Alteration of the optic lobe occurs between L3 larval stage and 24h APF 
In 24 hours APF pupae, the optic lobe neuropil, labeled with anti-N-Cad, already resembles the organization of the adult optic 

lobe, as can be seen in the control images of all three driver lines. The driver lines used were again (A) Drgx-Gal4; Repo-Gal80, 

(B) R23G12-Gal4, and (C) R39H12-Gal4, and controls were generated by crossing these lines with UAS-CD8-GFP; UAS-Cherry-

IR. The CD8-GFP signal looks almost identical to that observed in adults. (A) Drgx-Gal4; Repo-Gal80 and (C) R39H12-Gal4 show 

expression in T4/T5 neurons and in addition in other neurons of the optic lobe. (B) R23G12-Gal4 is expressed only in T4/T5 

neurons. (À ) In the Drgx knockdown (UAS-Drgx-IR; UAS-CD8-GFP) using Drgx-Gal4; Repo-Gal80, the lobular plate is almost 

gone (arrow) and the dendrites grow too far into the lobula and medulla (arrowheads). (B̀ ) The phenotype with R23G12-Gal4 

is less pronounced since the lobula plate is still intact (dashed arrow), but the dendrites in the lobula still grow too far 

(asterisk). In the medulla, it looks more like there are fewer dendritic connections than overgrowths (bold arrow). (C`) The 

final knockdown image shows the least dramatic changes in the neuropils. When R39H12-Gal4 is used to drive the 

knockdown, the neuropils look like those of the control group but the dendrites in the lobula show the overgrowth phenotype 

(asterisk). Scale bars: 50µm. 

The optic lobe of Drgx-Gal4; Repo-Gal80 crossed with UAS-Drgx-IR; CD8-GFP shows the 

strongest phenotype at this stage (Figure 41A`).  Here, the internal structure of the optic lobe 

is disrupted and the lobular plate is almost absent. The small pieces that remain of the lobular 

plate have fused to the lobula (arrow, Figure 41A`). In addition, there appear to be fewer 

dendritic projections into the lobula and medulla (arrowheads, Figure 41A`). 

Less severe structural changes are observed in the pupal optic lobe from the Drgx knockdown 

cross with R23G12-Gal4 (Figure 41B`). In this case, the lobula plate is not as deformed as with 

the Drgx-Gal4; Repo-Gal80 line. Here it is small but visible and not fused to the lobula (dashed 

arrow, Figure 41B )̀. However, the dendrites grow strongly beyond their assigned lobular 
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layers (asterisk, Figure 41B )̀ and there appears to be a reduced number of dendritic 

connections into the medulla (bold arrow, Figure 41B )̀. 

The pupal optic lobe from the knockdown cross with R39H12-Gal4 showed almost no 

phenotype (Figure 41C`). The overall structure of the optic lobe neuropils developed normally 

in the knockdown pupae. However, closer inspection of the T4/T5 dendrites in the lobula 

revealed the same overgrowth phenotype as seen with the other two driver lines (Figure 41C ̀

asterisk). 

These results indicate that the processes leading to the mistargeting of the dendrites and the 

loss of the lobula plate upon Drgx knockdown in T4/T5 neurons are happening between L3 

larval and 24 APF pupal stages.  

2.3.5 T4/T5 neuronal Drgx knockdown flies are optomotor blind 

The T4/T5 neurons are the major group of neurons involved in optomotor processing (Maisak 

et al., 2013). Therefore, it could be possible that the mistargeting effects observed upon 

neuronal Drgx knockdown in the lobula and the lobula plate led to optomotor blindness. To 

test for such a property in Drosophila, the fly's response to moving black and white stripes was 

measured (see 5.2.2). 

 
Figure 42. Pan-neuronal Drgx knockdown abolishes the optomotor response in flies 
(A) The pan-neuronal Drgx knockdown with Elav-Gal4 shows no double sigmoidal curve in its mean optomotor trace, as it can 

be seen in the control Cherry knockdown. (B) The optomotor slope observed upon Drgx knockdown is significantly (p= 4.62e-

6) smaller as the control optomotor slope. (C) The optomotor magnitude is significantly (p= 3.85e-07) lower in Drgx 

knockdown flies. The experiment was performed with eight Drgx knockdown flies (Elav-Gal4; UAS-Drgx-IR) and 13 control 

flies (Elav-Gal4; UAS-Cherry-IR) and U-tests were performed for statistical evaluation (adapted from Steigleder 2022). 

In an initial experiment, performed during the master thesis of Sarah Steigleder, the 

optomotor response of flies with a pan-neuronal Drgx knockdown was tested. Therefore, the 

driver line Elav-Gal4 was used and crossed with UAS-Drgx-IR and UAS-Cherry-IR. In this 

experiment the control flies show a double sigmoidal curve when analyzing the mean 
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optomotor traces in response to the change in arena rotation (clockwise vs. 

counterclockwise). The Drgx knockdown flies did not respond to this change and show a flat 

curve (Figure 42A). The optomotor response of flies can also be described by two other 

parameters the optomotor slope (Figure 42B) and the optomotor magnitude (Figure 42C). The 

optomotor slope describes how fast the optomotor response changes and the optomotor 

magnitude indicates how strong the optomotor response was. Both parameters were 

significantly smaller in the Drgx knockdown flies as in the control flies. These results indicate 

that the optomotor response in pan-neuronal Drgx knockdown flies is abolished (Steigleder, 

2022). 

 
Figure 43. T4/T5 specific Drgx knockdown leads to a reduced optomotor response in flies 
(A) In the optomotor experiment, the mean optomotor trances with standard deviation of the control flies (UAS-cherry, 

R40E11-Gal4) showed the expected turning behavior. Knockdown flies lacked this behavior and showed almost no turning 

behavior in response to directional changes. (B) Calculated optomotor magnitude is significantly lower in Drgx knockdown 

flies compared to controls (p-value= 2.91e-07). (C) A significant decrease in optomotor slope was also found in Drgx 

knockdown (p-value=0.00271). For this experiment, 18 control flies (UAS-Cherry-IR, R40E11-Gal4) and 13 Drgx knockdown 

flies (UAS-Drgx-IR; R40E11-Gal4) were tested. For statistical analysis, a U-test was performed. 
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After this result, the next step was to show that this effect was the result of a reduction in 

Drgx in T4/T5 neurons. For this purpose, the optomotor response test was repeated using a 

T4/T5 neuron specific driver line. Therefore, another of our T4/T5-specific lines was used, 

R40E11-Gal4. This line is known to perform very well in optomotor experiments (Schilling et 

al., 2019).  For the control flies, R40E11-Gal4 was crossed with UAS-Cherry-IR, and for the 

experimental flies, R40E11-Gal4 and UAS-Drgx-IR were crossed. The R40E11-Gal4, UAS-

Cherry-IR control flies show the expected double sigmoidal curve in a clockwise and 

counterclockwise rotating arena confirming that these flies had an optomotor response 

(Figure 43A). The mean optomotor curve observed in the UAS-Drgx-IR; R40E11-Gal4 

knockdown flies was flat, indicating that the knockdown flies did not change direction 

according to the arena rotation (Figure 43A). This suggests that our T4/T5-specific knockdown 

flies are optomotor blind. 

Next, the optomotor magnitude was analyzed (Figure 43B). In the case of the Drgx knockdown, 

the optomotor magnitude is significantly lower (p-value=2.91e-07) than that of the control. 

The optomotor slope was analyzed as well, which was significantly smaller (p-value=0.00271) 

in the Drgx knockdown flies in this experiment when compared to the control flies (Figure 

43C). These results indicate that they did not respond to the change in arena rotation as 

observed for the UAS-Cherry-IR flies.  

2.3.6 Neuronal Drgx knockdown flies display orientation ability on visual landmarks 

It had to be excluded that flies upon T4/T5 specific Drgx knockdown were completely blind 

due to the structural changes in the optic lobe. This was tested with a simple experiment, the 

Buridan´s paradigm. In this experiment, the walking path of flies passing between two black 

stripes but never being able to reach either stripe, is analyzed (see 5.2.1). Blind flies in this 

experiment would be identified, since they are unable to fixate the black stripes and therefore 

do not walk between them.  
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Figure 44. Buridan´s paradigm experiments show an abnormal walking pattern of neuronal Drgx knockdown flies 
(A) The control walking patterns of WTB, Drgx-IR and WTB; Elav-Gal4 show the expected path between the two black stripes 

(indicated by the black bars) in the Buridan's paradigm arena. The Elav-Gal4; Drgx-IR fly is also able to fixate the black stripes, 

but walks in an undulating pattern. (À ) Restricting Drgx knockdown to T4/T5 neurons using R23G12-Gal4 also results in a 

wavy walking pattern in the knockdown flies, while controls walk normally. (B) Looking at the turning angles of all flies in the 

pan-neuronal knockdown (Elav-Gal4; Drgx-IR) shows a significantly larger (p-value= 0.0035) turning angle than WTB, Elav-

Gal4. (B̀ ) T4/T5-specific knockdown has a significantly larger angle of turning compared to both controls with a p-value of 

0.001 in both cases. For statistical analysis, a multiple comparison ANOVA test was performed. 
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To obtain the largest knockdown effect in a first approach, Drgx knockdown was driven with 

the pan-neuronal driver line Elav-Gal4. As controls, both the Elav-Gal4 driver line and the UAS-

Drgx-IR RNAi line were crossed with WTB flies. The walking path of an exemplary fly is shown 

for all tested groups (Figure 44A). First, the two control groups are shown, starting with the 

UAS-Drgx-IR control (WTB, Drgx-IR), followed by the Elav-Gal4 control (WTB, Elav-Gal4). In the 

last image, the walking path of the experimental fly (Elav-Gal4; UAS-Drgx-IR) can be seen. The 

first thing to notice is that all three genotypes are able to fixate and walk between the black 

stripes. Thus, they were not blind. However, unlike the control flies, which showed a straight 

walking path, the knockdown fly walked in a wavelike pattern. This is also reflected in the 

mean turning angles of the three different genotypes (Figure 44B). Here, the Drgx knockdown 

flies showed a larger turning angle than the two control flies, with a mean turning angle of 

about 7.5°. The mean turning angle of WTB, Drgx-IR is about 7° and of WTB, Elav-Gal4 is about 

6.3°. The difference between the Gal4 control (WTB, Elav-Gal4) and the Drgx knockdown (Elav-

Gal4, Drgx-IR) is in fact highly significant (p-value= 0.0035). 

To verify whether the observed walking pattern was due to knockdown of Drgx in T4/T5 

neurons, a second Buridan´s paradigm experiment was performed. In this second experiment, 

the Drgx knockdown was restricted to T4/T5 neurons using the R23G12-Gal4 line. Again, 

control flies were generated by crossing the UAS-Drgx-IR and the R23G12-Gal4 line with WTB 

and the exemplary running patterns of all three tested crosses are shown (Figure 44A'). The 

first two patterns belong to the controls, first the UAS-Drgx-IR control (WTB, UAS-Drgx-IR) and 

then the R23G12-Gal4 control (WTB, R23G12-Gal4). The third image shows the experimental 

fly (R23G12-Gal4, UAS-Drgx-IR). The two controls look very similar to the controls of the pan-

neuronal knockdown. The flies run nicely between the two strips in straight lines, showing 

that they can fixate the strips. The experimental fly (R23G12-Gal4, UAS-Drgx-IR) is also able to 

run between the two stripes. As in the pan-neuronal knockdown, this fly walks in an 

undulating walking pattern, although the path is not as narrow as before. The graph for the 

mean turning angle is shown for this experiment as well (Figure 44B )̀. The first control WTB; 

Drgx-IR had a mean turning angle of 6° and the second control WTB; R23G12-Gal4 had one of 

about 6.7°. For the Drgx knockdown flies (R23G12-Gal4; Drgx-IR), the mean angle of turning 

was 7.7°. This time, the experimental flies show a significantly larger turning angle than the 

flies of the two control crosses, with a p-value of 0.001 for both cases. Comparing the turning 

angles of the pan-neuronal Drgx knockdown (Figure 44B) and the T4/T5-specific knockdown 
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(Figure 44B )̀, we find that they are quite similar to each other. This suggests that the wavelike 

walking pattern is indeed due to reduced Drgx expression in T4/T5 neurons. 

2.3.7 Effects of Drgx knockdown on early T4/T5 marker gene expression 

After describing the T4/T5-specific Drgx knockdown phenotype, it was necessary to clarify the 

mechanism underlying this phenotype. For this purpose, the hierarchical position of Drgx in 

the development of T4/T5 neurons had to be analyzed.  

Because Drgx expression is already observed in T4/T5 neuroblasts, it was possible that Drgx is 

required for the establishment of T4/T5 identity. To test this hypothesis, expression of early 

T4/T5 marker genes was examined.  

The first marker gene studied was Dac, which is expressed in all neuroblasts of the dIPC in L3 

larvae as well as in differentiated T4 a,b/T5a,b. These neuroblasts are the precursors of T4/T5 

neurons (Apitz and Salecker, 2015; Pinto-Teixeira et al., 2018). To test Dac expression, UAS-

CD8-GFP; R23G12-Gal4 flies were crossed with UAS-Cherry-IR flies for the control and with 

UAS-Drgx-IR flies for the knockdown experiment. From this cross, the brains of wandering L3 

larvae were dissected and stained with an antibody against GFP and an antibody against Dac. 

In the control, it was observed that a majority of R23G12-Gal4 cells expressing GFP were also 

Dac-positive (Figure 45A). The same observation was made in the Drgx knockdown optic lobe, 

where almost all R23G12-Gal4-positive cells also express Dac, indicating that the knockdown 

does not affect the expression pattern of Dac in the T4/T5 neurons of wandering L3 larvae 

(Figure 45!Ωύ.  

Abnormal chemosensory jump 6 (Acj6) was used as a second marker gene for T4/T5 

identification. Acj6 is only expressed in differentiated early T4/T5 neurons (Mora et al., 2018). 

Again, the UAS-CD8-GFP; R23G12-Gal4 line was used to drive both UAS-Cherry-IR control and 

UAS-Drgx-IR knockdown. After dissecting the brains of the wandering L3 larvae, they were also 

stained. This time with a mixture of anti-GFP and anti-Acj6 antibodies. In the control image of 

the optic lobe (Figure 45B), Acj6 staining is visible in the center of UAS-CD8-GFP; R23G12-Gal4 

expression. This staining agrees well with the position of the newly differentiated T4/T5 

neurons, which are Acj6-positive. However, again no difference in the expression pattern of 

Acj6 was detected in the case of Drgx knockdown (Figure 45B') compared with control 

staining. 
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Figure 45. Dac and Acj6 expression in T4/T5 neurons in larval brains upon Drgx knockdown 
The UAS-CD8-GFP; R23G12-Gal4 driver line was used to drive the control UAS-Cherry IR knockdown and the experimental 
UAS-Drgx-IR knockdown. Larval brains were dissected from these crosses and stained with either anti-Dac (A and A') or anti-
Acj6 (B and B'). Antibody staining is shown in magenta, and T4/T5 neurons are highlighted by GFP. Comparing Dac and Acj6 
staining in the optic lobes of larvae with the knockdown (A' and B') with the corresponding controls, no difference in staining 
is seen. Scale bars: 50µm. 

In a second approach to test the hierarchical positioning of Drgx in neuronal T4/T5 

development, the knockdown effect of several key T4/T5 developmental genes on Drgx 

expression was tested. For this purpose, knockdowns of the ato, dac, grn, Lim1, and SoxN 
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genes were selected. It needs to be noted that for grn, three RNAi lines were available, which 

were used in this experiment. All of those genes play different roles at different time points in 

T4/T5 development. Ato, a protein known for its importance during neurogenesis, is 

expressed along with Dac in late neuroblasts of dIPC. Both together are required to generate 

T4/T5 neuronal identity. Dac is additionally also expressed in differentiated T4 a,b/T5a,b neurons 

(Apitz and Salecker, 2018). The next gene, grn, is a GATA family transcription factor important 

for the morphology of T4b/T5b and T4c/T5c subtypes during their dendritic and axonal 

development (Hörmann et al., 2020). Expression of the homeobox transcription factor Lim1 is 

found in differentiated T4/T5 neurons of L3 larvae and pupae (Suzuki et al., 2016) and finally 

the HMG domain transcription factor SoxN, which is important for the establishment of T4/T5 

neuron-specific morphology in postmitotic neurons (Schilling et al., 2019).  

All selected RNAi lines were combined with the Drgx-Cherry line to visualize Drgx expression 

as well as possible expression changes due to the different knockdowns. The generated lines 

were then crossed with UAS-CD8-GFP; R23G12-Gal4. The adult brains of each cross were 

dissected, stained with anti-GFP and anti-RFP, and afterwards the Drgx expression was 

analyzed (Figure 46A-F). These crosses and preparations were performed by Jasmin Haimerl 

and supervised by me. 

In the control brain the Drgx-Cherry expression overlaps with the T4/T5 neurons labeled with 

the UAS-CD8-GFP; R23G12-Gal4 driver line (Figure 46A). No differences were detected in the 

optic lobes of all knockdown crosses, neither in the expression of Drgx-Cherry nor the 

morphology of the labeled T4/T5 neurons after comparison with the control (Figure 46B-F). 

Note that for simplicity, only one image is shown for all three grn knockdowns, as all three 

showed no effect on Drgx expression. 
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Figure 46. Knockdown of different developmental T4/T5 neuron genes does not affect Drgx expression 
Knockdowns of five different genes (ato, dac, grn, SoxN and Lim1) important for T4/T5 development were selected and their 

effects on Drgx were investigated. Knockdowns were performed using the UAS-CD8-Gal4; R23G12-Gal4 driver line and Drgx 

expression was visualized with Drgx-Cherry. (A) Control shows overlap of T4/T5 neurons and expression of Drgx in adult optic 

lobe. (B-F) Drgx expression was found unchanged in the knockdown crosses. (G) To test the efficiency of the different 

knockdowns, a qPCR experiment was performed using the Actin-Gal4 driver line. The expression level of the control Cherry-

IR knockdown was set to one. The ato knockdown showed a 77% reduction in expression level. A similar reduction was 

observed for dac-IR with a reduction of 75%. The three different grn-IR lines used showed a similar reduction to about 45%. 

The strongest reduction was found for SoxN-IR with a 90% reduction in expression level. Finally, the Lim1-IR line is shown, 

which resulted in a reduction of 81%. Scale bars: 50µm. 

To verify whether the knockdowns reduced the mRNA levels of these genes, qPCR 

experiments were performed. This was necessary to rule out the possibility that a non-

functioning RNAi line was the reason that no changes in Drgx-Cherry expression were seen. 

To achieve the greatest knockdown effect, the ubiquitous driver line Actin-Gal4 was crossed 

with all RNAi lines. As a control, UAS-Cherry-IR was crossed with Actin-Gal4 was included in 
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this qPCR experiment. In all cases, a visible reduction in mRNA levels was achieved (Figure 

46I). The smallest reduction was observed in the three grn knockdowns, which reduced mRNA 

levels only to about 55%, and the strongest reduction was observed in the SoxN knockdown 

with only 10% mRNA left. The other lines showed a reduction to 19% for UAS-Lim1-IR, 23% for 

UAS-Ato-IR, and 25% for UAS-Dac-IR.  

2.4 Initial qPCR experiments identified first potential Drgx targets 

To find potential Drgx-regulated genes, the RNA-seq dataset from Davie et al. (2018) was used 

with the help of the SCope website. The website is able to display a regulon for specific 

transcription factors. These regulons were created using the single-cell regulatory network 

inference and clustering (SCENIC) pipeline. This pipeline first found genes that were co-

expressed with the transcription factor of interest. These co-expressed genes were then 

screened for the presence of cis-regulatory motifs, and only those genes with significant motif 

enrichment in the correct upstream regulatory sequence were included in the regulon (Aibar 

et al., 2017). This analysis not only provides an initial overview of potential target genes, but 

also predicts a potential binding sequence for the transcription factor.  

The Drgx regulon created in 2019 included the following genes: wing blister (wb), ADAM 

metallopeptidase with thrombospondin type 1 motif A (adamTS-A), babos, stall (stl), abnormal 

chemosensory jump 6 (acj6) and CG5707 (Figure 47A). The software also predicted the 

potential binding motif to be TAAT NNN ATTA (Figure 47B). 
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Figure 47. Drgx regulon genes and potential binding motif created by SCope 
(A) Six of the genes found in the Drgx specific regulon created with the SCENIC pipeline from the single-cell RNA-seq data set 
created by Davie et al., 2018. (B) The same pipeline also created a potential binding sequence for Drgx. 

After finding these potential target genes, the next step was to test whether knocking down 

Drgx affected these genes. For this purpose, qPCR experiments were performed. In a first 

round, both the Drgx knockdown and the control Cherry knockdown were performed with the 

ubiquitously expressed Actin-Gal4 driver line (Figure 48G). After Drgx knockdown the 

transcript of Drgx was downregulated to about 20% of the control value, which was highly 

significant (p-value= 0.0008). The transcripts of the genes acj6 (about 40% remaining) and stl 

(about 17% remaining) are also significantly downregulated in this experiment, with a p-value 

of 0.0004 for acj6 and 0.0005 for stl. The transcript of Adam-TS A is only slightly 

downregulated to about 66%, which was not significant due to the large error bar (p-value = 

0.2797). The gene wb showed a near significant (p-value = 0.0543) downregulation of the 

transcript to about 42% of the control value. Surprisingly, babos showed a non-significant 

upregulation to about 128%. The last gene, CG5707, was not altered at all (p-value = 0.6776). 








































































































































































