The developmental function of the homeobox
geneDrgxin perineurial glial cells and T4/T5

neurons irDrosophila melanogaste

DISSERTATION ZUR ERLANGUNG DES

DOKTORGRADES NERURWISSENSCHAFDENRER. NAT.)
DER FAKULTAT BIBLOGIE UND VORKLINISCHE MEDIZIN
DER UNIVERSITAT REGENSBURG

Vorgelegt von
Laura Gizler

aus

HeilbronnNeckargartach

im Jahr
2023



Das Promotionsgesuch wurde eingereicht.am
04.05.2023

Die Arbeit wurde angeleitet von:

Prof. Dr. Stephan Schneuwly

Unterschrift:

Laura Gizler



G, 2dz Ydzad R2 GKS GKAy3 @2dz

Eleanor Roosevelt



Table of Contents

TabIE Of CONTENTS. ...t et e e e e e e e e e e nneneees 3
Y 0L = (o TP TP PPPPPPPPPPPPPPPPN 8
1 INEFOAUCTION. ...ttt e e st e e e e s eae e 9
1.1  Glial cells in the nervous system@fosophilamelanogaster...............ccccvvveeeeeeen.n. 9
1.1.1 Embryonic origin obrosophilaglial cells..........cccoooviiiiiiii 9
1.1.2 The different types of glial cells foundmwosophila................cooeeeeiiii, 12
1.2  Perineurial glia in th®rosophilanervous system.............cccciiiiiiiiiiieeeeei 17
1.2.1 Development and function of perimgial glia...............ccocvveeiiiiiiiiiiiiiieeeeeeeeee e, 17
1.2.2 The extracellular matrix in thBrosophilabrain..............ccccovveiiiinn 19
1.3 Drosophilaoptic lobe organization and development..................vvvvvevvevneinnnnnnnnn. 20
1.3.1 The adult optic lobe dDrosophila...............eeeeuiiiiiiiiiiii e, 20
1.3.2 Development of the OptiC lODE.........coooiiiiii 23
1.4  T4/T5 neurons in th®rosophilavisual systenmy...............ccceeiiiii, 27
1.4.1 The motion vision system @frosophila melanogaster..............cccooviiiiiieeneneenn. 27
1.4.2 Development Of TA/TS NEUIONS.......coii ittt 30
1.5 HOMEODOX QENES......ccoi i —————— 33
1.6  The pairedike homeobox transcription factor DrgX..........cccceeeeeveeeeeniiniiiiiiinnne. 35
1.7 AIMOfthe StUAY.......ooiii e e e e e 37
2 RESUIB ... e e 39
2.1 Initial Analysis of the transcription factor DIgX.............evviiiieeriiiiiiiiiiiiieeeeeeeeens 39
2.1.1 Transcriptomic data show th&rgxis expressed in neurons and glial cells........ 39
2.1.2 Different fly lines were used to study Drgx expression and function................ 40
2.1.3 Drgx shows a broad expression in the whole larval and adult nervous system40
2.1.4 Drgxknockdown phenocopies the MIMIC mutant phenotype..........cccoceeeeeveee. 44
2.2  Drgx expression in glial cells and analysis of its knockdown phenatype.......... 45



2.2.1 Drgx expresen overlaps with perineurial glial cells..............ooovvvvviviiieiiiiiiiiiinnnn, 45
2.2.2 Drgx expression in other glial cells can only be proveerisheathing glia...........46
2.2.3 Phenotypical analysis of the Drgx function in perineurial glial.cells.................. 48
2.2.4 Gilial cell specifibrgxknockdown does not increase apoptosis in larval brains..50
2.2.5 Drgxknockdown in perineurial glial cells does not increase cell proliferation....52

2.2.6 Gilial cell specifibrgxknockdown does not affect the photoreceptor developmes@

2.3 Drgx is a key transcription factor in the development of T4/T5 neurons........... 58
2.3.1 Neuronal Drgx expression is found in T4/T5 NEUIONS.......cccoeeeeeeieiiieeeeeeeeeeee, 58
2.3.2 TA4A/T5 neuron SPecifiC driVer INES.........ccooiiiiiiiieee e 60

2.3.3 Knocking dowrDrgxin T4/T5 neurons leads to severe morphological changes in the

AdUIE OPLIC IODE.... . enaaaa e 62

2.3.4 The neuronabDrgxknockdown phenotype isworphologically visible in the pupal stage

2.3.5 T4/T5 neuronaDrgxknockdown flies are optomotor blind...............ccccciiiiiennn. 68
2.3.6 NeuronalDrgxknockdown flies display orientation ability on visual landmarks..70
2.3.7 Effects oDrgxknockdown on early T4/T5 marker gene expression..................43
2.4 Initial gPCR experiments identified first potential Drgx targets..............cccoeea 7
2.5 Identifying Drgx DNA binding sites and regulated genes using the.TaDa........ 80

2.5.1 The glial cell specific TaDa identified a potential Drgx binding sequence as well as

potential target ENES..........oooiiiiiiieeeeeeeeeeeee 81
2.5.2 TaDa analysiS IN TA/T5 NEUIQIIS.......cuuiiiiieiiiiaiiiiiiee et ee e e e e e e rre e e e e e e e e 86

2.6 RNA sequencing in perineurial glia and T4/T5 neurons revealed differentially expressed

genes afteDrgXKNOCKAOWN...........uiiiiiiiiiiiii e 92
2.6.1 Preparation of the perineurial glial cell and T4/T5 neuron specificlRbtAries.....92

2.6.2 The perineurial glia specific RIAq showed differential expression of many ECM

components and tranNSPOIET JENES. .....ccuii i ittt e e e e e e e e s e e e e e e e e e e aaab e 94

2.6.3 Analysis of the T4/T5 specific RBEq revealed differentially expressed axon targeting



2.7

2.7.1

2.7.2

2.7.3

3.1

3.2

3.2.1

3.2.2

3.2.3

3.24

3.3

3.3.1

3.3.2

3.3.3

3.34

3.4

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

Drgx regulated genes were confirmed in perineurial glia and T4/T5 neurons.102
trol is regulated by Drgx in perineurial glia..............cccoveiiiiniiiiiiiiiieeeeeee 102

Drgxknockdown in T4/T5 neurons downregulates neuronal target finding gefhed

Drgx regulates the T4/T5 terminal differentiation factor Sox102F.................. 106
DISCUSSION ... ceiiiieeei ittt e ettt e et e e e e e e s e bbbt e e e e e e e e e e s s s bbb b e e eeeeeeeens 108
Theexpression pattern of Drgx fits to the available transcriptomic data......... 108

Drgx is a newly described factor that specifiespaurial glial cells iDrosophila. 109
Drgx in perineurial glial cells is important for the survivdbadsophila................ 109
Perineurial glial cells shuttle nutrientdathe nervous system........................... 109
Drgx in perineurial glia is involved in the assembly of the neuronal lamina...110

Enlargement of optic stalk due to unchanged perineurial glial cell proliferatiohl 2

Drgx is essential for the correct T4/T5 neuronal CIrCUitty...........ccoovviiiivvrrnnnen. 112
Drgx in T4/T5 neurons is essential for the right axon targeting....................... 112
Incorrect wiring éads to optomotor phenotype............oovvvvvvvevveeeeeviiiiiiiiniininnnns 114
Drgx acts as an early T4/T5 neuron SPECITIE............uuueieiiieieieiiiiiiieeeeee e 116
Loss of correct axonal circuitry Drgxdeficient flies leads to apoptosis............. 117

Drgx functions as a specification factor in perineurial glia and T4/T5 neurond.19

IMBEEITAL ...t e e e e e e 122
FIY STOCKS. ..o aaaaaas 122
Buffers and SOIULIONS. ..........uuiiiiiiiieii e 127
PLALES. ...ttt 127
BN ZY MBS . 128
COMMETCIAL KITS ... e e 128
PHIMEE TIST....eeeeee e e 129
RV =T o1 (0] = PP 129
ANGDOIES. ... 130



4.9

4.10

411

5.1

5.1.1

5.1.2

5.1.3

5.14

5.2

5.2.1

5.2.2

5.3

5.3.1

5.3.2

5.3.3

534

5.3.5

5.3.6

5.3.7

5.3.8

5.4

54.1

5.4.2

5.5

5.5.1

(O] gT=] g 01 Tor= 1 T TR 131

TECNNICAl EVICES.....ciiiiiiiie it 132
SOTIWAIE. ...ttt e e e s e e e s e e 132
IMEENOTS ...ttt e e e e e e e e e e e 134
T 0T PP 134
FIYMaiNtENanCe.....cccooe e 134
V03 (0 1TSS PPPURPPPRRRT 134
EMDBryonic MiCroiNjECIONS..........uuuiiiiiceere e 134
LITESPAN. ...ttt a e e e 135
Behavioral @XPeriMeENtS.........oui i 135
=0T To F= T TS 0= 1= T [ o | o PP 135
(@] 0] 0] 1 aT0] (o] Q=TS 17: | PP PP P PP PPPPPPPPPTTRPP 135
Histological methods and confocal mMiCroSCORY.......cccovveeviieiiieiieeeeeeeeeeeee, 136
Larval brain dissection and fiXation.............ccceeieiiiiiiiee e 136
Adult brain dissections and fIXation............oooiiiiiiiiiiiii e 136
Wholemount antibody StaINING.............euuiiiiiieii e 136
TISSUE MOUNTING ...ttt r e e e e e e s reeaaeeeeas 136
CONfOCAl MICTOSCOPY....eevieeiiriiiiieieiieirrearrirr s a s e e e e e e e e aaaaaaeaas 137

Counting perineurial glial cells in confocal images of larval and adult brains..137

Measurement of trolGFP flUOrE@SCENCE.........cccoeiiiiiiiiiiieee e 137
Quantifying relative expression of Dprll and Mp based on fluorescence......137
Quantitative reatime PCR...........cooooii i 138
RNA isolation and cDNA preparatiQn.............cccceeeeriiiiiiiiiiiiieeeee e 138
REAHIME PCR ... 138
Targeted DamID and Library preparatiQn............cccvvveeeeieeeeeeeiiiniiiiiieeeeeeeeen 139

SaAMPIE ACUISITION .....evviiiei e e e e e e e e e e e eeraaanas 139



5.5.2

5.5.3

554

5.6

5.6.1

5.6.2

5.6.3

5.6.4

5.6.5

6

6.1

6.2

6.3

6.4

gDNA extraction and initial sample preparation...............ccccccevvveviiiiiieeveeeeeene, 139

Library preparation.......... ... 139
Sequencing and Bioinformatics analysis..............covvvvvivieeeeiiviiiiiiiiiinns 139
Bulk RNA sequencing LiDraries. ... 140
Singlecell suspension and cell SOrting.............cooviiiiiiiiiieiieeeee s 140
FACS of the singlll SUSPENSION.........cocvvviiiiiiiiiiiiii e 140
RNA extraction from FACS sorted CellS..........ooovioiiiiiiiiiiieeeee 142
Library preparation and SEQUENCING.............euuurrrimrimmmeiiersesssee e e eee e e e 142
BioinformatiCs analySIS..........uvviiiiiiiiieeiiiie it 142
Y o] 011 o | GO PP PPPPPPPP PPN 143
RETEIEINCES ... e 143
[0 18] €= PP PRSP PP PPPPP TP 155
TADIES. .. 158
ADDIEVIALIONS.....ceiiiteii ettt e e e e 159



Abstract

Abstract

Homeobox transcription factors are highly conserved in all metazoans. They play an important
role during development and are involved in the formatioh the nervous system. In
Drosophila melanogastel03 homeobox genes have been identifi€ehe of the nbvery well
studied homeobox genes ibd pairedlike homeobox transcription factddorsal root ganglia
homeoboxDrgx. Sngle-cell RNAsequencinglataof adult braingredicted the expression of
Drgxin three different glial cell cluste(@erineurial, astrocytdike and ensheathing gliand

three differentneuronal (T4/T5, Tm1/TmY8 and T2/EB)sters.In this work, expressioof

Drgxin perineurial glia and T4/T5 neurons was confirmed histologic@lerefore, this study

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

Knockdown ofDrgxin perineurial glia resulted in lethality during development. Targeted
DamID and bulk RN#equencingof perineurial glisshowed that Drgx regulates manyrggs
encoding for transporters thashuttle 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 ergargptic stalks and defects

in the migration of perineurial glia. This phenotypeuld also be explained by the TaDa and
RNAsequencing data sets, which showed that Drgx controls the expression of many
extracellular matrix components. These components @recialfor the maintenance othe

brain’s shape andhe 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 theirlstygrs ad connect

to the wrong neurons. This leatis a loss of optomotor response in adltlles. T4/T5 neuron
specific argetedDamiDand RNAsequencingdata showed that Drgx regulates the expression

of many cell surface molecules. These molecules ssergial for the correct wiring of T4/T5
neuronsand are strongly reduced upddrgxknockdown In addition, the two T4/TSpecific

data sets also showed that Drgx regulates the expression of the knd¥s meuron specifier

Sox102F



Introduction

1 Introduction

1.1 Glial cdlsin the nervous systenof Drosophilamelanogaster

1.1.1Embryonicorigin of Drosophilaglial cells

The glial cells inDrosophilaare derived from neuroblastsThese neuroblastslivide
asymmetrically to form a new neuroblaas well as a ganglion mother cell (GM@hich

becomes postmitotic after another division.

A B C

DPP Dorsal ectoderm DPP sop ] PNS

—- ‘ —)
" Sog Sog

¥ A sog
mesoderm

neurectoderm

mesectoderm
Figurel. Embryonic glial cell origin
(A) During gastrulation, the early embryo is separated into a ventral and a dorsal regiba bypression of Sog and Dpp.
(B) After the invagination of the mesoderrthe ectoderm can be separated into the dorsal ectoderm, the ventral
neurectoderm and the mesectoderm. (C) The dorsal ectoderm gives ringwry organ precursorSQP) which develop
into sensory organs and few glial cells in fheripheral nervous systenP{N$. The majority of glial cells is created by
neuroblasts (NB) derived from the neurectodeand the mesectoderm gives rise to the midline glia (Kéldapted from
Altenhein 2015)
Neuroblastsdelamirate from the neurectoderm during early embryonic developmenhist
region develops ventrally during gastrulati@igurelA) and can be distinguished from the
Decapentaplegic{PP)expressingdorsal ectoderm by the expression of Short gastrulation
(Sog (Mizutani et al., 2006)Whereas theneurectodermderived neuroblasts e important
for the construction of the central nervous system (CNS), the dorsaldennh mainly
produces sensory orgapsecursors (SORfrigurelC). These SOP create sensory orgaribe
peripheral nervous system (PN&}Y, bristlesor chordotonal organs but also few PNS glia
(Brewster and Bodmer, 1996t the end of gastrulationa third progenitor cells producing
region can be foundhe mesetoderm (FigurelB) These cells, which weseparated by the
mesodermbefore gastrulationnow lay adjacent to each other and build the ventral midline
(Figure1C) In the further course of embryonidevelopment, theygive rise to the ventral
midline glia that are importantor early axonal scaffolding and pathfinding along and across

the ventral midline Interestingly these glial cell® notexpress the specific glial determinants
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glial cels missing(gcm) andreversed polaritfrepo) and rely on anothemolecular mode of

cell fate acquisitionwhich still needs to be elucidatigAltenhein, 2015)

A B C D E

Figure2. Specialized neuroblasts g
(A) Most neuroblasts (NB) only give rise to neurons, which are created by symmetric cell division of ganglion mother cells
(GCM). Neuroblasts that produce neuronglagtial ceb are also cadld neuro-glioblasts (NGB). Here different groups can be
identified. (B) In the first grouggthe NGB gives rise to GMC that produce one glial cell and one nsimaiftaneously (C) In

the second groupthe NGB first only producegeurons and later switches to the production of glial delling development

(D) In the third groupthe neuro glioblastdivides symmetricallyproducing a glioblast, which only gives rise to glial cells and

a neuroblast that onlproduces neurons. (Ejinally it is also possible to find glioblasts that only give rise to glial cells. (F) In
the Drosophilaeembryo, only a small number of neugbioblast can be found in each segment of #emtral neurogenic region

(VNR). Procephalic neurogenic region (pNIEpi: ebrsal epidermis, pc: pole cellg, second thoacic segment, Aabdominal
segment(adapted from Altenhei2015)

Most of the neuroblastsgenerated by the neurectodermroduce only neurons, whicm
Drosophilaoutnumber the gliatells 9:1, but eight neuroblasts can be identified that give rise
to glial cellslpngitudinal glioblas(LGB), 13, 25, 2-2, 56, 64, 7-4 and 11) (Figure2F) (Udolph

et al., 1993) These eight neuroblastain be divided into glioblasts that only produce Igiells
(Figure2E)and neuraglioblass, whichproduce neurons and glial cellBhe first group can be
characterized by their expression of the glial markgmsn and repo right after their
delamination from the neurectoderrfOmotoet al., 2016)The LGB belorsgo this groupand

givesrise to nine glial celigGriffiths et al., 2007)The neureglioblast can be further subdivided

10
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depending on their modes of gliogesis. Type 1 neurglioblasts show no early separation
between neuronal and glial fate, but instead neurons and glial cells divide as siblings from the
same GMQFigure2B). Such alivisionmode can be observeel.g, in neuroblast5-6 (Udolph

et al., 2001) In type 2 neuro-glioblasts there is a switch between neurogenesis and
gliogenesis at some point dag proliferation (Figure 2C) as observedn neuroblast 25
(Hilchen et al., 2008)At last type 3 neureglioblasst divide into one glioblast (Figure2D)
producing only glial cellsnd one neuroblastproducing only neuronswhich can be found in
neuroblast 64 (AkiyamaOda et al., 1999)

neural competence =====-.. ]
positional information ===--e.__ N
temporal information ===, XY A~

further determinants =-..., A/ J
(e.g. Hkb, N, Pros) WI T\‘ — -
\ % =

gcm
l

B "

\

\\ pnt repo

\
E T
ttk

.\‘

\,

-~

glial genes (e.g. loco) neuronal E]_enes
Figure3. A specific transcriptional network specifies glial cells
The master regulator that determines glial cell fate is the gglied cell missinggma), whichis activated trough different
cues. It acts as a transcription factor and activates the gpogged(pnt), reversed polarityrepo) andtramtrack (ttk), which
in turn activate many glial differentiation genes likeomotion defectgloco) or in case ofepo and ttk repress neuronal
genes(adapted from Altenhein2015)
To differentiate into glial cells specific genetic program must brgggeredsince the default
state of cells in the nervous systei to become aneuron. The master regulator of this
program is the gengecm (Figure3), which encodes a transcription factor withuaique DNA
binding domain(Hosoya e#l., 1995; Schreiber et al., 1997Mhis gene is conservéd many
species besideBrosophildike chicken, muse ard human(Kim et al., 1998)T'he expression
of gcm is dependent on different determinants such as Notch, Prospero wrkébein
(Freeman and Doe, 2001; Griffiths et al., 2007; laco et al., 2006; Udolph et al., 2001)
Moreover,other factors influence the expressiongém, e.g, the neurcglioblasts position or
the temporal window in which the GMC that produces the glial cells app&artsso far, no
common regulatory pathway has been found that activagesn in all glid cell linages
(Altenhein, 2015)

11
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Thenext stepin glial fae determination is the expressioaf the homeobox transcription
factor repo and the ETS transcription factpointed (pnt) by Gcm, which in turn start to
activate glial specific genes themselv@sgure3). So far, around one hundred downstream
genes have been identified in embryonic glial cells which are regulated by this patbway
locomotion defects(loco), nervana 1(nrvl) and viking (vkg) (Altenhein et al., 2006;
Beckerordersandforth et al., 2008; Egger et al., 2002; Freeman et al., 2808ityionally,Gcm
also activates the transcriptional suppress@mtrack (ttk). This suppressor as well aspR
act in parallel inhibihg the neuronal ground statéBadenhorst, 2001; Giesen et al., 1997;

Yuasa et al., 2003)

Due to the precise genetic mechanismagclk abdominal neuromercontains50 glial cells as
well as 34 midline glia at the end of embryogenesidese glial cells can be assignetbiaor
main categoriesthe neuropitassociated, the cortexhe surface glial cellsnd the peripheral
nervous system specific wrapping gldl four typeswill be discussed irmore detail inthe

next chapter(Beckervordersandforth et al., 2008)

1.1.2The different types of lgal cells found irDrosophila

As mentionedefore, the glial cells in th®rosophilanervous system can be divided irfur
main groups based on spatial distribution and piwslogy The neuropitassociated andhe
surface glia can be further dded into subgroups leading to six different gtialltypes These
six types are the astrocytiike andthe ensheahing glia, which belong to the neuropil
associated glia, theoctex gliaand the wrapping glias its evn groups and the subperineurial
and the perineurial glia that form the group of surface ¢fimyure4) (Beckervordersandforth
et al., 2008; Yildirim et al., 2019)

12
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A

brain lobe

vnc

neuropil

ventral
Figure4. The different types of glial cells and their position in tigrosophilanervous system

(A) TheDrosophildarval central nervous system includes the two brain lobes as well as the ventral nerve cord (vnc), which is
connected to the periphery through segmially organized nerves (snyhe 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 feem wher
the cross sections in (B) and (C) are taftem. (B) In the central nervous systethe neuropil regions, are infiltrated by
astrocytelike glial cell§AG)and theindividualneuropilregions are separateby ensheshing glia(EG) In thecortex region

cortex glial cell§CG)engulf the neuronatell bodies The brain is sealed by the septate junction (SJ) building subperineurial
glial cells (SPG). The SPG build the blrath barrier together with the outer most glia the perineurial glial cells (PG). This
outermost cell layer contacts the neurahlamina (NL)which isthe extracellular matrix found around the nervous system.

(C) In the peripheral nerves, only three types of glial cells can be found. First thpingalia (WG), which sheathe
different axon fibers, second the SPG and thectlgiroup are the P@dapted frromYildirim et al., 2019)

The two types of neurop#issociated glia are found in the central nervous systdrare/they
contact the different neuropils. The neuropil are structures in the brain, wbacttain all the
dendrites, synapses and axons.eTastrocytelike glia and the enshéling glia are both
derived from the same progenitor, the LGB glioblast. The o@liassociated glial call
produced during embryogenesiate primary gliawhichinfiltrate, respectively grow around

the neuropil during larval stages, but die aak replaced by secondary neurogissociated

glia during metamorphosisThese secondarglial cells are most likely derived from a few
mitotically active secondary newglioblass that produce neuropil precursor cells that

migrate from the cortex to the neuropil where they further prolifera(@moto et al., 2016)

13
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Figure5. Three neuropilassociated glia subtypeare found inthe Drosophilabrain

(A) The astrocytdike gliainfiltrate the neuropil and are important for neurotransmitter homeostasis. (B¢ Tikuropil
ensheabhing gliasurround the different neuropils and (C) tract ensheag glia, which cover theait fiber tracts in the brain.
Both types of ensheatng glia are responsible for the clearance of neuronal débdaptedfrom Kremer et al. 2017)

The astrocytdike glia invade the negopil and build a dense ramified mesh inside the different
neuropils. At the boundaries of the singbeotrusions,overlaps can be found to ensure the
complete engulfment of the neurop(Figure5A). Thereby one astrocyikke glia can send
different processes intdifferent neuropilgKremer et al., 2017 heir function in the nervous
system mainly consistof maintaining the neurotransmitter homeostasis. Therefptiey
express different neurotransmdr transporter e.g.the excitatory amino acid transporter 1
(EAATYL At the end of larval development, they also function as microglia and remove the
neuronal debis from the primary neurons, which die e end of larval stage andhichare,

like the glial cells, replaced by secondary neurons in the adult fly. During this process the
primary larvad astrocytelike glia phagocytasneuronal debris and undergo apoptosis before
getting replaced by the secondary adult astroclike glia(TasdemiYilmaz and Freeman,

2014)

The second group afeuropitassaiated glial cellsthe enshedhing glia, show two different
morphologies On the me hand, they compartmentalize the differenneuropik, thereby
adaptinga very flatcell bodyshape(Figure5B). On the other handthey alsoform longparallel
strand when surrounding axon tractsthat connect the different neuropils with each
other(Figure 5C) (Kremer et al., 2017)Like astrocytdike gliaensheahing gliaare also

responsibleto clear the brain from neuronal debr{ku et al., 2017)out their functionin the

14
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regulation of neuronal activity still needs to be elucidata@dirim et al., 2019)0tto et al.
(2018 suggested tht these glial cellscontribute to the regulation of the glutamate

concentrationin the brain

Theenshedhing glia are only found in the central nervous systémthe peripheral nervous
system anotherlxon associatedlial cell type is foundhe wrapping gliaThese glia enwrap

all sensory and motor axarsimilar to the noamyelinating Schwam cells in vertebrates
(Yildirim et al., 2019)During embryogenesisnly three to four wrapping glia are pduced

per nervefrom the central nervous system neuroblasis3 and the SOPDuring larval
development they do not proliferate but only increase in size to accompany the growing nerve
bundles(von Hilchen et al., 2013} hey serve the same function in periphknervous system

as the enshething gliain the central nervous systefiKremer et al. 2017)

Figure6. In the Drosophilabrain cortex onlyone glial cell types found

The neuronal cell bodies found in the brain’s cortex are surrounded 4oaliEd cortex glia, which are important for the
metabolic support of the neurons and might modulate neuronal behavior through calcium oscilkgaaptedfrom Kremer
et al. 2017)

The neironal cell bodiesn the central nervous systeare engulfed bythe next group of glia
cells the cortex glia. This glial cell type produced by theneuroblasts &4 and 74
(Beckervordersandforth et al., 200&)nd builds a mesHike structure surrounding the
neuronal cell bdiesin a non-overlapping mannefFigure6). They likelyproliferate during
larval stages andurvive into adulthoodCoutinheBudd et al., 2017)t has been shown that
these celldirectly connect tathe astrocytelike glia Additionally, cortex glia provide a link
between the neurons andhe subperineurial glial cells on thwain's surfacqYildirim et al.,
2019) It is suggested tt the cortex glia are important for the metabosapport ofneurons
they surround Interestingly they also show activitdependent calciunoscillations, which

could lead tomodulation of neuronal behavior (Melom and Littleton, 2013)In the

15
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development of the optic lobe thegontribute to neurogenesisand controlneuroepithelial

cell proliferation as well aseuroblast transitionMorante et al., 2013)

Figure7. The subperineurial glia fornthe blood-brain barrier

Thebrain is sealed by the subperineuriabglvhich are connectedvith each othewia septate junctionsTheir main function

is to act as the blootbrain barrier inDrosophila Their cell number is fixed after emylmgenesis and they iy perform
endoreplicationand endomitosiandgrow in size to accompany the growing bréadaptedfrom Kremer et a].2017)

The last group of glial cells in tBeosophilanervous systm are the surface glia, which can be
separated intcsubperineurial and perineurial glia celBoth cell types together build a barrier
around the nervous system separatiiigfrom the hemolymph, thereby resembling the
vertebrate bloodbrain barrier Thisbarrier iscovering the central as well as the peripheral

nervous systeniKremer et al.2017)

Subperineurial glial cellare derived from neuroblast-1 (Altenhein, 2015)nd their cell
number is determined after embryogenesi® still be able to cover thgrowingbrainthese
cells increase their sizeand becomepolyploid through endomitosis and endorepétion
(Unhavaithaya and O#Veaver, 2012)Simlar to the cortex glia the subperineurial glial cell
survive until adulthoodbut so far the molecular mechanism underlyingitrspecificationis
not elucidated(Kremer et al.2017) To tightly seal the barrier around the nervous system
these cellsare connected via pleated septate junctionshich prevens the uncortrolled
diffusion of hydrophilicmoleculesinto the nervous systen(Stork et al., 2008 Next to the
blood-barrier function these cekalsoact as a control element in the reactivationcqufiescent

neuroblasts irresponse to nutritional signa(§igure7) (Kanai et al., 2(8).

Lastly the outermost glial layesurrounding the nervous systeisbuilt by theperineurialglial

cells, which will be discusséarther in the next chapters.
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1.2 Perineurial glian the Drosophilanervous system

1.2.1Development and function gferineurial glia

The perineurial glia are initially produced durifge embryogenesis but only in very low
numbersthat do not cover the entire nervous systegf@tork et al., 2008 The exact origin of
the embryonic perineurial glia is still nfatlly clarified They could originates the other glia
from neuro- glioblasts of the neurectoderm butsne early studies suggesteldeir origin to
be mesodermal since mesodermless mutants also lack perineurial(Blibias Stork,
Bernardos, and Freeman 20Edwards, Swales, and Bate 1998jerestingly perineurial glial
cells lack the expression gém in earlylarval brans, but they express thglial markemrepo.

Additionally, they are not affected by mutationsgom(Awasaki et al., 2008)

apical

basal

Fig’ure8. The outermos glial cel layer consists operineurial glial cells

(A) The perineurial glial cells form the outer most layer of Br@sophilanervous system and appear &g thin strips
oriented along the dors@entral axis (B) On their short axifong thin extensions embrace the neighboring cells and (B") on
their long axis, they form ledge like overlaps with their neighboring Gedlaptedfrom Kremer et al. 2017)

To be able to cover theadult braincompletely the perineurial glia proliferatextensively
through symmetric cell divisiosuring larval developmenuntil the L3 wanderindarvaestage.
Thegliogenesighat produces fully developed perineurial géaen cotinues until midpupal
stages. This suggashat the function of these glial cells is limited to the adult nervous system
(Awasaki et al. 20Q8 obias Stork ea&l. 2008) The proliferation of the perineurial glia in the
postembryonic brain relies on thésulinlike receptor (InR)/Target of rapamycin (TOR)
pathway acting together with thefibroblast growth factor (FGF) signalinghe InR/TOR
pathway in this ase is activated by the insulitke peptide (DILP) 6. In case of the FGF signaling
the receptor heartless (htl) together with the ligangyramus (pyr) act in a necelt
autonomously way on glia of the same subtyp&vetRoclex et al., 2012) A similar
mechanism also seesrto be involved in the growth of the perineurial glial cells in the

peripheral nervous system. Here it was shown thatiti® dehydrogenase Raspberrnagiis
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regulated through Phosphatidylinosit@-kinae (PI13K) andAkt kinase (Akt) leading to
nonautonomous growth by inhibitinBorkhead box, suigroup O(FOXOjLavery et al., 2007)

In the adult nervousystem,around 2250 perieurial glialcells exist thaenvelop the brain
andventralnerve cord In addition perineurial glia also cover the peripheral nervous system.
While covering the brairthey form two types of contacts with the neighboring cellBirst,
long thin extensions embrace the neighbors on their short @igure8B) and secondledge

like ovetaps on their long axig&igure8B”)(Kremer et al., 2017)

A

Figure9. Perineurial glial cells migrate into the eye disc during larval development

(A) DuringL3 larval stage, the perineurial glial cells (pg) migrate from the optic lobe through the optic stateirtype disc.

They migrate alongwo subperinairial glial cells (spg) and remadehind the morphogenic furrow (MF). (B) The apically
migrating pg get into contact with the photoreceptor axons-& 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 dhdundles and extend back into the optic lobe
(addapted from Rhee et al. 2021)

Interestingly,perineurial glianever comento contactwith neurons(Stork et al., 2008 with

one exception in the developing egeigured). Here the perineurial glial cells in early L3 larvae
start to migrate from the larval central brain through the optic stock into the eye (Higire

9A). The migratioroccursalong the two subperineurial glial ¢glof the eye disc called carpet
cells and stops when the perineurial giiacounterthe developing photoreceptor©ncethis
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., 2014The differentiation into wrapping glia only happens to the apycal
migrating perineurial glia, the basamigrating ones are sealeoff from the photoreceptors

by the subperineurial glial cellBigure9dB). Interestingly the apicél and the basady migrating
perineurial glia are derived from two distinct lineages during second instar larval stage before

they enter the optic stalkTsao et al., 2020)
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Since the nervous system is completsbaled off from the hemolymphyut 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 subperineurialgilmmer et al., 2014)

Surprisingly, the heparin sulfate proteoglycan Dékg (Dlp) and the BMP homolog Glass
bottom boat (Gbb) expressed by perineurial glia were shown to be responsible for neuroblast
proliferation, although perineurial glia@ not in contact with neurons in most cagé&anai et

al., 2018)

Dueto their position on the surfacef the nervous systenperineurial gliado not only contact
the hemolymph but also theextracellular matrix (ECM). They are responsible for the
construction of theECMand the regulation of the stiffness, which in turimegulates the
migration ability & the perineurial glial cellfHunter et al., 2020; Kim et al., 2014; Meyer et
al., 2014; Skeath et al., 2017)

1.2.2Theextracellular matrix in theDrosophilabrain

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 hemocytesduring embryogenesikeading to the condengen of the embryonic
ventral nerve cordOlofsson and Page, 200B)uring larvatlevelopmentthe perineurial glial
cellsrestructure the neuronal lamina taccommodatethe growing nervous system artd
support theirmigration in the eye disc or alonmeripheral nervess well as the targeting of
motor axons This reshaping dependsnong others on theecretionof metalloproteass like
Mmp2, AdanTSA or AdamTSB as well as thexpression ofdifferent integrinsor matrix
components(Meyer et al., 2014Kim et al., 2014Skeath et al., 20X Hunter et al., 2020Xie

and Auld, 2011Miller et al., 2011)

The ECMonsists of four maicomponents: laminin, collagen, nidogen aretlpcan(Pozzi et

al., 2017) These four components form a mestel#tructure 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 integrotystroglycanand glypican

receptors found in the glial cathembrane(Figurel0) (Walma and Yamada, 2020)
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Figure10. The neuronal lamina builds a medtke structure around the nervous system

(A) The ECMiround the nervous system is also called neuronal lamina. It consists of foucomagonentgLaminin, Itegrin,
Perlecan and Collaggthat build a mesh like structure to shape the nervous systememable cell migration especially of
the perineurial §a (adaptedfrom Skeath et al., 2017§B) Collagen IV as well as Laminin consist of different subuBitty
one Drosophilagene existdor perlecan and nidoge(adapted from Isabella and Horgadovinac, 2015)YC)The ECM is
connected to the cells via different receptors, which can be separated into three main grolpesophila integrins,
dystroglycan and glypicgadapted from Broadie et al., 2011)

The largefamily of laminins is comprised of heterotrimeritc £ )igl¥coproteins that has
the ability to produce seldssembled networksDrosophilapossess four different laminin
chains, twd laminins (Laminin A (LanA) and Wing blisteg\MMhel Laminin B1 @nB1) and
the ! Laminin B2 [@nB2). Tie three ollagen IV subunit§Viking (Vkg), Pericardinr@ and
Collagen type IV alpha 1 (Col4&adgyvell as the collagen XV/XVIII MultiplexingNbuild triple-
stranded helical struct@s that form covalent bond# Drosophilaonly one nidogen (Nidogen
(Ndg)) and one perlecan, (Fibly reduced optic lobes (®l)) can be foundin additionto the
four main components, a large numberafcessory proteins have been found to contribute
to the ECMnetwork, e.g, Thrombospondin (Tsp), Faulty attraction (Frac) and Papilin (Ppn).
These additional componentsogether with posttranslational modifications of the core
proteins lead to a great structural anfilinctional diversity of the ECKBroadie et al., 2011

Topfer et al., 2022)

1.3 Drosophilaoptic lobe organization and development

1.3.1The adult optic lobe oDrosophila

The adultDrosophilaoptic lobe consists of four different neuropiith their cell bodies found
in the periphery Namely the laminathe medulla, the lobula and the lobula platerhich

together hold over 6% of the brain"sneurons These neuropils are the first center of
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computation of the visual systemnd receive their input from800 ommatidia of the
Drosophilaretina (Figurel1A) (Nériec and Desplan, 261 Each ommatidium consist of eight
different photoreceptor cells (R&) that signal into the underlying neuropils. Thereby-6R1
axonssendtheir axonsinto the laminafollowing the neural superposition princgglmeaning
that photoreceptoraxons whic receive input from the same point of space in flyésvisual
field, signal into the same column, called a lamina cartriddes columnar organization is
preserved throughout the optic lobe leading to a retinotopic organizat{bigure 11B)
(Breitenberg, 1967; Fischbach and Dittrich, 1989)

A

I il Ll

Central brain  Opticlobe  Eye

B . D
Central Brain
R7
=
B T —RI-R6
C ]

Figurell. Structure of the adult optical lobe obrosophila

(A) The adlt optic lobe is divided into foumajor neuropils. Directly under the eygeretina 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 cemplex
found that is divided into the lobula (lo) and thebula plate (lop). One of therain's computation area farisual information

is named theventrolateral neuropilVLNP). (B) The signal transduction of the visual information starts in the retina where
the photoreceptors are activated and send sigrato the la and me where they are further transported into the me, lo and

lop in a retinotopic mannefadapted fromNériec and Despla2016) (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 neuopils are stained with an antibody against-Qid(this thesis)Scale bar: 50um
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In the lamina the information from the RR6achromatic motion channglYamaguchi et al.,
2008)isprocessedZzhu et al., 2009 four different parallel pathways regulateg @ different
types of neurons, the LIL3 and the amg¢amacrine cellg]1 neurons. e most important
pathway is comprised dfl and L2 neurons. These two neuronal pathways process motion
stimuli differently depending on the contrast of the moving pattedmhighcontrastpattern,

they workredundantlywhereas in low contrast patterpthey rely on each other. Interestingly

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

mediate frontto-back motion and the L1 lo&to-front (La inFigurellB) (Rister et al., 2007)

The photoreceptor axons of R7 aR8 togeher with axons from theadmina 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 retinas retained(Fischbach and Dittrich, 1989; Takemura et al., 2008)

The medulla neuropil dividedinto 10different layers (MiIM10) with layers MiM6 referred

to as the distal medulla and layers NI¥10 asthe proximal medullaThese two groups are
separated by the scalled serpentine layer. This laymrnsiss of axons of different projection
neuronsthat enter or leavethe medulla(Morante and Desplan, 2008)he incoming signals
from the laminaneurons and the R7/RBhotoreceptorsare first transferred into the distal
medulla, whichlthen signals into the proximal medulla where theuakinformation is further
computed(Fischbach and Dittrich, 1989)his process is dependeanh at least 80different
neuroral celltypes, which came subdivided intdive different main groups. First tHdedulla
intrinsic (Mi) neurons, which exclusively have their axons and dendrites in the medulla
connecting the different layer§igurell1B). 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 brainKigure11C). The bushy Tells sendne of its branches into

the medulla and the other one into the lobula. Netite transmedullary(Tm)cells the main
group ofneurons that connect the different madulla layers with the lobulgAt last the group

of transmedullary Y (TmY) neurons connéet medulla to the lobula and lobula plag€igure

11B) (Raghu et al., 2013)

The last two neuropils, the lobula and the lobula plaes often summarized as thebula
complex.These two are connected to the medulla thereby creating the second optic chiasm

(inner chiasm). The lobula is divided into 6 different layerd the colunmmar structure @ the
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retinotopic organizatiorof the optic lobecan still be observe¢Figurel1B) (Fischbach and
Dittrich, 1989) Here tvo types of neuros were identified the Columnar (LC) and the
tangentiatand tree-like (LT) neuronswhich both signal into the central braimterestingly,
all of their projections merge into a single fiber tract before connecting to the hi@isuna

and Ito, 2006)

The last neuropil, the lobula plate, is the output center for the neuronal circontsived in
motion processing. It consisof four layers, eachleceivingmotion signal§rom one of the
four cardinal directionsf(ont-to-back, backo-front, upwards and downvardg (Maisak et
al., 2013) There are four different ctses of neurons connecting theblla plate with the
lobula, the translobular plate (Tlp)eurons, the Y cells, T4 afidd neurons(Figure 11B)
(Fischbach and Dittrich, 198%specially, T4/T5 neurons are important for the motion
detection and signal to the lobula late tangaitcells (LPTCgjat transmit the motion signal
into the ventrolateralneuropil (VLNPin the central brain. Th& LNPis one of the major

computational centers fovisual input irnthe brain(Figure11C) (Nériec and Desplan, 2016)

1.3.2Development of the optic lobe

The optic lobe development ddrosophilastarts during embryogenesis at stage 11 wleen
group of cells inthe posterior procephalic ectoderm regiordivides four times and
differentiates into the optic placode. This structure adopts-bk¥ shape that possessan
anterior and posterior tip(Green et al., 1993During the rest oEmbryogenesisthese cells
stay quiescent and begin to dividgain,only innewly hatched Llarvae During these irial
divisiors of the optic placode, the anteriedorsal tip detaches thereby creating two
proliferation centers, the inner proliferation centefP) and the outer proliferatiooenter
(OPCJFigurel2A). Both consisting afymmetrically dividing neuroepithelial ce{igger et al.,
2007; White and Kankel, 1978)hese two centers stay contact while adapting &-shape
andincreasetheir size until late second instar larval sta@eégurel2B-D). At this point the
first progeny star$ to arise, which separates the OPC and the IPC through the migration of
cells from the IP@wards the space between the IPC and the OBfning a secalled plug
(Figure 12D). Thereby positioning the OPC superficially and the d@garally (Apitz and
Salecker, 2015; Hofbauer and Camy@sega, 199Q)
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Figurel2. The larval optic lobe can be divided into two proliferation centers

(A-C) In first instar larvae the optiplacode, which develapduring embryogenesisstarts to divide into two different
proliferation centersthe inner proliferation center (IPC) anddtlouter proliferation center (OPQP)From the IPC cells start
to migrate into the space betweef®C and OPC and build thkig during late second instar larvg&) During third instar
larvae, the cells start to differentiate. First cellerh the OPC @velop a neuroblas{NB fate, which also migrate between
the ICP and OPC and eventually differentiate into medulla (Me) neuf@&f3 At the same time OPC celfwoduce lamina
(La) neuronsln mid third instar larve, the IPC starts to produaeurons of the lobula andbula plate (Lh)(G)The OPC
(green)can be found on the edge of the larval brain ool the IPGbrown) is positiord in the middle part Scale bar:
50pum.The inset diagram shows th@osition of the confocal plane in the nepicture. (H) A fronial confocal section shoves
closeup of the position of the OPC, IPC and the developing medulla (me) neurdretvileen Scale bar20um OL = optic
lobe, CB= central brain, VNC= ventral nerve cord

(PanelsA-F adapted fromNassif et al., 2003fpanelsG and Hadapted fromEgger et al., 2007)

Starting at early L3 larval stage the first neuroepithelial cells ofmedial OPC facing the
central brin, start to convert into neuroblasts by losing their columnar shape and adherent
junctions(Figurel2E) These neuroblasts are the precursorsmédulla neuronsThey divide

in anasymmetricamanner resembling a type 1 neuroblasts proliferation patter@ating ore
GMCas well as a neuroblast. The GMC later divides symmetrically creatingastmitotic
medulla neurors (Egger et al., 20077 his transition is mediated by the Achaete (Bclte (Sc)
complex component S KI f 2 Fandis@aliéid$he pron€aiivave(Figurel3) (Yasugi

et al., 2008) This complex is an important regulator of the transitiomnfran epidermal fate
into a neuronal fate. It can aldme found for example in the embryonic ventral ectoderm or in

imaginal discs and is antagonized by the DBltdach signaling pathwafArtavanisTsakonas
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and Simpson, 1991The emerged postmitotic medulla neurons aligrcolumns depending

on their order of birth. Thereby the youngest columns can benfl 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 @e next to the emerging
neuropil(Figurel3) (Hasegawa et al., 201Tjhis medulla dvelopment is completed0 hours

after puparium formation (APF), when all OPC neuroepithelial cells are traredanto
neuroblasts and eventually neurons and the medulla is positioned under the IgiMéraec

and Desplan, 2(8).

Eye imaginal disc

lateral

medial

7
medial horizontal vi

Figurel3. The OPC gives rise to the medulla and lamina neurons

During L3 larval stagéhe OPC starts to produce medulla neurons as wdkhména neurons. Durinmedulladevelopment,

a proneural wave transforms theeuroepithelialcells of the OPC into neuroblasts. This transition is mediated by L"sc. These
neuroblasts divid to selfrenew and to generate one GMC. This GiW&D produces postmitotic medulla neurons (mn). These
neurons extant into the central part of theptic lobe and are organized aolumns, due to their birth order. At a later stage

on the other end of the OPC in the lamina fwar (LF) the development of theHbula neurons (L-L5) starts. Here the
neuroepithelial cells produceamina precursor cells (09, which terminally differentiate after contact to the ingrowing
photoreceptors (RIR8) and become organized in columns as (@dihpted fromApitz and Salecker, 2014)

Thesecond neuropitlescending from the OPC is the lamibairing themid-third instar larval
stage, tlke neuroepithelial cells at the lateral end of the OPC are separated from the rest by
the appearance of the lamina furrof.F)(Figurel2F) (Hofbauerand Campo®rtega, 1990Q)
Herg the neuroepithelial cells give gsto lamina precursor cells (LP&)specific neuronal
progenitor cell type that does not express any neuroblasts marfgggairel3) (Egger et al.,
2007) These LPCs undergoe final symmetric cell division upon Hedgehog (Hh) release from
the ingrowing photoeceptors creating undifferentiatedamina neurongdHuang and Kunes,
1996) This Hhreleasealso leads to the recruitment of thesmimature lamina neurons into
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columns adjacent to the photorecepto(&igure13) (Sugie et al., 2010Finally it is also
responsible for the maturation of the lamina neurons by leading to the expression of the
transcription factordachshunddac), which in turn leads to the upregulation of the Epidermal
grows factor receptor(Egfr). This upregulation igesponsible for the response to the
photoreceptor derived Receptdigand Spitz (Spi) what eventuadlifferentiates the lamina

neurons (Figurel3) (Huang et al., 1998)
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Figureld. The IPC is divided inttour domains and gives rise to neurons of the lobula complex
(A)The IPQGn the developing optic lobe dhird instar larvae is divided into four domains. First the interconnected proximal
IPC (AP and the surface IPC-[BC), which are positioned towards the central brain. THe@® is connected to the distal
IPC (dPC) via migratory progenitor streanie dIPC is found in the space betwettie OPC and the-f°C and is refred
iz I a a@®RpPREasddnsists of neuroepithelial céNE)and lays under the developing lobula and lobula plate.
The progenitor cells migrate towards thdCwvere they mature into neuroblasts (Nb) and produce GMehich in turn give
rise to the C/T neurons building the lobula and the T4/T5 neurons creating the lobula plate. Mn= medulla neurons, In=lamina
neurons, LPC= lamina precursor cél} The differetiation 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 lowRE dlifferentiate into C/T neurons.
Whereas, older neuroblasts in the uppetRIC differentiate ito T4/T5 neurons.
(PanelsA and GadaptedContreras et al., 2019jPenalB adaptedApitz and Salecker 2018

Asalready mentionedthe IPC is a second neuroepithelial proliferation center in the larval
optic lobe Figurel?). At the late second instar larval sggghe IPC is dided into three
domains, the proximal, surface and distal IPAP@, 4PC and dPC)s well as one migratory
zone where four cell streams connect théRC and the-dPC Figurel4A). The dPC is defined

as a &haped structure at the lateral part of the optic lobe, separating the OPC and the IPC

while forming the secalledplug. The sIPC and the $CP are interconnected and assume an
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asymmetric horseshoe shap&hereby, the ventral part of thel®C grows towards the optic

lobe surfacgFigurel4A)Apitz and Salecker, 2015)

The sIPC produce$obulaneurons by directly turningeuroepithelial cells into neuroblasiis

a not yet completely understood mechanism. Next to the production of lobula neuroblasts
the sIPC is alsonportant for the secretion of Wingless @¢)to the pIPCWgisresponsible

for the epitheliak mesenchymal transitionEMT)-like process, whichtransforms the
neuroepithelial cells into the migratory progenitor cdfsgurel4B and CJApitz and Salecker,
2018). As soon as these progenitors reach th#C, they mature into neuroblasasd switch

to an asymmetric cell division thereby producing a new neuroblast as well as dFME
14B). In thed-IPCthe neuroblasts can be separated into two groups, depending on their gene
expression profile and position. Thereby theunger neuroblasts close tbhe migratory cell
streams build the lower-dPC and differentiate into the C/T neurons. These nesiioclude

the C2 and C3 neurons as well as the T2, T2a and T3 negtoset to the surface of the optic
lobe the older neuroblasts of the uppefIBC can be found which now produce T4/T5 neurons
due to their change in gene expressiifigure14C)(Apitz and Salecker, 2015; Mora et al.,
2018; Ngo et al., 2017)

1.4 T4/T5 neurons in thérosophilavisual system

1.4.1Themotion vision system oDrosophila melanogaster

The T4/T5 neurons are the motion selective neurons ofesophilavisual systemTheir
cell bodies are founddjacent to the lobula platen the adult optic lobeThe T4 neurons have
their dendrtic connection in the medulliayer M10 where they receive input from neurons
encoding brightness increment®Nmotion). The dendrites of the T5 neurons, whrelspond

to brightness decremer(OFFmotion), can befound in the Lol layer of thebula(Figurel5A,

B). Both neuron types project their axons back into the lobula plate where theyistope of
the four layers (34) (Figure 15B). The termination at a specific lobula plate sublayer
determinesthe four subtypes of T4/T5 neuronga-d), eachof whichrespondto only one of
the four cardinal motion directionsThese directions are, frontto-back, backo-front,

upwards and downward@~ischbach and Dittrich, 1989; Maisak et al., 2013)
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Figurel5. Organizationof the T4/T5 neurons in the adultgic lobe

(A) The T4/T5 neuronpossess very specifishape with their cell bodiesextending longdendritic excrescenceito the
medulla or the lobula from where the axomsow back into thedbula plate (B) The T4neurons have their dendritic
connectionsn the medulla layer M10 and the T5 dendrites can be found in the Lol layer of the |okhaaxon terminas of
T4 as well as T5 can be found in one of the fohula plate layersiefining thefour different neuron types &, ¢ and d(C
The confocaimageshows T4/T5 neurons in greewith their cell bodies adjacent to thelbula plate (lop) antheir dendritic
connectionsinto the medulla (me) and the lobula (IqBchematicgA) and (B) adapted froidurmangaliyev et al., 2019)
(Picture (C) this thesis)

The importance of T4/T5 neurons for motion vision has first been prov@&ahyet al. (2013)
During their experiments, they blocked the T4/mBurons by expressing temperature
sensitiveshbire (shis?) allele in these neurons with the UAS/Gal4 syst&his setup leads to
a suppression of neurotransmission in thé/T5 neurons at the permissitemperature and

thereforeto a block of neuron function. When testing these flies for tlogitomotor response

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

stripes, whereas control fliedollowed the arenas movement Figure 16A). In further
experiments hey could also show thaalthoughthese flies were not able to see motighey

were still capable to fixate a black b@ahl et al., 2013)
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A Optomotor response

Controls T4/T5 block
c o9 ¢ 9

Turning (°/s)

) S—

Figurel6. Blockingneurons in the motion detection pathwagbolishes the optomotor responsef Drosophila

(A) Positioning ofa flyin an arena with a movinglack and white strip pattern in front of it. @ntrol fliestry to follow the
moving pattern. kes where T4/T5 neurons are blockedo notshow this responséadapted fromBahl et al., 2015)YB)The
optomotor information gets transported in two parallel pathways from thé @tiRdato either the T4Onpathway)neurons
which react tobrightness incrementr the T5 (Offpathway)neuronsthat get activated by brightness decremeit.the Off
pathway, the photoreceptorssignal to LA.4 neurons in the laminavhereas in the &pathway the signal gets transported
to L1 and L5The Offpathway signal ihen transported fom the medulla to the T5 dendrites in the lobula different Tm
neurons. T4 dendrites are positioned in the medulla and receive the sghal from Mi or Tm neurons. Both T5 and T4
neurons signal téthe same neurons in the lobufdate, the LPT@Scheme adpted fromBorst et al., 2020)

By blockingother neurons in the optic lobe iDrosophilat Y R G SadAy3 GKS
response, it was possible to generate a model of the neuronal circuits for motion viimn.
model consists of two parallelomputedpathways(Figure1l6B). In the offmotion pathway

leading to the T5 neurons the photoreceptors-&s$ignal 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 andm9). These medulla neuronsmect to the T5 dendrites in the lobula. The T4
On-motion pathway also starts witlthe photoreceptors R®B, which signal to theamina
neurons L1 and L5. In tmeedulla,the neurons ML, Tm3 and Mi4 reeive the signal from the
laminaand transport it to theT4 dendrites in the medull8oth pathways signal to LPTi@s

the different lobula plate layers depending on their preferred direction. At the same time,
they also signal to lobula plate intrinsic neurpwéich in turn are able to inhibit the LPTCs in
the adjacent layerThe T4 and the T5 pathway are connected through Mi9 neurons, which
receive input fom the T5 pathway and transpaittto the T4 neurons. The decision which of
the two pathways is turned on depends on the contrast polarity. While inforraatiabout
brightness increment turns on the T4 pathway, brigkga decrement leads to the excitation

of the T5 pathwayBorst et al., 2020)

1.4.2Development of T4/T5 neurons

As mentioned above the T4/T5 neurons originate from cells in #eGJ which in turn are
derived from the pIPC.The differentiation process starts, when cells of thé°O start to
express and secret WinglessgYWvhich in turn starts thexpression ofvg in the sIPC. These
two Wg sourceshen lead to the activation aflecapentaplegi€dpp) in the ventral and dorsal
part of the pIPC. The expression dipp is then responsible for the repression of the default
expression obrinker(brk) in the ventral and dorsal4PC, whereabrk is still expressed in the
central pIPC thereby creating two different|PC population§~igurel?) (Apitz and Salecker,
2018.
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Figurel?. T4/T5 developmentakcheme in L3 larval dfe lobe

Thedevelopment of T4/T5 neurorstartsin the pPCwhere part of the cellexpresgsdppupon W signaling from the OPC
via thesIPCThe cells whicldo notreceive the Vg signal stay in the default stage and expreds Theseprogenitorcells
migrate to the dIP@here in a firstompetencewindow Tl negativeneuroblass divide intoGMCs, which expregsos and
ase These GM&then produce the secalled C/T neurons. During the second competence windioa/Tl positiveneuroblasts
expressato anddacandfirst divideinto two GMG. Therebygdacis repressed by the expression@mb, whichis only active
in the GMCs thaare derived from the Dpp positive progenitors This differential expression ofacleads to thedecision
betweena/b and c/d T4/T5 neurong hedecisionbetween the singlesubtypes as well as thelecisionbetween T4 and T5
depends on theN status dthe cell.

From both populations migratory cells emerge via EMT and move towards 4R& d
Additionally, they start to expres®ichaete(D) As they reach thé-IPCthey start to mature
into neuroblasts and switch to an asymmetric cell divismeelfrenew and to produce GMCs

(Figurel?).

Dueto a temporakelay,two different competence windows produce different progeny during
this processThe neuroblasts in the lowerlPC start to expresasensgase), which leads to
the generation ofProspero Pros) positiveGMCs that give rise to the diffent C/T neurons
(PintoTeixeira et al. 2018While the neurobhsts in the dPCmovefurther away from the
migratory streams and closer to the uppedRIC D promotes the expression tdilless(tll)
which in return leads to a downregulation a$eas well as an expression atbnal (ato) and
dachshund(dac). This switch in expression closes the first competence windahopens the
second since theseeuroblastsiow give rise to the GMCs producing T4/T5 neur@Xstz and
Salecker, 2015)n this step the neuroblastgivide terminally, generatingtwo GMG, which
divide once creating two post mitotic T4/T5 neurdfggurel?) (Finto-Teixeira et al. 2018)
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The eight different types of T4/T5 neurons are determin@dtwo steps during this
developmental process in thel®C. In a first decisiothe fate between T4/Th and T4/T%4

is madeHere the expression ofipp, in the pIPQs the crucial step for this decision. Dpp leads
to the expression obptomotor blind(omb) in the ventral and dorsal $PC cellas well as in
their progenies. Omb in a next step acts as a suppresstaaefuring thesecond competence
window leading to GM&whichdo notexpressdacand therefoe obtain a T4/T5qfate. The
progenitors of the other gPC cells thatlo notexpressdpp, keep the expression afacand
obtain aT4/T5 nfate. The decision between the diffamt subtypes (a or b, c or d) depends on
the Notch (N) status of the GMg&nerated during the terminal neuroblasts division. Here one
of the generated GMCs inherits the activgoBthway whereas the second one inherits the N
inhibitor Numb. Thereby th&MC with N produces either F&5, or T4/T5¢ neurons and
respectively, the GMC without N producesy/T4é, or T4/T5: neurons. The last decision
between T4 or T5 neurons is also depending on the N status girtiteiced neuron. Herene
absenceof the Npathway leads to the development into T4 neurons and the T5 neurons are
characterized by theresenceof the Npathway(Figurel?) (Apitz and Salecker, 201Binto
Teixeira et al., 2018)The fully differentiated T4/T5 neurons start to expseabnormal
chemosensory jump @&cj6), which makes it a great markéor these neurongMora et al.,
2018).

® T4a ‘ @ & & .
T5a . @ [ : 1
@ O O O O o C 8
T5b 4 . , @ o . : 3
1@ @ ©® @ @ 0 o o
10 @ ® @ @ o0 o
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E S 5% 4 8§ ¢ 8 5 ¢
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3 =
w ed
a/b vs c/d a/dvs blc T4vs TS
L ] L 1
common T4/T5 program feature-specific programs

Figurel8. Important further genesfor the terminal differentiation of T4/T5

The differentiation of T4/T5 neurons dependsrmany different genesFirst the mainregulatorsimportant for the common
T4/T5 programsetting them apart from other developmentally related neuromsterwards avariety of different other
marker genes become importantegulating thedecision between the different T4/T5 neuron typésdapted from

Kurmangaliyev et al., 2019)
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Thedifferentiation of T4/T5eurons involvesa lot more genethan the few mentionedbove
Other genes that are involved in this process have lyeeantly identified via singteell RNA
sequencing (RN#eq) and includeLiml, grn, Drgx Sox102Fand SoxN (Figure 18)
(Kurmangaliyev et al., 2019n other recent studies,the involvement of theSox family
transcription factors Sox102F and Sdrds been investigated furthefhesetwo transcription
factorsare importantfor the regulation of thedendriticand axonal innervation patternaf
T4/T5 neuronsnd the proper formation of the lobula plai€ontreras et al., 2018; Schilling
et al., 2019)

1.5 Homeobox genes

Homeobox genes can be found in all metazoa, from spongesrtebrates as well as in plants

and fungi, it they were first discovered inDrosophila 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 250tbém. In Drosophilal03 homeobox genes have
been identified In animals, these genes are already important during the earliest stages of
development and are crucial for patterninig, particularthe famous Hox genes are involved

in this processbut many ofthem are also essential during nervous system development

(Burglin and Affolter, 2016)

Figurel9. Different levels of conservatioran be found in theDrosophilahomeobox sequences

The comparison of albrosophiledhomeodomains revealed different highly conserved amino acid positleor example the

Leucine (L) at position 16 or the phenylalanine (F) at positiom¥Sheight of the bars indicasdow strong theconservation

is (the higher the stronger}.he letters in the bars name the amino acid the btands for and opebarsindicate gap region

which were intoducedi 2 I 002 YY2RI 4GS t2y3SNI K2YS2R2YlIAyad ¢KS alo0¢é¢ Ayl
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 bottofadaptedfrom Birglin and Affolter, 2016)
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of the bithorax and Antennapedia compl@cGinnis et al., 1984This sequece consist of

180bp and encodes for a globular 60 amino acid DNA bimtbngain called the

homeodomain(Figure19). Due to this DNA binding affinity theEomeodomain genes are

early on identified as transcription factofaffolter et al., 199Q)They favorably recognize DNA
O2y il Ay A YIAATO @GShring $tialNJ1994izKissiSgeriel dR,S

481 dzSy08sa
1990)

The basic homeodomainonsists of 3 alpha helicg®©tting et al., 1988)with different

conserved positions créiag the hydrophobic core, which afer example leucine (L, 16),
phenylalanine (F, 20), tryptophan (W,48) and phenylalanine (FE4@n so, these amino acids
are found in most of the homeodomainthey can be subguted by other amino acids with
similar properties(Burglin and Affolter, 2016)Another important resiue can be found at

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

different classes of homeodomain proteifGehring et al., 1994lso the Aginineoften found

at position 5 supports the DNA bindi(l§ohs et al., 2009fFigurel9).

Table 1 Summary of all HD proteins in Drosophila melanogaster

according to their classification

Superclass  Class Subclass  Nr. Pos. 5 Pos. 50
ANTP HOXL 19 47 R Q, 1K
NKL 26 RIQ Q
2 R Q
PRD 7(+3) R S
PRD-LIKE 19 R Q, 3K
LIM 7 R Q
ZF R Q. IR
POU 5 R C
HNF Tost ® (@A)
curt CUX 1 R H
ONECUT 1 R M
CMP 1 R K
SATB Notpresent  (R)®  (Q)
PROS 1 5 S
CERS 1 S R
SIX/S50 3 5TV K
TALE PBC 1 R G
MEIS 1 R I
TGIF 2 R 1
IRO 3 R A
MKX 1 K A

Total 103 (+3)

Figure20. Drosophilahas 103 homeodomain proteins

(A)InDrosophilal03 different homeodomain protein can be found, which can be divided into diffelasses, one superclass
and 6 subclasses. Most of the proteins belong to Amtennapedia (ANTR) the pairedlike (PDRike) class. Two classes
(HNF and SATB), which &end in other animad are missing ilbrosophila (B) The classification of the different classes of
homeodomain proteins depends among others on piiesenceof different additional domains flanking the homeodomain.

(adapted fromBiirglin 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 th& Brminus, where position 5 is locateshich binds to

the minor groveDue to the similar binding sequence as well as the similar residues found in
the homeodomain, the binding specificity depends on further mechanismis. icludes
additional flanking domains likéor example the PAIRED, PAQRROSIomains ormultiple
homeadomains Additionally,the binding of different cofactorike Homothorax (kh) and
Extradenticle (&d), as well as the structure of the DIN#iso contribute to an increased binding
specificity(Mann and Affolter, 298; Mann et al., 2009)

Due to the differences found in the conserved positions especially on position 5 and 50 as well
as thepresenceof additional domains, the homeobox genes can be divioieo different
classes. lIbrosophilal5 classes, fiveubclasses and one superclass can be found, whereas in
total there are 16 classes, six subclasses and one supertlassndicates that during the
evolution ofDrosophilasome of the classes and subclasses have disappeBnedwo biggest
classes irbrosophilaare the Antennapedia (ANTP) with 45 genes and the pdikedPRD

like) class with 19 geneSince the PRIke class will be important during th@urse of this

study, itwill be describedn more detail(Burglin and Kolter, 2016)(Figure20A).

The pairedike class can be distinguished from the paired homeobox gbaeauseit lacks
the paired(PRD) domain and only encodes the homeodomain as the major conserved domain.
In the homeo@dmain, either a glutamine or a lysine residue can be found aitmmn 50. A
similarity between the pairedike and the paired class is th@eserce of the engrailed
Homology 1(EHJ motif towards the Nterminus andor the otp/aristaless/rax(OAR motive
near the Gterminusfound in most of the proteingn this clasgGalliot et al., 1999]Figure
20B). Same examples for genes in this group areepo, homeobrain(hdn) and Dorsal root

ganglia homeoboxDrgx).

1.6 Thepaired-like homeobox transcription factoDrgx

As mentioned abové®rgx belongs tothe PRDBlike homeobox transcription facter This was
determined bysequence comparison witother FRDlike homeobox genes iDrosophila
showing that Drgx possesses a homeodomain as well as an OARFigotie21B). Due to a
92% similarity in the homeobox sequence with the homeobox of the human [HRBXhd et

al., 2007) it was renamed Drgx froits former CG number (G33340)(Javeed et al., 2019}
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also hasone orthologue, PrrxI1 (paired relatdtbmeobox potein-like 1)or DRG11 (Dorsal
root ganglia)in mice Here expression starts durgnembryonic development arid restricted

to the nervous system. In the nervous systexpressioroccurs in peripheral gangl{e.g the
dorsal root gangliaps well as in brain and spinal cord areadated to the processing of
somatosensory and viscerosensory infoation (Rebelo et al., 2007)PrrxI1 in mice is
important during the development of neurons that form nociceptive circaitsl leads to
attenuated sensitivity to noxious stimu(iChen et al., 2001; Rebelo et al., 2018)miceand
zebrafish PrrxIYIDRGL11 regulates the expression of Repulsive Guidance Molecule b
(RGMb)/DRAGON, a secretsignaling protein, whicls involved inmigration and adhesion

of neurons and nogneuronal cell§Conrad et al., 2010; Samad et aD02)

A Start Stop
Drgx-F 5 | iy

Drgx-E 5 i
B Untranslated region B Coding region
N
B C
Drex | | N

I Homeodomain I 0AR-Domain
Figure21. Drgxencodes for a PB-like homeoboxtranscription factor

(A) TheDrgxgeneencodes for two different transagsts, whichonly differin the length of the 3" UT@®rgxF and DrgE)and

are buit up by severexons and six introngB) Drgxbelongs to the group of HRlike homeobox transcription factors that
typically lack the paired domairubthey posses& homeobox and ithis casean OARIomain.

In Drosophilatwo different transcriptdDrgxF and DrgxE can be found, differing only in the
length of he 3-untranslated region (UTRIriGure21A). RNAIn situhybridization ha shown

that Drgxis already expressed in tH2rosophilaembryo especially in the developing central
nervous system(Hammonds et al., 2013Expressing and tagging Drgx with thiestile
takeover(Hto) system inclonal patches of follicle cells (F&Powed 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 chromos@iagsed et al., 2015)

Expressin@rgxectopically in the follicle cells with the Hto system led faiked translocation
of these ceb during oocyte developmentind in oocyte follicle cells a high disorganization in

the actin cables was observeth addition, it seemed as if the cells displayed an increased
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adhesion towards the neighboring cefllaveed et al., 2015 was also found that in flies a
knockdown oDrgxleads to the alteratiorf dendrite arborizations and causes muscle defects
(Parrish et al., 2006)
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Figure22. Drgxis expressed in different neuronal and glial cell populations
tSNE plot of SCope showiBggxexpression in the adult braiof Drosophilabased on singleell RNAseq fromDavie et al.
(2018) According to this datasergxis found in T4/T5, Tm1/TmY8, and T2/T3 neurons, as well as in ensheathing, astrocyte
like, and perineurial glial cells.
The expression ddrgxin the adult brain wasately analyzedby singlecell RNAsegand can
be visualizedising the online tooECopdDavie et al., @18) SCopas able to visualize single
cell RNAseq data sets by showing the identifi@ll clusters in a tSNE plot in which you can
visualize the expression of your gene of interégtcording to this analysiBrgxexpresson is
especially found inhree different glial cell populations, namely ensheathing glia, astrocyte
like glia, and perineurial gles well asn three groups of neurons, namely T4/T5, Tm1/TmY8,
and T2/T3 Figure22). Based on singleell RNAseqdata as wellanother studyhasshown
that Drgx acts as a selector transcription fadtoat specifies the fate of the traAsmedullar

Tm1 neurons by overridingpe Tm4 ground statéOzel et al., 2022)

1.7 Aim of the study

The development of the nervous systelapendsamong otherson the correct expression of

transcription factors in a stial and temporal pattern.So far, not all transcription factors
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involved in this process are dedizd, but this is essential tolly understand nervous systesn

development.

Therefore this study aims to describe the role of tR&kDlike homedoox transcription factor
Drgx specific to the nervowsystem, which is poorly understooiirst the expression pattern
in larval and adult flieshould beanalyzedFor this analysja DrgxGal4 as well as a gerend

a proteintrap line will be created throughrecombination mediated cas#e exchange
(RMCE)The DrgxGal4 lineas well aother Gadl-driverswill be usedo characterizeéhe RNAI

mediatedDrgxknockdownphenotypes.

Since Drgx ipredicted to be a DNA binding transcription facitsr DNA binding sesas well
as its regulated genaseed to be foundFor thispurpose the targeted DamlgTaDamethod
will be applied in a first approachlThismethod relies on the methylation property of the
bacterial Dam proteinwhich marks the protein of interestbinding sies in the genomeé~ith
the help of thesebinding sies a binding motive can begeneratedand potential Drgx target
geneswill be identified To analyze the function of Drgiurther, bulk RNAseq will be
performed To this end, fluorecenceactivated cell sorting (FACS) will be performed to
recover sufficientamounts of Drgrexpressing cells from individual brain cell peigsions
With this RNAseqa list of differentially expressed genesll be produced. Both experiments

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

2.1 Initial Analysis of he transcription factor Dgx

2.1.1Transcriptomic da show thatDrgxis expressed in neurons and glial cells

At the beginningpf this thesisthe goal was to find transcription factor, which isarticularly
expressed imglid cells Therefore, the neuronal and the dlgpecific transcriptome datasets

of adult Drosophilabrainsgenerated during my master thesis were analyzed and compared.
These two datasets were gerated using the TaDanethod. This method caeasily find
binding sites of DNAssociated 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 datasetss the RNA polymerase Il (Pol Il), athe@ methylated DNA fragments

are isolated and later sequencé@izler, 2018)

In this analysis, the top 3000 genes were evaluatedthadnost interestingpnefound during
this analysis ithe glial transcriptome wabrgx. In this dataseDrgx had alow false discovery
rate (FDR) of 9,68E0 representing a strong expressiamglial cells In neurons the=DRof
Drgxwasvery high(FDR%2,5) indicating very lovto no expressionin addition,when looking
at the bedgraph signaan enrichment ofmethylated DNA can be founid the glia specific
transcriptomewhen compared to its control. Despite the high FRRRhan enrichmentcan

also be seen in the neuronal transcriptornet to a lessr extent(Figure23).

2,06 = 19254.209)
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Figure23. The pairedlike homeobox transcription factobrgx is expressed in neurons and glial cell
TaDa transcriptomic analysis revealed that the transcription fdatgxis expressed in both glial celleyer graph;jog?2 fold
change 0.92FDR9,68E20) and neuronsupper graphjog?2 fold change 0.Q¥DR42,5).
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To evaluate the expression @rgx we used theadult brain data set comprised of 57K
sequenced cellsreated byDavie et al(2018) As already mentioned aboyehapterl.6), Drgx
is expressed ithree different glial cell populationand inthree groups of neurongFigure22).
These results confirmed our initial transcriptonfiaDafindings and led to the decision to

considerDrgxasour gene of interest.

2.1.2Different fly lines were used to studyrgx expression and function

In thisthesis, the lines MiMIQMinos mediated integration cassefté1472 as well as MiMIC
06689 were used.MIMIC 11472 is inserted upstream of thendation start site in the
orientation ofthe reading framgFigure24). It was used to generate a@xGal4 line and a
gene trap expressing a cherry fluorophored®Cherry). This was achieved by RM@kEwhich

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

Cherry.
—
MiMic 11472 dsRNAi HMC04912
W Start
Drgx-F &= ] HE i
Drgx-E B i1m] H— i
[ Untranslated region [ Coding region A
MiMic 06689
4—

Figure24. Different Drgxspecificfly lines were used during this thesis

ForDrgx two transcripts can be found that differ only in thelBTR. The two important MiMIltes are MiMIC 11472 and
MiMIC 06689, with MiMIC 11472 integrated upstreamlad 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 RN@MNI@®81912)targets asequence in

exon 7

The second MiMIC line, MiMIC 06689, is inserted in the fifth intron opposite the reading frame
of Drgx(Figure24). This MiMIC line was used to credtee GFPexpressing protein trap line

(Drgx-GFPRgainusing the RMCE technique.

In addition to the two MIMIC lines, an RNA interference (RIN®(liated kockdown line,
referred to as UABrgxIR, is also availablnd was extensively used during this thesis. This

RNAI line targets a sequence in the last exobrgk (Figure24).

2.1.3Drgxshowsa broad expression in the whole larval and adult nerveystem

Next, the expression pattern ofr@xwas analyzed in larvae and in adDitosophila For this

purpose, UASSFP.nlswvas crossed with igxGal4 to label alDrgx-expressing cells with
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nuclear GFP. Expressionfjxis found only in théarval and adulhervous systemAs seen
in the larvalimages, most GFpositive cells are located in the brain amentral nerve cord.
However, GFP sigrsatere also found omervefibers (see arrowheads) the PNSIn larvae,
Drgx expression is also very pronounced in the eye disc (see affbw)adult brain shows a
similar expression pattern as the larval brain. H&gx expessing cells can also be found in

the whole brain and on thaerve fibersof the PNS (arrowheadrigure25A).

A B &

Drgx-Gal4 Drgx-Gal4, Elav-Gal80 Drgx-Gal4, Repo-Gal80

GFPnls ... GFP.nls CD8-GFP

GFP.nls,, s fiiioy, e co CD8-GFP

<8

Figure25. Drgxexpression in larval and adult brains show very similar pattern

(A) Drgx-Gal4/UASGFP.nIshows a very broad expression pattern in both larval and adult nervous systems. Its expression is
found in thecentral nervous systemin the eye disc (arrow) anderve fibers(arrowheads) (B) Restriction of Bgx-Gal4
expression to glial cells with E{&al80 still shows expression throughout the brain, eye discs (arrow)namne fibers
(arrowheads)In the larval optidobe, potential neuroblast can be seerfasterisk). In the adult optilmbe, giant glial cells
becomevisible(dashed arrow)(Q The neuronal Byx pattern generated with Byx-Gal4/UASCD8GFP; Rep&al80can be
observedn larval optic lobsand the ventral nerve cordn theadult brain, a Drgx-positive cell cluster igisiblein the central
brain (double arrowpndditional to the expression in the optic lofgcaleébars 100pum

Since thesinglecell RNAseq study byDavie et al(2018)showed thatDrgx is expressed in
both glial cells and neurons, it was interestingibt only examine the overdlirgxexpression
pattern, but also to distinguish between glial cells and neurdiosseparate glial expression
from neuronal expression, the Gal4 repressol8Bavas used. Gal80 expression was restricted
to either neurons with anelav promoter sequence or glial cells with repo promoter

sequence.
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Therefore, the use of @x-Gal4 together witlHaw-Gal80 crossd with UASGFP.nisabels only
the Drgx-expressingglial cells with a nuclear GFP sig(agure25B). In larvae,Drgx can be
seen to be broadly expressed throughout the brain as well as iveéh&al nerve cord This
restriction showedthat the signal observed in theye discsand nerve fibersin the whole
expression pattern results frordrgx expressing glial cells the larval optic lobe a distinct
cluster of cells is visiblagterisk), which can also be found in the wheXpression patter as
well as in the neuronal expression patteifhis suggesthat these cellsnight beneuroblasts
which do not yet express the neuronal marketav and therefore ale not the ElavGal80
repressorDue to their positionit can be assumethat they are cells of the pIPC and the dIPC.
In adults, the GFpositive cellsalso cover the entire nervous systerhlere it can also be
observed that thesignal found on the@erve fibersattached to the brairoriginated from Drgx
expressing glial cells. In the optic lolzeyow of giant glial cellsan now be seen (dashed

arrow), which wagreviouslycovered by the neuronal signal

Conversely, expression of membrabeund CDS8GFP wasestricted to neurons using ix
Gal4 in combination witfRepo-Gal80. In neuron)rgx expression is found primarily in optic
lobesin boththe larval andthe adult brain.In thelarval brain Drgx positive neuronsan be
observedin the developing opticdbes andin the ventral nerve cordThe Drgx expressing
neuronsin the adult braircover the optic lobecompletely In the adult brainDrgx expression
is also found in two distinct clusters in the central part of the brain {sreed arrowy which

in the whole expressioprojectionwere hiddenby the vasinumberof glial cells covering the

brain (Figure250).
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>
Drgx-Cherry

Drgx-GFP

Figure26. The expression of th®rgxgene and protein traresemble the DrgxGal4 expression

(A) TheDrgxCherry gene traghowsexpression in théarvaloptic lobe(asterisk)as well as in theye disqarrow), on top of
nervefibers (arrowhead andin the ventral nerve cord. Additionally Drgx positive cellsan be found on thedges of the
brain.In the adult brainthe strongest expression in therdxCherry line wasseenin the optic lobe but also in the central

brain, expression can bebserved The fluorophoren this lineis especially found in the cytoplas(®)The DrgxGFP protein

trap showsa similar expression pattern as tirgxCherry linein the larvae as well as the adult, bint this casethe signal
localzation is nucleaBoth linesresemble the DrgxGal4 Scalebars 100um

The Dgx-Gal4 expression pattern was verified using the generated gene and protein trap lines
derived from MIMIC lines 11472 and 06688e DrgxCherryline has a very similar expression
pattern comparedo the DrgxGal4 line, with the exception that gliBfgx eyression is less
pronounced in adult fliegFigure26A). TheDrgxGFP proteirrap yielded the same results as

the cherry insertion.In contrast to the DrgxCherry construct its signal was found in the
nucleus whichcoincideswith the assumptiorof Drgx beig a transcription factorOverall, he
expression patternsf DrgxGFHn larval and adult flies are very similar to those of thrgy®

Gal4 line. Glial expression in adult flies is again not as strong as in the Gal4 line, resulting in a
more dominant Dgx expression pattern irthe optic lobes (Figure26B). Additionally, when
comparing the Drgherry expression with thBrgxGFP expressianis noticeable thaDrgx

Cherry is localizedn the cytoplasm and the Drg@FP in the nucleudhisis due to the
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insertionsite of theoriginal MiMIC linewhich was in case of the Drgkerry line in front of
the translation start sideleading toa translation terminaton before the Drgxsequence
(MiMIC 11472 Figure24). The MiMICwhich was used to create tHergxGFRMIMIC06689

Figure24), was inserted to the end of thBrgxgene sequenceThis led taa fusbn between
Drgx andsFRand thereforeto the nucleardocalizationof the fusion proteirdue to the nuclear

localization sequence of Drgx.

2.1.4Drgxknockdownphenocopieshe MiMIC mutant phenotype

Theloss of functiorphenotype which wasobserved for Drgycould be seen in the MiMIC line
11472. ThiMiMICline representsat least a hypomorphic mutanif not a null mutant due to
itsinsertionLJ2 & A G A 2 Y . RsfiowddkaBompzdouds bethahenotypein which the flies
died during the larval stagéA similar phenotype was also observied the DrgxGal4 the
DrgxCherry and the DgxGFPlines, which all showedlethality at a late pupal stagelhe
second MIMIC line @89 did not showany similar phenotyp@and was homozygous viable

because of its insertion in opposite direction of thegxreading frame

In an initial knockdown experimentt was mportant to verify if this observed mutant
phenotype could be phenocopied with tHeASDrgxIR line. Therefore, e RNAI line was
cros®d with four different Gal4 driver lineand asa knockdown control, UAGherry-IR flies

were crossed witlthe same Gal4 linggablel).

Actin-Gal4 lethal (12% survivors), die late pupal stage
Repo-Gal4 lethal, die late pupal stage

Elav-Gal4d viable

Drgx-Gal4 lethal, die late pupal stage

Tablel. Initial knockdown experiments show lethality with different general driver lines and with DiG=l4
The ubiquitous knockdown @rgx with ActinGal4 resulted in late pupal stage lethality, with
only 12% obrgxknockdown fliesurvivingcompared to 99.9% the control knockdown with
UAScherry-IR. When using the glial cslbecific driver line RepGal4 orthe Drgx-Gal4, flies

also died at the late pupal stage, but this time no survivors were recovered. Interestingly,
when using the neurospecific driverElavGal4, flies reached the adult stage apparently

without any externally visible phenotyp@&dblel).
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2.2 Drgxexpression in gliecells andanalysis of its knockdown phenotype

2.2.1Drgxexpression overlaps witherineurial dial cells

After the obsenation of theDrgxknockdownphenotypes which seem to be gliapecific the
expression pattern ddrgxwascompaedwith the predicted cell clusters found in SCopiere
one cell type appeared to match the observed expression pattern very thellperineurial

glial cells

Brain Eye disc Ganglion

46F-Gal4, Drgx-Cherry >
UAS-GFP.nls

Figure27. Drgxco-localizes with perineurial glia

In larvalbrains, Dgx expression visualized byr@Cherry is found in perineurial glial cells. This cell type was labeled by
GFP.nlexpression (UAGFP.nlsdriven by 46f5al4.Co-localization is found in perineurial glial cells surrounding the brain
(arrows A) and in those found in the eye disc (arrowheaHf,as well as in perineurial gieund onnerve fibers(asterisks,

O). Scale bars50um(A,B),25um(C)

Therefore, an initial experiment attempted to find an overlap between the perineurial glial
cells and the Byxpositive cells.To ahieve this, the driver line 466al4 specific for
perineurial glal cellswas combined with UAGFP.nlso express nuclear GFP in all perineurial
glial cells. These flies were then crossed witp&rherry flies tofind an overlap between the
two expression patterns. In this experiment, the focus was only on the expressiomgxin
larvae, because the knockdown experimengigests that the expression Birgxin larval glial
cells is crucial. In addition, theherry fluorescence shows a stronger signal in the larval brain

than in the adult brain, suggesting thgtial Drgxis more intenselyexpressedduring larval
stages(Figure27A). Therefore, larval brains of the 4&al4 UASGFP.nIsross with Dgx-
Cherry were dissected and stained with aRFP before confocal imagifm overlap between
perineurial glial cells ahDrgx expression was observed in these imademgure27). This
overlap was found not only in the outermost cell layer surrounding the brain (arfénysre

27A) but alsgin the eye disc and optic stalk (arrowheadisgure27B). In the peripheral
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nervous system, perineurial glial cettserlap with Dgx expressionon the nerve fibers
(asterisksFigure270).

2.2.2Drgx expressionn other glial cells can only be proven fmshedhingglia

Thesinglecell RNAseq data set oDavie et al(2018)predicted,that Drgx is expressed not
only in perineurial glial cells, but also in astyte-like glial cells and enshdang glial cells
(Figure22). These two cell populations form the group of neuropil glial ¢@soto et al.,
2015)

Neuropil-Gal4, Drgx-Cherry > UAS-GFP.nls

Neuropil-Gala

A m.ﬁ\ Drgx-IR

== Cherry-IR
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Drgx-IR
== Cherry-iR
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Figure28. Knockdown ofDrgxin other glial cell populations didn’t affect life expectancy

(A) Knockdown obrgxwith the NeuropileGal4 driver line resulted in a slight reduction in longevity of approximately 10 days,
(A") but no overlap was found between this Gal4 line amgxd2hery in larvaland (A™) adult brains. B) The Astrocytésal4

line showed only a difference of about five days in the lifespashefryknockdown andrgxknockdown flies.B’) Again, no
overlap was found with @x-Cherry in larvaland (B™) adultbrains (C) Drgx knockdown and:herryknockdowncontrol flies
showed no differences in lifespan with tBmsheating-Gal4 line. €) With theEnsheathingCal4 line, it was possible to find

an overlap in a few cells of the larval ventral nerve cmd (C") at the edge of the adult optiobe. Scale barsl00um(A™
B),50um(D', D).
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Three different driver lines for these cell populations were available to be testathely, the
so-called NeuropileGald (Mv2-Gal4),the AstrocyteGal4d (R86E0Gal4), and finallythe
Enshedhing-Gal4 (R5H)3-Gal4). Because knockdown@igx with the pandglial driver Repo
Gal4 resulted in pupdkthality, these different lines were tested for similar phenotypes.
Therefore, all three lines were crossedth either UASDrgxIR or UAEherrylR.In these
cros®s no visible phenotype was detected after knockdowmogx and the flies developed
normally as the UASherryIR controls. Based aheseresults, a new theory emergedhat
Drgxmight 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 Nedlefsal4, the control flies live slightly more
than 90 days, while thBrgx knockdown flies have a life expectancy of marginally more than
80 days, but this small difference in life expectancy is not signifi€agtire28A). A similar
result was also observed the life sparwith the AstrocyteGal4 driver, where the control flies
live up to day 100 and thérgx knockdown flies reach day 95. This difference is also not
significant Figure28B). The shortest lifespan was observed in tBesheathingGaldlineage
with a lifespan of approximatgl70 days for both control anBrgx knockdown fliesKigure
280). Taken together, this suggests thtgx is notinvolved in regulating lifespan in these

cells

After these chastening results, the next step was to see if the-§8gAesults 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 USEP.nl$o 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 RFRuhédy,

both NeuropileGal4 Figure28A'and A") and AstrocyteGal4 Figure28B'and B) diver lines

did not show colocalization withrBx-Cherry in either larval or adult braitn Ensheatingsal4,
some cells overlap in the larvaéntral nerve cord as well as on the outer layer of tult

optic lobe(arrows,Figure28C andC"). The observed lack of overlap of Neurogial4 and
AstrocyteGal4 and the very limited overlap witBhsheatingGal4 may explain whyhe

knockdown ofDrgx did not produce an observable phenotype
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2.2.3Phenotypical analysis of ther@xfunction inperineurialglia cells

As Dgxexpressiorwas found in perineurial glial celgigure27), it was tested whether the

lethal phenotype observed upon knockdownfyx with RepeGal4 could be ereatedwith

a driver line specific for perineurial glial cells. This was tested with two different perineurial
glial celispecific driver lines, R85G@hl4, referred to only as Perineurigbal4, and the
previously used 466al4. In both cases, knockdownfyx during development resulted in
lethality at the late pupal stage. It was observed that the Perine@a# driver line was
weaker, as 8l0% of fies survived the knockdown and reached the adult stage. The
knockdown with the 46fal4 driver showed the same lethality as the R&=d4 line, where

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

for extemal malformations, but none were found

To further analyze this knockdown phenotype, WAISP.nls PerineurialGald flies were
crossed with UABrgxIR fliesor with UASCherrylR as control. The wandering L3 larvae from
these crosses were collected and the dissected brains were stained withamsg radish
peroxidase KIRPto produce background stainintn thecontrol, it can be seen that theptic
stalk normallyisa very thin connection between the larval brain and the eye @ggre29A).

It serves as a structure for the migration of various cell tygsesell 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 brgiMurakami et al., 2007)The knockdown
brains showed a very severe phaype characterized by a stronginlarged optic staligure
29B). Additionally fewer GFRabeled perineurial glial cells were found in the eye disc of the

knockdown brain than in the control group.
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Perineurial Glia-Gal4 > UAS-GFP.nls

Control
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Figure29. Drgxknockdown in perineurial glial cells leads to phenotypical changes in larval and adult brains

(A) Perineurial glial cells are labeledth nuclear GFP. Brains from control larvae ((&®8rrylR) show that perineurial glial

cells cover the entire brain anare found in the optic stalk and eye dis&)(After knockdown oDrgx, the perineurial
distribution is disrupted and significantly fewer glial cells are visible in the eye disc. In addition, the larval ¢psestarged
(arrow). B) In the adult lbain, perineurial glial cells are evenly distributed throughout the braih).I(Bthe Drgx knockdown

brain, the optic lobes are no longer covered with perineurial glia (arrowhead) and the glia remaining in the brain hgve a ver
weak GFP signal. These reniag cells also tend to cluster (asterisk}) Counts of perineurial glial cells in larval and adult
brains with and withouDrgxknockdown shovatendency of reduced numbers of these cells afbegx knockdown especially

in the adult brainScak bass: 40um (A, A),100um(B, B")
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As mentioned earlier, it was possible to generBgx knockdownsurvivingflies when the
PerineurialGal4 driver line was used, making it possible to dissect adult brains. Adult brains
were stained with antNC82 to visualizeneuropils As seen in the control brain, these
perineurial gliaare very evenly distributed throughout the brain and cover the entire surface
(Figure 29B). In the Drgx knockdown,a highly disrupted cstribution of thesecells was
observed.This led to a loss @verageof the brainby perineurial glial cellspecially on the
surface of the optic lobes. The perineurial glial cells teatained on top of the optic lokse
showed very weak GFP signal. In the central brain, the perineurial glial cells were still

observed, but again the GFP sigwasmuch weaker than in the control braifSigure29B")

To determine whether the phenotype was due talistribution problem of perineurial glial
cells or whether these cells simply died during development, the number of peringligal
was counted. An average of 895.8 perineughe cells were detected in larval brains in the
control line (n=4), whereas thergx knockdown line (n=5) had an average cell count of 702.8
cells(Figure29C) There seems to be a slight highernumber of perineurial glial cella the
larvalcontrol groupthan inthe knockdown grouphut this differenceis not significant. In the
adult brain, it seemss ifthe number of perineurial glial cells was reduced after knockdown
of Drgx. In the controlbrains (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 coffitgoie29C)
Unfortunately, the error bars are very high, especially for the knockdown. Thiscause
ImageJ was unable to count each perineurial glialredithbly as a single cell, as they were

highly clustered in the central brain of adlitgx knockdown brains

2.2.4Glial cell specifibrgx knockdowndoes notincrease apoptosis in larval brains

One possible explanation for the observed decrease in perineurial glabdtr knockdown
of Drgx could be increased apoptosis in these cells. To test this, the caspasé#ic apoptosis
sensor GC3Ai was usésichott et al., 2017)or this purpose, the control fly line USE3Ai;
UASCherrylR or theknockdown line UABrgxIR; UASSC3AI were crossed with thed>x
Gal4 line.The larval brainsf these crossesvere dissected and scanned directly without

antibody staining.
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Control Drgx-IR

Drgx-Gal4 > UAS-GC3Ai

Drgx-Gal4, Elav-Gal80 > UAS-GC3Ai

Figure30. The apoptosis sensor GC3Ai showed a sligitease in apoptosis upoBrgx knockdown

(A)The caspaseependent apoptosis sensor GC3Ai with thrgXBGal4 line shows that apoptosis occurs in the L3 larval brain
already under control conditions with UASherryIR. (A) Knockdown obrgxwith the Drgx-Gal4 line increases apoptosis. An
increase is observed in the larval optic lobe (arrow), eye disc (asteriskyeatrdl nerve cord (arrowhead)Bj When the

GC3Ai construct is driven only in glial cells with thepdBal4; ElaxGal80 drive, no apoptosis is observed in the lareahtrol

brain. (B) Knockdown obrgxinduces apoptosis in the central larval brain (bold arrow). Scale ba@sim.

In the control grougFigure30A), 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 locatedavhich include the eye disc and brain surface. In the knockdown
brain (Figure30A"), an increase in apoptosis was detected. This increase was con@shinat

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 apoptosas wue toDrgxknockdown
in glial cells, the driver linerPx-Gal4; ElaxGal80 was used. This gépecificDrgx driver line
was also crossed with UASBC3AI; UAEherryIR for the control and with UABrgxIR; UAS
GC3Ai for the experimental cross. This time, no apoptosis was observed in the control brain

(Figure30B). Some apoptosis signal can be observed in the larval central brainngkglia-
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specific knockdown (bold arrquWirigure30BY), but overall much less than previously in the
whole Dgx expression lingFigure30A”). However, the observed increase in apoptosis was
againnot found in areas where perineurigliaare found. This suggests that the absence of
perineurial glial cells observed in the adult knockdown brains using the Perin@ali&ldriver

line is not due to caspaseediated apoptosis in the larval brain

Follow upexperiments by Katharin&chneiderduring her master thesisevealedthat the
observedincrease inapoptosisupon Drgxknockdownis attributable to the downregulation

of Drgxin neuroblasts and 4/T5neurons, which also express Di@chneider, 2021)

2.2.5Drgx knockdown in perineurial gli@ellsdoes notincrease cell proliferation

After observingthe enlarged optic stalkpon perineurial glidcell specifidrgx knockdownit

is reasonable to assume that thpdienotype resulted from increased proliferation of these
cells. The perineurial gliare oneof the few glial cells thaproliferate after the embryonic
stage. This proliferation is necessary to ensure complete coverage of the adul{Anaraki

et al., 2M8; Stork et al., 20080ne way to label proliferating cells is to use an antibody against
phosphorylated histone H3 (pH3®)HS3 is required for chromatin condensation during meiosis
and mitosis and is therefore an excellent marker for cell proliferafldans and Dimitrov,

2001)

For this experiment, the driver line 46Fal4; UASSFP.nlsvas crossed with theontrol
knockdown UAEherrylR and the experimental knockdown UASXgxIR. Brains of
wandering L3 larvae were dissected from these crosses before staining them wHbHti
Perineurial nuclei are labeled with nuclear GFP from @#.nIonstruct. In the control
brain, it is observed it many cells in the brain hemispheres are gdt3itive. pH3positive
cells were also found in theentralnerve cord and eye discs (arrow). Surprisingly, almost none
of the pH3 staining overlapped with the labeled perineurial glial cells, neither inrtie bor

in the eye discKigure31A). In the knockdown brains, the location of the ppt&itive cells
was somewhat different. Here, many dividing sellere found in the enlarged optic stalk and
eye discand fewer cells were found in the brain. The number of ght&itive cells in the
ventral nerve cord was also increased. As in the control group before, the observed pH3

staining was not consistent witBFPpositive perineurial glial cell&igure31B).
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Figure31. Perineurial glia celDrgx knockdowndoes notchange the proliferation rates in larval brains

(A) In the control brain (46%al4; UALherrylR, UASSFP.nlg perineurial glia are labeledith GFP.nlsand dividing cells
are stained with pH3. Many dividing cells are found in the larval brain, bludigedion also occurs in theentralnerve cord
and eye disdB) In theDrgxknockdown, the perineurialialcells are agaitabeled withGFP.nlgind the dividing cellby pH3
This time, the distribution pattern of dividing cells is shifted. Many -pbi§itive cells are now found in the enlarged optic
stalk (arrow), where there were no dividing cells before, and there are also more dividing cellsviarttial nerve cord (Q

Examination of individual confocal images shows that the total amount ofgadBive cells did not change after knockdown
of Drgx, but the position of these cells was shift&tale bars: 100um
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When comparinghe control brain(Figure31A) with the Drgx knockdown brain(Figure31B),
it appeared that the rate of pH3 was elevated. However, going through the confocal stacks
frame-by-frame shows that the number of pH®bsitive cells has not increased, but that the

position of these cells has changed toward the optic stalk\aamiralnerve cord(Figure31C)

As shown by pH3 staining, most perineurial glial cells in wandering L3 larval stages did not
divide. Therefore, the cell cyclstage of Drgx-positive cells and irDrgxpositive glia in
particular, was investigated in a next experiment. One way to study the cell cycle in flies is the
Ry-FUCC(fluorescent ubiquitinationbased cell cycle indicatpsystem(Zielke et al., 2014)

This system relies on two cell cycle markers, E2F and, @yuise degrons aréused with
different fluorescent proteins, resulting in a specific signal at each cell cycle stage. For this
experiment,the E2Fdegronwas fised to GFP anthe CycBdegronwas 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-Ri€Bwere in S phase, and cells

that expressd both fusion proteins were in G2 or the beginning of M phase

The driver lines x-Gal4 and Byx-Gal4; ElaxGal80 were used to express the URBFUCCI

First the cell cycle stageof all Drgx-expressing cellare siown, and then only thecell cycle
stages oDrgx-expressing glial cellBrior tothe experiment, the UA8ly-FUCCdonstruct was
combined with UASXgxIR for the knockdown experiment. For the control, the driver lines
were crossed with the UABy-FUCCobnly. In the control imageof the whole Drg»Gal4 line
(Figure32A™), many cells in the brain expressed only the &P construct and were therefore
assigned to late M phase or G1 pha$kere was also a very dominant cluster of cells in S
phase which expressed only the RFEBy/cBA snaller number of brain cells also exssed

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 her@~igure32A™). A look at theDrgx knockdown shows that most of

the cells here were greeand therefore in late M or G1 phas&he prominent red cell cluster,
which is in S phase, wasll observed in the brain, but no other red cells. In the eye disc, only
a small number of cells were founithat were either green (late M or G1 phase) or white (G2

or early M phasgbut never just red (S phas@jigure32A™)
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A Drgx-Gal4 > Fly-FUCCI
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Figure32. TheHy-FUCCsystem reveals that the cell cycle stagsisift upon Drgx knockdown

(A") Expression of thély-FUCCsystem with the Bgx-Gal4 driver in the brain of the control L3 wandering larva showsioells
the differentcell cycle stages in green (late M/@iase), magenta (Shase), and white (G2/early phase). A distinct ghase
cluster is seen in the optic lel{asterisk)(A™) In theDrgxknockdown 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. Alitfastells in S phase apart ofthe

cell cluster (asterisk) already observed in the contra@litor(B’) RestrictingHy-FUCCéxpression with Byx-Gal4, Eavw-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 $hase clustergsterisk)B™). Knockig downDrgxin glial cells also increased the number of cells found in late
M/G1 phase, as indicated by a predominance of grsigmal Again, almost no cells other than the aforementiongzh8se
cluster(asterisk\were observed in this phas&ale bars50um.
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The images of the control ardtgx knockdown brains with the gliapecific driver line @x

Gal4; ElanGal80(Figure32B) showedvery similaresultsto those obtained with the ByxGal4

line. In the control, cells of all three possible color combinations were found as well as the
very prominent red $hase cluster in the brain. This timegskghtly higher number of cells
expressed GFB2F and RPEyCB together, placing them in G2 or early M pliggrire32B').

For the knockdown, againrabst none of the cells showed only red fluorescence except for
this S phaseluster. 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 Figure32B"). These results indicate that thegxexpressing cells as well as theyid

positive glial cells arrest in G1 phase after knockdowdrgk following mitosis

2.2.6Glial cell specifibrgx knockdowndoes notaffect the photoreceptor development

Because of the severe structural changes that aerlin the larval optic stalk and, to a lesser
extent, in he larval optic lobe after gligpecificDrgxknockdown, the question arose whether
these changes also affect photoreceptor developméosophilaphotoreceptors 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 nnly on the expression of specific cell surface
proteins such aglamingo Emj, Golden goa{Gogq, andCadherinaN (N-Cad, but also on the
proper interaction between the photoreceptors and the glial cells of the eye(Msacarelli

and Piclaud, 2015; Tavares et al., 2015)

To test whether photoreceptor development is affected by dliegxknockdown, Pgx-Gal4;
ElavGal80 flies were crossed with UBEgxIR; UASSFP.nlaind UASGFP.nIsSUASCherryIR,
respectively, and the brains of wandering L3 larvae were disseStdikequently, brains were

stained with an antibody againghe photoreceptorspecific celladhesion gene chaoptin
(Chp).
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Drgx-Gal4, Elav-Gal80 > UAS-GFP.nls

Control

Drgx-IR

Figure33. Thephotoréceptor axons are unaffected by the glial cell specliigx knockdown

(A) Photoreceptor axons visualized with the photorecepspecific marker Chp show a highly organized pattern in the L3
larval optic lobe othe control (UASCherrylR)in the maximum projection confocal imageBhese 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 contiado grow downward into the developing medulla (M)ext tothe medulla is the Bolwig's
nerve (Bn), the larval opticerve The glial cell nuclei are stained green with the drivepdibal4; ElaxGal80. In addition to

the perineurial glial cells, twaeurablast cell clustersare found. B) The same structures were also foundnmaximum
projection confocal images tiie Drgx-knockdown larvae optic lobend eye discAlthough the photoreceptor axons are not

as tightlybundledas in the control grougarrow), they still grow into and terminate in the right neuropil. The previously
identified neuroblastcell clusters are still visible, btihey slightly lose their defined pattern, and a smaller number of
perineurial glial cells were found in the eye disc. Sbalg 50um.

The Chp staining of the control revealed the orderly structure of photoreceptors in the eye
disc projecting their axons back into the larval optic IBigure33A). In the optic stalk, these
axons were tightly bundle@arrow, Figure33A) before fanning out again in the developing
optic lobe. Here they terminated in different neuropil layers. The axon terminals of
photoreceptors R'R6 terminated in the developing lamina (lamina plexus), and the axon
terminals of R7 and R8raversed the lamina to fon a regular retingopic array in the
developingmedulla. Adjacent to the axon terminal Bf7 and R8the Bolwig's nerve could be
seen. In addition, th&JASGFP.niIsignal inthe developing larval optic lobe shew distinct
pattern that represents neuroblastgasterisls, Figure 33A), which do not yet express the

neuronal markeelav.
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In the knockdowrbrain, all the structures described abowere still presen{Figure33B). In

the optic stalk, the developing photoreceptors showed the normal streztuairrangement

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 packedNevertheless the photoreceptor axon terminals still
terminated in the right neuropil layers, the lamina plexus, and the medulla, and the Bolwig's
nerve can be seeas well Overall, it appeared that the Chp staining was slightly weaker after
the knockdown oDrgx, but thiscould be because the structures were malispersedhan in

the control group. Theeuroblastcell clusterobserved in the controlvere also visiblén the
knockdownbrain (asterisls, Figure33B). Theneuroblastclusteron the right was stiladjacent

to the lamina plexus, but it extended further down the optic lobe and covered the R8 axon
terminals in the medullawhich arenormallylocated in the space formed between tiwo
neuroblastclusters. Theneuroblastclusters still showedh horsesloe pattern in theDrgx
knockdown, buit appearedas if the cells were more compressechich was also true for the
other Drgx positive cells in the entire larval optic lobe. Tdumpressionis a result of the
increasechumber of glial cells in the opticbe dueto the Drgxknockdown At the same time,

less glial cells can be observed in the eye digfe33B).

In conclusion, Chp staining shows tHatgx knockdown does not affect photoreceptor

development

2.3 Drgxis akeytranscriptionfactor in the development of T4/T5 neurons

2.3.1Neuronal Drgx expressiaafound in T4/T5 neurons

After observation of theneuron specific Drgx pattern generat&dth the DrgxGal4, Repo
Gal80 linea secondDrgxexpression cluster fronsCope, T4/T5 neuronBgcame subject of
investigation.This was de to thestrong similaritypetween theposition ofT4/T5 neurosand
the neuronal expression pattern ofr@x Therefore a potential overlay between these cell

typesand Drgx expression wagsamined.
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R23G12-Gal4, Drgx-Cherry > UAS-CD8-GFP

Larval

Adult

Figure34. Drgx expression can be foun inT4/T5 neurons
Neuronal celocalization is found betweenrBxand T4/T5 neurons of larvad)(and adults (B). T4/Tseuronsare labeled

with R23G1Z5al4 line in combination with UASD8GFP andrgx expression is shown withrdX-Cherry. Scalebars 50pum

For this purpose, R23GAzal4, a T4/Tspecific driver line, was used. ThudJASCD8GFP;
R23G12A5al4 strain was generatedd crossed with @jx-Cherry to label the T4/T5 neuron
while trackingDrgxexpression. For this experiment, the brains of larvae and adult flies were
dissected because ther@Cherry line showed similar neuronal fluorescence signal at both
stages Figure26A). After dissection, brains were stained with aRFP and confocal images
were obtained. The larval expression of JAB8GFPwith R23G12A5al4showed & overlay

with the Drgx-Cherry staining, indicating thatrgxis expressed in larval T4/T5 neuroRgyre
34A). Inthe adult brain, the driver line in combination with UEBD8GFP clearly labels the cell
bodies of T4/T5 neurons over the lobular plaaad their dendritic connectioninto the
medulla and lobula. The cytoplasnidrgxcherry signal is found in the T4/T5 neuron cell

bodies(Figure34B). The larval and adult overlap ofd@xsignal with T4/T5 neurons proves at

the histological level that igxis expressed in this cell type.

Next, it was alsoimportant to see ifDrgx is only found in differentiated neurons or if the
expressionalready starts imeuroblasts. Thereforghe larval brains of DrgxGFPflies were

dissected and stained with arflacto mark theT4/T5 neuroblastsDac is a marker for these
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neuroblastsand their offspringwhich is expressed during the second competeneindow

during the T4/T5 neurons development (S€bkapterl.4.2.

Drgx-GFP

Larval

Figure35. Dac staining of the larval optic Iobe'overlaps with Dr@3P

Part of the cells stained with antDacin the developinghird instar larvabptic lobeoverlap with the expression of DrgxFP
(blue circles and arrowheajlsndicating the expression of Drgr T4/T5 neuroblastin the dIPC (blue circlegnd
differentiated T4/T5 neurongrrowheads) DrgxGFP positive cellsahdo notexpressDac areseen at the top of the optic
lobe, representing potential C/T neurons (arrowhe Dac staining also revealed celishich areDac positive but Drgx
negative These cells belong to the LPCs in the OPC (yellow box). Scél@uar

The Drgx expressiooverlapswith the Dac stainingn the one hand in the differentiated T4/T5
neurons(arrowheads Figure35) and on the other hand, with T4/T5 neuroblasts in the dIPC
(blue circlesFigure35). This iows thatDrgxis already expressed early on in the devetemt
of the T4/T5 neuronsDrgx expression was also found in cells thdh't expressDac (arrow,
Figure35). These cells might bpart of the C/T neuronswhich originate from the same
progenitor cells as T4/T5 neuranghismatches he singlecell RNAseq of Davie et al., 2018
that predictedexpression obrgxin T2/T3 neuronsTheDacstainingalso showed cellsvhich
are onlyDac positive(yellow boxesFigure35). The positiorsuggestghat these cells belong

to LPCs in the OPC

2.3.2T4/T5neuronspecificdriver lines

As described in the previous chapter, Drgx is expressed in T4/T5 neurons, whichhaises t
qguestion of the function of @xin 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 ofDrgx. Initially, four different T4/Tspecific Galdriverlines were selected, namely
R23G12Gal4, R9BHGal4, R39H1IBal4, and R40EIGal4, which wereused for further
experiments Although all of these lines drive expression in T4/T5 neurons, they show slightly

different expression patterns and expression tim{dgnett et al., 2012)
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R23G12-Gal4 R9B10-Gal4 R39H12-Gal4 R40E11-Gald

Figure36. 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 nespenific driver lies differed in bothheir expression pattern

as well agheir expression strengthlA) The besffitting line with strong expression in larvae and moderate expression in
adults was R23G1@Gal4, which was therefore used most frequentB). The expression of ROBB&l4 is very similar to the
first line, but its expression in adult brains isweveak. ¢) Expression of R39H1zal4 starts very late and only in a few T4/T5
neurons in the L3 larvén the adult brain, the line expresses strongly in the T4/T5 neuronshbubpression pattern involves
more cells in the optic lobe besides the T&/fTeurons (D) Finally, the R40E1Gal4 line has the broadest expression pattern
and includes neurons in the larwaéntral nerve cord and adult central brain. Images are from the FlyLight website of the
Janelia Research Campidenett et al., 2012)All Gal4 linesvere crossed with UAED8GFP to reflectheir expression
pattern.

The most commonly used driver lina this thesiswas R23G1%al4 because it hasna
expressiorstronglyrestrictedto T4/T5 neuronsThis driver line is also highly active in larvae
and shows moderate expression in adultsaasl (Figure36A). R9B16Gal4 expression is also
very limited. It's expressiomstarts in primarily postmitotic T4/T5 neuro@8pitz and Salecker,
2018. However,the expression in adult brains is wef@kigure36B). R39H12Gal4 was the
driver line with the latest onset of expression, occurring only at the hallataggSchilling et

al., 2019) Additionally, it is expressed in neurons other than T4/T5 neurons in the larval
ventralnerve cord and adult optic lobeBigure36C). The last driver line, R40EEal4, shows
the broadest expression pattern in larval and adult brains, including many neurons other than
T4/T5 neuronsKigure36D). Here theexpressiorstartsat late third instar (L3) larval stage
maturing T4/T5 neurons of all subtypé&Schilling et al., 2019The expression data were all

obtained from the FlyLight website of the Janelia research campus
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2.3.3Knockingdown Drgxin T4/T5 neurons leads to severe morphological changes in the
adult optic lobe
Since the initial knockdowexperiments with ElaGal4 Tablel) did not yield a externally
visible phenotype, the first task was to investigate this further. For this purpose, the early
T4/T5 driver R23G1&al4 and the late driver R39HGAI4 as well athe DrgxGal4; Repo
Gal80 were crossed with UABgx-IR; UASCD8GFP. In a control cross, UBB8GFP; UAS
CherrylR was used. The adult brains of all crosses were then dissected and stained with
antibodies against GFP andQ¥d. NCad is a calciursensitve adhesion protein used for

neuropil visualizatiorfFigure37-Figure39).

Drgx-Gal4; Repo-Gal80 > UAS-CD8-GFP

Figure37. The T4/T5 specific knockdown @frgx with the Drgx-Gal4; RepeGal80 drastically changes the adult optic lobe

In the adult opticlobe, Drgx-positive neurons are visualized by expressing -UBESGFP with the Byx-Gal4; Repdsal80

driver line, and theneuropls (lobula(lo), lobula platglop), and medullgme)) are stained with NCad.(A)In the control, UAS
CherryIR is used, showing the ordered pattern of T4/T5 neurons as well as potential TmY1/Tm8 rfatnmmkead) The

cell bodies of the T4/T5 neurons are located directly over the lobular plate, whereas the TmY1/Tm8 neurons are localized
near theme. The dendritic connections of the T4/T5 neurons extend intolthend me. (B) In the knockdown optic lob
(DrgxIR),the ordered structure observed in the control group is Idste lophas almost completely disappeared (asterisks),

and the dendritic connections of the T4/T5 neurons overgrow their assigned layers lio ahe me (arrows). TmY1/Tm8
neurons also show seve defects but are not of further interest. Scale b&@um.

TheDrgxknockdown with Bgx-Gal4; Repdsal80 resulted in severe structural changes in the
adultopticlobe compared with the control brain. The control shows the highly structured and
well-organized pattern of T4/T5 neuror{sigure37A). 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, othegpositive neurons are also seen with cell
bodiesabovethe medulla and dendritic connections into the medul&aréwhead, Figure

37A). These neurons could belong to the TmY1/Tm8 group for which SCope also [eghcts
expression, but in this work will focus only on the T4/T5 neurons. In the knockdown optic
lobe, this previously observed ordered structurdast (Figure37B). The most serious effect

was observed in the lobule plate, which was almost completely absent. Only small pieces were
left, some of which had growtogether with the lobulagsterisk Figure37B). In addition, the
precise alignment of the T4/T5 dendrites with their predetermined layers in the reedal

lobula was lost. Instead, they completely overgrow these layarsoWs, Figure 37B).
Moreover, the TmY1/Tm8 neurons also showed defects irr thendriic connections and

many of them were completely missing

R23G12-Gal4 > UAS-CD8-GFP

Control

Drgx-IR

Figure38. R23G12Gal4 mediateddrgxknockdown leads to similar changes in the optic lobe as witlyGal4; RepeGal80
(A)n the adult optic lobe, R23G4Zal4 drives only in T4/T5 neurons, as shown in the control cross witCDBSFP; UAS
CherryIR in the top row. Neuropil structure@obula (lo), lobula plate(lop), and medulla(me)) are visualized by ¥€ad
antibody staining(B)In the knockdown cross (UARBgx-IR; UASCD8GFP) in the bottom row, the ordered structure of T4/T5
neurons is broken down, similar to the phenotype observed \Bitpx knockdown in Bgx-Gal4; Repa5al80. WithR23G12
Gal4, dendrites also overgrow their target layers inlthand me(arrow) and the size of thepisreducedas well In addition,
the lop fuses with the lobula (asterisk3cale bars50pm

A similar result was found using the early T4/T5 driirer R23G1Zal4. In the control, the
T4/T5 neurons were well organized and extended their dendrites into the correct lobula and

medulla layergFigure38A). The knockdown phenotype found with this driver line showed a
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similar result to that observed previouglyigure38B). Again, the lobula plate was drastically
reduced(asterisk Figure38B). 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 @rrows,Figure38B).

R39H12-Gal4 > UAS-CD8-GFP

Control

Drgx-IR

Figure39. TheDrgx knockdownwith the late T4/T5 driver line R39H1&al4did not affect the lobula plate size

Expression of R39H4Ral4 does not begin until thiate L3 larval stage and results o size reductiorof the lobula plate
upon Drgxknockdown.(A) Control cross of R39H4Ral4 with UASCD8GFP UASCherryIR shows that this driver line is not
only expressed in T4/T5 neurons. This additional expression looks similagtesBl4; Repeasal80, suggesting that these
may be TmY1/Tm8 neurons (arrowhea)In the Drgxknockdown the loplooks like he control, but the dendrites still
grow beyond their desired stop layar the lo and the mdarrows). Again, the neuropi{fobula(lo), lobula plate(lop), and
medulla(me)) are stained with NCad.Scale bars50um.

In the late T4/T5 driver line R39HIZal4 the same organized pattern of T4/T5 neurons was
found in the control optic lobeg(Figure 39A). As mentioned inchapter 2.3.2, this line
additionally expresses in other neurons of the optibe. Comparing the position ahese
additional labeled cells with the potential TmY1/Tm8 rans found in the ByxGal4; Repo
Gal80 opticlobe (Figure37), a great similarity is seen. This tinigrgx knockdown did not
change the size of the lobule plates,veith the other driver lines(Figure39B). However, the
dendrites of the T4/T5 neurons in the lobula and medulla still grow beyond their

predeterminedlayers(arrowsFigure39).
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The reduction in lobula plate size observed upon knockdowrgk in T4/T5 neurons was
further investigated in the master thesis of Katharina Schnefglee compared the size of the
lobula plate with the size of the medullaparaffinsectins of adult flies. fie knockdown was
drivenwith the panneuronal driver line Bv-Gal4 and the T4/TFSpecific driver line R9B10
Gal4. With botHines, she found a significant reduction in lobule plate size compared with the
control group. In the case of the pareuronal Drgx knockdown, the reduction was about
threefold and when usig the T4/TSspecific driver RO9B1Gal4, the reduction was about
twofold. Shealsoobserveda visible reduction in the number of T4/T5 cells in adult brains
Drgx knockdownusingR9B16Gal4(Schneider, 2021)
2.3.4The neuronal Drgx knockdownphenotype is morphologically visiblen the pupal
stage
Since knockdown dbrgxin 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 lingsre used taknockdownDrgx first the
Drgx-Gal4; Repd>al80 line and then the early expressing line R23G4l2 and the late
expressing line R39H4Ral4. These were again crossed with {DAS-IR; UASCD8GFP for
the knockdown andvith UASCD8GFP for control

As the earliest developmental stage, the optibesof migrating L3 larvae were analyzed. For
this purpose, the brains of control ardrgxknockdown larvae of all three driver lines were
dissected. The brains of all six crosses were stained withHG#fand antiN-Cad. Comparing

the developing optidobe of the control(Figure40A-C)and knockdown linef~igure40A™-C")

no significant structural changes can be seen in any of the three driver These images
also nicely show the expression differences between the thraeedlines in the larva. Here,
the DrgxGal4; Repasal80 line shows the broadest expression, driving GFP not only into
developing T4/T5 neurons but also in neuroblasts of the surrounding (§iB@e40A). The
R23G125al4 line shows GFP expressiate T4/T5 neuroblasts anah develoged T4/T5
neurons(Figure40B)and the R39H1%al4 line, thdatestof the three lines, shows expression
only in the already differentiated T4/T5 neurons, thus exhibiting the narrowest expression

pattern (Figure400).
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Drgx-Gal4; Repo-G80 R23G12-Gal4 R39H12-Gal4
> UAS-CD8-GFP > UAS-CD8-GFP > UAS-CD8-GFP

Control (L3)

Drgx-IR (L3)

Figured0. T4/T5 specifirgxknockdown in larvae does not lead to structurally visible phenotype

Here, control images (UASD8GFP; UAEherrylR) show larval T4/T5 neurons in the developing optic I0Relhe broadest
expression is observed with Dr@ald; Repasal80, showing thaheuronal Drgx is expressed in T4/T5 neuroblastd
neurons (B) The R23G1&al4 driver line expressdate T4/T5 neuroblasts anth differentiated T4/T5 neurons an(rC)
R39H12Gal4 shows a very restricted expression pattern only in the developed T4{iFénse Crossing all three driver lines
with UASDrgxIR; UASCD8GFP did not result in any visible change in T4/T5 appeai@i¢e) In all images, background
staining with NCad clearly highlights the neuropi&alebars:50um.

Becausérgxknockdown 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@r# and arN-Cadbefore

confocal imaging.

24 hoursAFR the pupaloptic lobe already resembles the organization of the adult optic lobe,
as seen in the controls of all three driver lifEgure4l). The T4/T5 cell bodies are positioned
above the lobular plate and their dendrites extend into the lobula and medulla. In the Drgx
Gal4; Repasal80 (Figure 41A) and R39H1Xal4 (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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Drgx-Gal4; Repo-G80 R23G12-Gal4 R39H12-Gal4
> UAS-CD8-GFP > UAS-CD8-GFP > UAS-CD8-GFP
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Figure41l. Alteration of the optic lobe occurs between L3 larval stage and 24+A

In 24hoursAPF pupae, the optic lobe neuropil, labeled with &Cad, already resemkd¢he organization of the adult optic
lobe, as can be seen in the control images of all three driver lines. The driver lines used wefA)dyginGal4; Repd5al80,
(B)R23G1X5al4, andC)R39H12Gal4, and controls were generated by crossing these liigsUASCD8GFP; UAEherry

IR. The CD&FP signal looks almost identical to that observed in adjfrgx-Gal4; Repd5al80 andC)R39H12Gal4 show
expression in T4/T5 neurotasd in additionin other neurons of the optic lohgB)R23G125al4 is expressed only in T4/T5
neurons.(A’) In the Drgx knockdown (UA®Xgx-IR; UASCD8GFP) usindrgx-Gal4; Repesal80, the lobular plate is almost
gone (arrow) and the dendrites grow too far into the lobula and medulla (arrowhe@s)he plenotype with R23G1&5al

is less pronouncedince thelobula plate isstill 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 overgrowttisa(tmlv). (C*)The
final knockdown imageshows the least dramatichanges in the neuropilsVhen R39H1%al4 is used to drive the
knockdown, the neuropils look like those of the control grbupthe dendritesin the lobula show the overgrowth phenotype
(asterisk) Scale bars50pm.

The optic lobe of BxGal4; Repdsal80 crossed with UASgxIR; CD&FP shows the
strongest phenotype at this stadEigure41A’). Here, the internal structure of the opticbe

is disrupted and the lobular plate is almost absent. The small pieces that remain of the lobular
plate have fused to the lobulérrow, Figure41A"). In addition, there appear to be fewer

dendritic projections into the lobula and medu(@rowheadsFigure41A’).

Less severstructuralchangesre observed in the pupal optic lobe from tii#gx knockdown
cross with R23G1&al4(Figure41B") In this case, thiobula plateis not asdeformedas with
the Drgx-Gal4; Repd5al80 lineHere itis small but visible and not fused to the lobulaghed

arrow, Figure41B). 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 medullébold arrow, Figure41B).

The pupal optic lobe from the knockdown cross with R3984#1 showed almost no
phenotype(Figure41C") The overall structure of the optic lobe neuropils developed normally
in the knockdown pupae. However, closaspection of the T4/T5 dendrites in the lobula
revealed the same overgrowth phenotype as seen with the other two driver (Figare41C"

asterish.

These results indicate that the processes leading to the mistargeting of the dendrites and the
loss of the lobula plate upoBrgx knockdown in T4/T5 neurons are happening between L3

larval and 24 APF pupal stages.

2.3.5T4/T5neuronalDrgx knockdown flies ar@ptomotor blind

The T4/T5 neurons are the major group of neurons involved in optomotor procesémspk

et al., 2013) Therefore, itcould bepossible that themistargetingeffects observed upon
neuronalDrgx knockdownin the lobula and the lobula plated to optomotor blindness To
test for such a property iDrosophilathe fly's response to moving black and white stripes was

measured(see5.2.2.
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Figure42. Panneuronal Drgxknockdownabolishes the optomotor response in flies

(A) ThepanneuronalDrgxknockdownwith ElavGal4shows nadouble sigmoidaturve in its mean optomotor tracesit can
be seerin the control Cherryknockdown (B) Theoptomotor slopeobserved uporDrgxknockdownis significarly (p= 4.62e
6) smaller as the controbptomotor slope (C)The optomotor magnitude is significantlfp= 3.85e07) lower in Drgx
knockdown flies. The experiment was performed with eibhggx knockdownflies (ElavGal4; UABrgxIR)and 13 control
flies (ElavGal4; UAEherrylR)and Utests were performed for statistical evaluati¢adapted fromSteigleder 2022

10

In an initial experiment performed during themaster thesis & Sarah Steiglederthe
optomotor respons of flieswith a parneuronalDrgxknockdownwas tested Therefore, the
driver line ElavGal4 was used and crossed with LIX§xIR and UAEherrylR In this
experiment the control flies show a double sigmoidal curve when analyzing the mean

68



Results

optomotor traces in response to the change in arena rotation (clockwise vs.
counterclockwise)The Drgxknockdown flies dighot respond tothis chame and show a flat
curve (Figure42A). The optomotorresponseof flies can also belescribedby two other
parameters the optomotoslope(Figure42B) and the optomotomagnitude(Figure42C). The
optomotor slope describeshow fast the optomotor response changesd the optomotor
magnitude indicates how strong the optomotor response wBsth parameterswere
significantly smaller in thBrgxknockdown fliesas inthe controlflies. Theseresultsindicate
that the optomotor response in paneuronalDrgxknockdown flies isbolished(Steigleder

2022).
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Figure43. T4/T5 specifi©rgxknockdown leads to a reduced optomotor response in flies

(A) In the optomotor experiment, the mean optomotor trances with standard deviation of the control fliesotiéiS,
R40E11Gal4) showed the expected turning behavior. Knockdown flies lacked this behavior and showed almost no turning
behavior in responseo directional changes. (B) Calculated optomataeignitudeis significantly lower imrgx knockdown

flies compared to controls (palue= 2.917). (C) A significant decrease in optomogtope was also found irDrgx
knockdown (pvalue=0.00271). For this experiment, 18 control flies (GA8ryIR, R40EXGal4) and 1Drgxknockdown

flies (UASDrgxIR; R40ELGal4) were tested. For statistical analysis-ge&! was performed.
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After this result the next stepwasto show that this effectwas theresult ofa reduction in
Drgx in T4/T5 neurons. For this purppdee optomotor response test was repeated using a
T4/T5 neuron specific driver lin&herefore,another of our T4/T&pecific lines was used,
R40E14Gal4. This line is known to perform very well in optomotor experim€achilling et
al., 2019) For the control flies, R40EGal4 was crossed with UARerrylR, andfor the
experimental flies, R40EdGal4 and UABrgxIR were crossed. The R40E34l4, UAS
CherrylR control flies show the expected double sigmoidal cuirvea clockwise and
counterclockwise rotating arenaonfirming that these flies had an optomotor pmse
(Figure 43A). The mean optomotor curve observed in the UA§xIR; R40ELXGald
knockdown flies was flat, indicating that the knockdowies did not change direction
according to the arena rotatiofFigure43A). This suggests that ot/ T5specificknockdown
flies are optomotor blind.

Next the optomotor magnitudevas analyze@Figure43B). In the case of thBrgxknockdown,
the optomotor magnitude is significantly lower-¢falue=2.91e07) than that of the control
The optomotor slopevas analyzed as wellvhich wassignificantly smaller (pvalue=0.00271)
in the Drgx knockdownflies in this experimentvhen comparedto the control flies(Figure
430). These resudtindicate that they did not respond to the change in arena rotati@as

observed fothe UASCherryIR flies

2.3.6NeuronalDrgx knockdownflies display orientatiorability on visual landmarks

It had to beexcludal that flies upon T4/T5 specifibrgxknockdownwere completely tind
due to thestructural changes in the optic lob&his was tested with simple experimentthe
Buridan’s paradigm. In thexperiment the walking pathof flies passing between two black
stripes butneverbeingable to reach either stripeis analyzedqsee 5.2.1). Blind flies in this
experiment would beidentified, sincethey areunable to fixate the blacktripesand therefore

do not walk between then.
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Figure44. Buridan’s paradigm experiments show an abnormal walking pattefmeuronal Drgxknockdown flies

(A) The control walking patterns of WTB,g®IR and WTB; Elaval4 show the expected path between the two black stripes
(indicated by the black bars) in the Buridapesadigmarena. The ElaGal4; DgxIR fly is also able to fixate the black stripes,
but walks in an undulating patterfA’) Restriting Drgxknockdown to T4/T5 neurons using R23&3al4 also results in a
wavy walking pattern in the knockdown flies, while controls walk norm@)yLooking at the turning angles of all flies in the
pan-neuronal knockdown (ElaBal4;DrgxIR) shows a ghificantly larger (svalue= 0.0035) turning angle than WTB, Elav
Gal4 (B) T4/T5specific knockdown has a significgriarger angle of turning compared to both controls with @alue of
0.001 in both case$or statistical analysis, a multiple comparisANOVA test was performed
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To obtain the largest knockdown effect in a first approdaitgxknockdown was driven with

the panneuronal driver line ElaGal4. As controls, both the Ef@al4 driver line and the UAS
DrgxIR RNAI line were crossed with WTB fliég® walking path of an exemplary fly is shown
for all tested groupgFigure44A). First, the two control groups are shown, starting with the
UASDrgxIR control (WTB, DrgR), followed by the Ela@al4 control (WTB, Elgval4). In the

last image, the walking path of the experimental fly (EEal4; UAPrgxIR)can be seenThe

first thing to notice is that all thregenotypesare able to fixate and walk between the black
stripes. Thus, they were not blind. However, unlike the contre$ f 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 genotyg€sgure44B). Here, theDrgxknockdown

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, BRyis about 7° and of WTB, E@al4 is about
6.3°. The difference between the Gal4 control (WTB,-84) and theDrgxknockdown (Elav
Gal4, DrgytR) is in fact highly significam-¢alue= 0.0035).

To verify whether the observed walking pattern was due to knockdowbrgk in T4/T5
neurons, a second Buridan’s paradigm experiment was performed. In tuisdexperiment,
the Drgx knockdown was restricted to T4/T5 neurons using the R23G4l2 line. Again,
control flies were generated by crossing the LXx§xIR and the R23Gi1Gal4 line with WTB
and the exemplary running patterns of all three tested crosses are sh{fwgure44A’). The
first two patterns belong to the controls, first the UAByxIR control (WTB, UAXgxIR) and
then the R23G1%al4 control (WTB, R23GGal4). The third image shows the experimental
fly (R23G1Z5al4, UABrgxIR). The two controls look very similar to the controls of the-pan
neuronal knockdown. The flies run nicélgtween the two strips in straight lines, showing
that they can fixate the strips. The experimental fly (R23GaRl, UABrgxIR) is also able to
run between the two stripes. As in the paeuronal knockdown, this fly walks in an
undulating walking patter, although the path is not as narrow as befofbe graph for the
mean turning angle is showr this experiment as we(Figure44B). The first control WTB;
DrgxIR had a mean turning angle of 6° and the second control WTB; RZzxi4 had one of
about 6.7°. For th®rgxknockdown flies (R23GiQal4; DgxIR), the mearangle of turning
was 7.7°. This time, the experimental flies show a significantly langeing angle than the
flies of thetwo control crosseswith a pvalue of 0.001 for both cases. Comparing the turning

angles of the pameuronalDrgx knockdown(Figure44B) and the T4/T5specific knockdown
72



Results

(Figured4B), we find that they are quite similar to each other. This suggests that the wavelike

walking pattern is indeed due to reduc&ugx expression in T4/T5 neurons

2.3.7Effects ofDrgx knockdown on early T4/T5 marker gene expression

After describing the T4/F5pecificDrgxknockdown phenotype, it was necessary to clarify the
mechanism underlying this phenotype. For this purpose, the hierarchical positiorgefrD

the development of TA'5 neurons had to be analyzed

Because Byxexpression is already observed in T4/T5 neuroblasts, it was possiblerthas D
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 wlgc, which is expressed in all neuroblasts of the dIPC in L3
larvaeas well as idifferentiated T4, v/ T5a,5. These neuroblasts are the precursors of T4/T5
neurons(Apitz and Salecker, 2015; Pirfeixeira et al., 20180 testDac expressionJAS
CD8GFP R23G12Gal4 flies were crossed with URSerryIR flies for the control and with
UASDrgxIR 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 R23&3#4 cells expressingFP were also
Dac-positive(Figure45A). The same observation was made in frgx knockdown optic lobe,

where almost all R23GiQal4positive cells &o expres®ac, indicating thathe knockdown

does not affect the expression pattern Bac in the T4/T5 neurons of wandering L3 larvae

(Figured5 QO

Abnormal chemosensory jump @dj6) was used as a second marker gene for T4/T5
identification. Acj6 is only expressed in differentiated early T4/T5 neuidosa et al., 2018)
Again, theUASCD8GFPR23G125al4 line was used to drive both UBS8erryIR control and
UASDrgxIR knockdown. After dissecting the brains of the wandering L3 larvae, they were also
stained. This time with a mixture of ar@FP and anti\cj6 antibodies. In the control image of

the optic lobe Figure45B), Acj6 staining is visible in the centet/ #SCD8GFPR23G12Gal4
expression. This staining agrees well with the position of the newly differentiated T4/T5
neurons, which arécj6-positive. However, again no difference in the expression pattern of
Acj6 was detected in the case @frgx knockdown (Figure 45B") compared with control

staining
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R23G12-Gal4 > UAS-CD8-GFP

Control

Drgx-IR

Control

Drgx-IR

Figure45. Dac andAcj6 expression in T4/T5 neurons in larval brains ugdrgxknockdown

The UASCD8GFP; R23G1Qal4ddriver line was used to drive the control UBS8erry IR knockdown and the experimental
UASDrgxIR knockdown. Larval brains were dissected from these crosses and stained with eitfigacaffiand A') or anti
Acj6 (B and B'). Antibody staining is showmiagenta, and T4/T5 neurons are highlightsdGFPComparingdac andAcj6
staining in the optic lobes of larvae with the knockdown (A" and B') with the corresponding controls, no differencerig staini
is seenSXcalebars:50pm

In a secondapproach to test the hierarchical positioning ofrg® in neuronal T4/T5
development, the knockdown effect of several key T4/T5 developmental gendsrgpn

expression was tested. For this purpose, knockdowns ofatbedac, grn, Liml, and SoxN
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genes were selectedt needs to be noted thatorr grn, three RNAI lines were availabiehich
wereused in this experiment. All of thsegenes 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 identityDac is additionally also expressed in differentialddy/ T5apneurons

(Apitz and Salecker, 2018he next genegrn, is a GATA family transcription factor important

for the morphology of TdT5, and T4/T5c subtypes during their dendritic and axonal
development(Hormann et al., 2020Expression of the homeobox transcription factor Lim1 is
found in differentiated T4/T5 neurons of L3 larvae gngbae(Suzuki et al., 201&nd finally

the HMG domain transcription factor SoxN, which is important for the establishment of T4/T5

neuronspecific morphology in postmitotic neurofSchilling et al., 2019)

All selected RNAI lines were combined with thrgyBCherry lineto visualize Bgx expression

as well agpossible expression changes due to the different knockdowhe generated lines
were then crossed with UASD8GFP; R23G1Gal4. The adult brains of each cross were
dissected, stained with anFP and anfRFP, andafterwards the Drgx expressionwas
analyzed(Figure46A-F) These crosses and preparations were performed by Jasmin Haimerl

and supervised by me

In the control brairthe Drgx-Cherry expression overlaps with the T4/T5 newtabeled with
the UASCD8GFP; R23G1@Gal4 driver lineKigure46A). No differences were detected in the
optic lobes of all knockdown crosses, neither ire texpression of @x-Cherry nor the
morphology of thelabeled T4/T5 neuronafter comparison with the contrqlFigure46B-F)
Note that for simplicity, only one image is shown for all thgee knockdowns, as all three

showed no effect on Drgx expression.
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Figure46. Knockdown of different developmental T4/T5 neuron genes does not affect Drgx expression

Knockdowns of five different genest¢, dac, grnSoxNandLim1) important for T4/T5 development were selected and their

effects on Dgxwere investigated. Knockdowns were performed using the-GB8Gal4; R23G1%al4 driver line and fgx

expression was visualizedth Drgx-Cherry. (A) Control shows overlap of T4/T5 neurons and expressiongiib adult optic

lobe. (B-F) Drgx expressionwas found unchanged in the knockdown crosg€3) To test the efficiency of the different

knockdowns, a gPCR experiment was performed using the-Betih driver line. The expression level of the con@twrry-

IR knockdown wasset to one. Theato knockdown showed a 77% reduction in expression level. A similar reduction was

observed for dadRwith a reduction of 75%. The three different giRlines used showed a similar reduction to about 45%.

The strongest reduction was found f8oxN-IRwith a 90% redution in expression level. Finally, the LiRline is shown,

which resulted in a reduction of 81%cale barsb0um.

To verify whether the knockdowns reduced the mRNA levels of these genes, qPCR
experiments were performed. This was necessary to rule bat gossibility that a non
functioning RNAI line was the reason that no changd3rgx-Cherry expression were seen.

To achieve the greatest knockdown effect, the ubiquitous driver line Azald was crossed

with all RNAI lines. As a control, UBBerrylR was crossed with ActfBal4wasincluded in
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this gPCR experimenin all casesa visible reduction in mRNA levels was achieEdyure
46l). The smallest reduction was observed in the thgeeknockdowns, which reduced mRNA
levels only to about 55%, and the strongest reduction was observed iSotkiéknockdown
with only 10%4mRNA left The other lines showed a reduction to 19% for WASLIR, 23% for
UASAto-IR, and 25% for UAZacIR.

2.4 Initial gPCR experimentslentified first potential Drgx targets

To findpotential Drgxregulated genes, the RNgeqdataset fromDavie 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 so®jlaegulatory network
inference and clustering (SCENIC) pipelifteis pipeline first found genes that were-co
expressed with the transcription factor of interest. Theseegpressed genes were then
screened for the presence of gisgulatory motifs, and only those genes with significant motif
enrichment in the correctipstream regulatory sequence were included in the regiyiibar

et al., 2017) This analysis not only provides an initial overview of potétdi@et genes, but

also predicts a potential binding sequence for the transcription factor.

The Drgx regulon created in 2019 included the following gewasg blister (wb), ADAM
metallopeptidase with thrombospondin type 1 motifalamT&A), babos stall (stl), abnormal
chemosensory jump €acj6) and CG5707(Figure47A). The software also predicted the
potential binding motif to be TAAT NNN'TAFigure47B).
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Figure47. Drgx regulon genes and potential binding motif created by SCope

(A Six of the genes found in the Drgx specific regulon created witB@ENIC pipeline from the singtel RNAseqdata set
created by Davie et al., 2018. (B) The same pipeline also created a potential binding sequence for Drgx.

After finding these potentiatarget genes,lie next step was to test whether knocking down
Drgx affected these gened-or this purposegPCR experiments were performed. In a first
round, boththe Drgxknockdown andhe control Cherryknockdown were performed with the
ubiquitously epressed Actin-Gal4 driver line(Figure 48G). After Drgx knockdown the
transcript of Drgx was downregulated to about 20% of the control value, whahhighly
significant (pvalue= 0.0008). The transcripts of the geaeg (about 4@ remaining) andtl
(about 17% remaining) are also significantly downregulated in this experiment, wittaka@
of 0.0004 foracj6 and 0.0005 forstl. The transcript ofAdamTS Ais only slightly
downregulated to about 66%, which was not significant thuéhe large error bar (walue =
0.2797). The genwb showed a near significant {glue = 0.0543) downregulation of the

transcript to about 42%ef the control value Surprisinglypbabosshowed a norsignificant

upregulation to about 128%. The last gef@&5707was not altered at a(p-value = 0.6776)
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